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Age-related alterations in alpha and beta
oscillations support preservation of
semantic processing in healthy aging

Check for updates

Megan C. Hall1, Maggie P. Rempe1,2, Chloe C. Casagrande1, Ryan J. Glesinger1, Nathan M. Petro1,
Grant M. Garrison1, Jason A. John1, Sarah M. Dietz1, Mikki Schantell1, Hua Bai1, Yasra Arif1,
Christine M. Embury1, Seth Bashford1, Hannah J. Okelberry1, Aubrie J. Petts1, Elizabeth L. Keifer1,
Pamela E. May-Weeks2, Giorgia Picci1,3, Elizabeth Heinrichs-Graham1,3 & Tony W. Wilson1,2,3

Semantic processing remains relatively preserved during healthy aging, but the mechanisms are
poorly understood. Herein, we use dynamic functional mapping based on magnetoencephalography
to examine the neural oscillations serving semantic processing across the adult lifespan (N = 154;
21–87 years). Task-related oscillatory dynamics were imaged using a beamformer and whole-brain
linear mixed-effects (LME) models were calculated with age and task condition (semantically-related
or -unrelated) as factors. LMEs revealed significant age-by-condition interactions on alpha and beta
activity in multiple regions, which generally reflected stronger responses with increasing age and/or in
the semantically-related condition across regions (p values < 0.005, corrected). Follow-up mediation
analyses of these interaction clusters indicated that left perisylvian alpha responses suppressed the
effect of age on verbal fluency (p = 0.014), with larger conditional differences in this region supporting
preserved fluency with increasing age. Our findings provide novel insight on age-related
neurophysiological adaptations that support preservation of semantic processing.

Navigating the world requires being able to comprehend, synthesize, and
understand the meaning of words and objects. Semantic processing
encompasses the ability to understand visual and auditory input and con-
nect this information to internal and external concepts. In the laboratory,
semantic processing can be measured in many ways, including through the
viewing of ambiguous words with contextual cues1–5, matching pictures and
words6, and through tasks that requirematchingofwords that are congruent
or incongruent with one another6,7. Semantic processing is broadly thought
to occur in a distributed, left-lateralized brain network, with some differ-
ences basedon the taskdesign. For example,while auditorywordprocessing
begins in the bilateral superior temporal cortex, visual word processing
begins in the primary visual cortex and becomes more strongly left-
lateralized very rapidly8. However, such differences are typically limited to
the early sensory transformations, with later processing converging in
regions of the left temporal and inferior frontal regions7–9. Specifically,
studies using semantic anomalies have shown neural responses across the
left ventral frontotemporal cortices2–4, and those using ambiguous words
and/or semantic control paradigms have shown activation in left-lateralized
regions of the ventrolateral prefrontal cortex (PFC), inferior frontal gyrus

(IFG), angular gyrus, and left posteriormiddle temporal gyrus (MTG)1,5,10–16.
Importantly, semantic processing and language more generally typically
remains intact or even improves during healthy aging, but can become
degraded in certain neurological conditions such as semantic aphasia or
dementia10,15,17. However, whether the neurophysiology underlying
semantic processing evolves during healthy aging to maintain such per-
formance levels remains far less understood.

The United States population has grown exponentially older, with
adults over 65 years expected to make up 23% of the total population by
205418; thus, understanding the impact of aging on cognitive and brain
health is essential. One influential theory of brain aging is the hemispheric
asymmetry reduction in older adults model (HAROLD)19. The HAROLD
model postulates that neural activity, especially in the prefrontal cortex,
becomes less lateralized in older adults. Supporting the tenets of HAROLD
in the context of semantic processing, prior research has found that older
adults activate language-related cortices more bilaterally relative to their
younger peers during semantic processing3. A related view without the
emphasis on hemispheric lateralization is the neural dedifferentiation
hypothesis. This theory suggests that neural regions become less specialized
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for a given cognitive function with older age, which may contribute to the
observed decrease in lateralized neural activity with age20. Another influ-
ential theory of brain and cognitive aging is the compensation-related uti-
lization of neural circuits hypothesis (CRUNCH)21. A key aspect of the
CRUNCH model is that older adults tend to hyperactivate some brain
regions (relative to younger adults) in order to maintain high performance
levels on cognitive tasks, until the task becomes too difficult, at which point
activation and performance declines. Finally, there is also the posterior to
anterior shift in aging (PASA) model, which is based on studies showing a
decrease in occipital activity and an increase in PFC activity with aging22,23.
These theories have recently been elaborated upon to include some of the
complexities of reserve, maintenance, and compensation, and the differ-
ential roles that socioecological, socioeconomic, and biological factors play
throughout the aging process24,25.

These theories of brain aging have played a prominent role in under-
standinghow semantic processing changeswithhealthy aging. For example,
a meta-analysis of 47 functional neuroimaging studies showed that while
both older and younger adults exhibit left-lateralized neural activation
during semantic processing, older adults tend to show less activity in
semantic control regions such as the left IFG and MTG, along with greater
activation in right-hemispheric frontal andparietal regions, lending support
to the HAROLD model26. Similarly, in a semantic judgement task using
magnetoencephalography (MEG), the left inferior PFC was found to be
more active in younger relative to older adults who tended to recruit the
bilateral temporoparietal cortices and left anterior temporal lobe (ATL)
more strongly27. Likewise, a recent fMRI studyof object naming showed that
younger adults more strongly activated the left IFG relative to their older
peers, although the reverse pattern was observed in the left MTG and left
hippocampus28. Other studies have focused on how brain networks serving
semantic processing change with healthy aging. For example29, showed that
increased network segregation during a semantic fluency fMRI task was
associated with higher accuracy and faster reaction time in younger adults,
while such segregation was associated with poorer performance in older
adults.

While the majority of research on semantic processing has used fMRI,
a handful of studies have used MEG or electroencephalography (EEG) to
examine potential changes in neural oscillatory activity. These studies have
generally shown stronger alpha/beta oscillations (i.e., greater event-related
desynchronization [ERD]) during semantic processing, with some studies
also showing theta and gamma oscillations30–33. For example, left-lateralized
alpha and beta oscillations have been observed in the ventral and lateral
frontotemporal regions in response to semantic anomalies and with words
occurring later in a sentence2–5,7,9. These left-lateralized alpha/beta oscilla-
tions are stronger (i.e., greater ERD) when viewing sentences as opposed to
word lists, with responses emerging in bilateral occipito-parietal, left frontal,
and left temporal areas, and later spreading to right frontal and parietal
regions9. Specifically, in their word analysis, Lam and colleagues9 found that
alpha/beta power tends to decrease more strongly (i.e., greater ERD) in the
left hemisphere when viewing words in a sentence relative to words in a list.
Further, when comparing word processing within a sentence, there was
stronger alpha/beta oscillations (i.e., greater ERD) in left-lateralized regions
when viewing later relative to earlier words in a sentence, while the opposite
was true for right-lateralized regions9. DuringMEG, Rempe and colleagues7

also observed a sustained alpha response during a semantic processing task.
This response was associated with task performance; specifically, stronger
alpha oscillations (i.e., stronger ERD) predicted shorter reaction times
during semantic processing trials7. Thus, in addition to being important for
semantic memory and information integration, left-lateralized alpha oscil-
lations may play a key role in performance of semantic processing tasks7.

Despite the vast research focused on semantic processing, few studies
have focused on age-related changes in semantic processing using MEG.
Therefore, the primary goals of the current study were to examine the
impact of healthy aging on behavioral performance and the underlying
neural oscillations during a semantic processing task using dynamic func-
tionalmappingwithMEG. Specifically, a large sample of healthy adults ages

21–87 years old performed a semantic judgement task during MEG,
whereby they viewed a primeword followed by a target word that was either
related or unrelated. Outside theMEG scanner, participants also completed
neuropsychological assessments that included the Controlled Oral Word
Association Test (COWAT) F-A-S and Animals to measure phonemic and
semantic fluency. Consistent with previous research, we expected robust
left-lateralizedalpha andbetaoscillatory responses (i.e., ERDs) following the
target word.We hypothesized that these responses would be stronger when
viewing related words, indicating deeper engagement of semantic repre-
sentations during related word pairs. Further, consistent with a recent study
on semantic and spatial judgments in healthy aging34, we also hypothesized
that the strength of alpha and beta oscillations would increase with age (i.e.,
greater ERD) in task-related brain regions and that this would help support
preserved performance levels in older adults, in agreement with the
CRUNCH model. Finally, prior MEG research using this task in young
adults has indicated bilateral activity with stronger responses in left hemi-
spheric language areas35, and we predicted this left hemispheric dominance
would remain, but that bilateral recruitment may be increased in older
adults, consistent with theHAROLDmodel. Thus, we expected that aspects
of both CRUNCH and HAROLD would be supported by our results, such
that older adults would have stronger neural responses in task-related
cortices, that these responses would bemore bilateral, and that stronger left
hemispheric responses would aid in maintaining cognitive performance
with healthy aging. Conversely, we did not expect our results to support key
elements of PASA, nor the neural dedifferentiation hypothesis.

Results
Behavioral analysis
Of the 163 enrollees (Table S1), nine were excluded due to low accuracy
(<75% averaged across conditions) on the semantic MEG task (n = 2),
technical difficulties (n = 1), and excessive artifacts in their MEG scan
(n = 6). The remaining 154 participants were included in primary data
analyses (Mage = 49.72, SDage = 15.30, rangeage = 21–87, Nfemale = 79;
Table 1; Figure S1). Analyses involving the verbal fluency assessments were
based on 147 participants (Mage = 50.50, SDage = 14.83, rangeage = 21–87,
Nfemale = 74), as four did not complete both the COWAT F-A-S and Ani-
mals and three others scored less than 2.5 SDs below the mean on the
average verbal fluency score.

Participants performed well on the semantic MEG task, responding
accurately to about 95% of all trials (related: 95.06% [3.97%]; unrelated:
95.8% [5.19%]). Reaction time was calculated using the onset of the target
word and a complete breakdownof accuracy and reaction timeby condition
is provided inTable 1. A repeatedmeasuresANOVAwith age as a between-
subjects factor and condition as awithin-subjects factor showed that age, but
not condition, significantly impacted accuracy (condition: F(1, 152) = 1.45,
p = 0.230; age: F(1, 152) = 4.47, p = 0.036), with accuracy improving with
increasing age. In contrast, therewas a significant effect of condition, but not
age on reaction time (condition: F(1, 152) = 17.51, p < 0.001; age: F(1,
152) = 2.19, p = 0.141; Fig. 1b), with faster responses during semantically
related compared to unrelated word pairs (related: 841.81ms (128.85);
unrelated: 985.35ms (181.90)). The interactionof age andconditionwasnot
significant for accuracy (F(1, 152) = 0.45, p = 0.503) or reaction time (F(1,
152) = 0.12, p = 0.727).

Sensor-level analysis
To identify significant oscillatory responses serving task processing, the
MEG time series data were transformed into the time-frequency domain
and statistical analyses focused on the target interval were conducted on the
sensor-level time-frequency spectrograms across both conditions and all
participants. These analyses included paired t-tests against baseline per
pixel, with significant clusters of pixels being subjected to nonparametric
permutation testing to control for multiple comparisons. These tests
revealed significant decreases in alpha (8–14Hz) and beta (14–26Hz)
power relative to baseline (i.e., greater ERDs; p < 0.001, corrected; Fig. 2)
across a large number of MEG sensors bilaterally that started about 250ms
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after target onset (1000ms after prime onset) andwere sustained for 500ms
(i.e., 1000–1500ms). There were also strong theta responses following the
onset of each visual stimulus, but these transient responses were largely
evoked (i.e., phase-locked to the stimulus). Given our focus on oscillatory
activity, we did not further examine these neural responses in the current
study, but plan to report these in future work focusing on how aging affects
time domain visual signals.

Beamformer analysis
Todetermine theneural regionsmost activeduring semanticprocessing, the
sensor-level time-frequency bins described in Section “Sensor-level analy-
sis” were imaged using a time-frequency resolved beamformer. The
resulting whole-brain maps per neural oscillatory response were then
grand-averaged across both conditions and all participants (Fig. 2) as a data
quality check and to identify regions exhibiting the strongest responses.
Alpha (8–14Hz) and beta (14–26Hz) oscillations (i.e., ERDs) from
1000–1500ms post-prime onset extended across a wide area of occipital,
parietal, and temporal cortices and were mostly left-lateralized. The
condition-specific maps were then used to perform whole-brain statistics
investigating conditional and age effects.

Whole-brain linear mixed effects models
We next ran whole-brain linear mixed effects (LME) models to examine
age-by-condition interactions, with age as a continuous covariate of interest

and condition as a within-subjects factor with two levels (i.e., related and
unrelated). The resulting maps were thresholded at p < 0.005 and a cluster-
extent threshold of k > 4 voxels (i.e., 256mm3) was used to account for
multiple comparisons. The whole-brain LMEmodels revealed several brain
regions that exhibited significant interaction effects of age and condition.
For alpha, this included the right early visual cortex (Fig. 3;F(1, 148) = 10.16,
p < 0.005, k = 17), left perisylvian cortex (F(1, 148) = 9.49, p < 0.005, k = 27),
right inferior parietal (F(1, 148) = 10.09, p < 0.005, k = 15), and left anterior
cingulate (F(1, 148) = 8.51, p < 0.005, k = 10). Likewise, neural oscillatory
responses in the beta range showed a significant interaction effect of age and
condition in the left supramarginal (Fig. 4; F(1, 146) = 10.10, p < 0.005,
k = 78). With the exception of the right early visual cortex, each of these
regions exhibited stronger oscillatory responses (i.e., greater ERD) as age
increased, with the slopes being steeper in the related compared to the
unrelated condition in the left perisylvian, left anterior cingulate, and left
supramarginal, and the opposite pattern being observed in the right inferior
parietal (i.e., unrelated steeper than related). Scatterplots showing these
patterns for each region are provided in Supplementary Fig. S2.

Next, we investigated the main effects of age alone, controlling for
condition. The alpha maps showed main effects of age across an extended
region, with the main peak in the right superior parietal (Fig. 5; F(1,
148) = 65.77, p < 0.005, corrected). In the beta maps, there were also sig-
nificant main effects of age extending across most of the cortex, with main
peaks in the left superior frontal (Fig. 5; F(1, 146) = 64.34, p < 0.005, cor-
rected) and right middle cingulate (F(1, 146) = 69.74, p < 0.005, corrected).
For each of these peaks, oscillatory responses increased with age (i.e.,
stronger ERD with increasing age). Beyond these main peaks, there were
several subpeaks in eachmap, including alpha subpeaks in bilateral inferior
frontal cortices, left inferior parietal, and right posterior temporal, as well as
beta subpeaks in the right inferior frontal and right sensorimotor cortices
(p < 0.005, corrected). These are shown in Fig. S3 of the supplemental
materials.

Finally, we investigated the main effects of condition alone controlling
for age. Neural responses in the alpha range showed significant conditional
differences that extended broadly, with main peaks in the right parieto-
occipital (Fig. 6; F(1, 149) = 21.35, p < 0.005, corrected), left MTG (F(1,
149) = 69.90, p < 0.005, corrected), left medial parietal (F(1, 149) = 16.89,
p < 0.005, corrected), right hippocampus (F(1, 149) = 54.77, p < 0.005,
corrected), and left temporoparietal junction (TPJ; F(1, 149) = 55.25,
p < 0.005, corrected), such that alpha oscillations were stronger (i.e., greater
ERD) during the related compared to the unrelated condition. In addition,
there were also significant subpeaks across the right temporal cortices and
the left inferior frontal gyrus (p < 0.005, corrected; Fig. S3 in the Supple-
mentary materials). Likewise, stronger beta oscillations (i.e., greater ERD)
during the related relative to the unrelated condition were found across an
extended region of the cortex, with main peaks in the left MTG (Fig. 7; F(1,
147) = 72.89, p < 0.005, corrected), left TPJ (F(1, 147) = 70.42, p < 0.005,
corrected), right angular gyrus (F(1, 147) = 26.35, p < 0.005, corrected), left
supramarginal (F(1, 147) = 67.24, p < 0.005, corrected), and right MTG
(F(1, 147) = 19.78, p < 0.005, corrected). In contrast, beta oscillations in the
right IFG showed the opposite pattern, with stronger responses (i.e.,
stronger ERD) during the unrelated compared to the related condition (Fig.
7; F(1, 147) = 29.13, p < 0.005, corrected). Finally, there were also significant
beta subpeaks in the right temporal cortices and the right inferior frontal
gyrus (p < 0.005, corrected; Fig. S3), with the effects in both subpeaks
matching their neighboring main peaks.

Mediation model using cognitive assessment
Finally, givenour results and that of others that semanticprocessing remains
robustwithhealthy aging,we ran an exploratory analysis to identifywhether
this effect was mediated by oscillatory changes with aging. Participants
completed cognitive assessments of verbal fluency, including the COWAT
F-A-S (M = 42.95, SD = 11.79) and Animals (M = 22.93, SD = 5.41). As
described in Section “Cognitive Assessment”, raw scores were first z-scored
across the sample per assessment and then averaged together (M = 0.01,

Table 1 | Participant Demographics and Behavior

Demographics Full sample

n %

Gender

Female 79 51

Male 75 49

Age

21-36 years 39 25

37-61 years 77 50

62-87 years 38 25

Race

American Indian/Alaska Native 2 1

Black/African American 14 9

Asian 7 5

White 128 83

Multiple 3 2

Ethnicity

Hispanic or Latino 12 8

Not Hispanic or Latino 142 92

Handedness

Right 145 94

Left 9 6

Behavioral Statistics Full sample

M SD

Accuracy (%)

Related 95.058 3.971

Unrelated 95.812 5.191

Reaction Time (ms)

Related 841.810 128.845

Unrelated 985.353 181.902

Age groups are shownbased on the first and third quartiles of the sample, but all statistical analyses
treated age as a continuous variable and the subgroups were only used for visualization/
interpretation of interaction effects.
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SD = 0.89) as a measure of verbal fluency, unadjusted for age. Mediation
analyses (see Section “Statistical Analyses”) were run using a structural
equation modeling framework to directly test indirect effects36. A separate
model using thedifference score (i.e., unrelated— related) for eachof thefive
significant age-by-condition interaction peaks assessed for a mediating
relationship between age and verbal fluency. Our findings indicated a sig-
nificant suppression effect of conditional alpha oscillatory differences in the
left perisylvian cortex on the relationship between age and verbal fluency
(Fig. 8; Average CausalMediated Effect [ACME] = 0.003, p = 0.014, 95%CI
[0.0007, 0.01]; seeTable S2 for a correlation table including all variables used
inmediationmodels), and a significant direct effect of age on verbal fluency

(Average Direct Effect [ADE] =−0.019, p < 0.001, 95% CI [−0.028,
−0.01]). These effects were such that older age was associatedwith stronger
conditional differences in alpha oscillatory activity in the left perisylvian
cortex and worse verbal fluency scores. However, conditional differences in
the left perisylvian cortex suppressed the effect of age on verbalfluency, such
that larger conditional alpha differences in the left perisylvian were asso-
ciated with preserved verbal fluency. In other words, larger conditional
alpha differences in the left perisylvian significantly weakened the rela-
tionship between older age and worse verbal fluency scores. For all other
peaks detected in the whole-brain LMEs for alpha and beta, only the direct
effect of age on verbalfluencywas significant (alpha right early visual cortex:

Fig. 1 | Semantic relatedness judgement paradigm and behavioral performance.
a Each trial started with the presentation of a central fixation cross for 1500
(±150) ms followed by the appearance of a prime word above the fixation cross for
500 ms, which then disappeared leaving only the fixation cross for 250 ms. Finally, a
second (target) word appeared above the fixation cross for 2000 ms and participants

were instructed to respond with a button press as to whether the target word was
related (right index) or unrelated (right middle) to the prime or was a pseudoword
(right ring finger). bAccuracy (left) did not differ by condition but did differ with age
(p = 0.036), whereas reaction time (right) differed by condition (p < 0.001) but not
by age.
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ADE=−0.016, p < 0.001, 95% CI [−0.03, −0.01]; alpha right inferior
parietal: ADE =−0.015, p = 0.004, 95% CI [−0.03, −0.01]; alpha left
anterior cingulate: ADE =−0.017, p = 0.002, 95% CI [−0.03, −0.01]; beta
left supramarginal: ADE =−0.018, p = 0.002, 95% CI [−0.03, −0.01]).
Finally, while this was an exploratory analysis, all findings remained at a
FDR corrected level of p = 0.05.

Discussion
In the current study, we examined how aging affects the neural oscillatory
dynamics underlying semantic processing in a large sample of 21–87 year-
old healthy adults. Specifically, we sought to understand how judgments of
semantic relatedness and the underlying oscillatory dynamics change with
age. We found a sustained decrease in power relative to baseline (i.e., ERD)
in both alpha (8–14Hz) and beta (14–26Hz) starting 250ms after onset of
the to-be-judged target word, which was sustained for about 500ms.
Whole-brain LME models focused on the interaction of age and task con-
dition indicated stronger alpha and beta oscillations (i.e., greater ERD) with
increasing age and/or in the related compared to the unrelated condition
across a collection of brain regions. Specifically, alpha responses in the left
perisylvian cortex and anterior cingulate and beta responses in the left
supramarginal gyrus became strongerwith increasing age (i.e., greater ERD)
and the age-related slopes were steeper in the related relative to unrelated
condition. Alpha responses also became stronger with increasing age (i.e.,
greater ERD) in the right inferior parietal, but in this region the slope was
steeper for unrelated compared to related words. Conversely, alpha
responses became weaker with age in the early right visual cortex, and this
decline was steeper for related words. Whole-brain LME models also
revealed multiple neural responses impacted by age alone, such that there
were stronger alpha and beta oscillations (i.e., stronger ERD) as age
increased in the right superior parietal (alpha) and the left superior frontal
and right middle cingulate (beta). Whole-brain LME models also revealed
significant conditional differences in alpha and beta bilaterally, with nearly
all activity being stronger (i.e. greater ERD) in the semantically related
relative to the unrelated condition. The only exception was for beta in the
right IFG, where stronger oscillatory activity (i.e., stronger ERD) was found
in the unrelated condition. Further analysis using the peak activity from our
age-by-condition LME models revealed a significant suppression effect of
conditional differences in left perisylvian alpha activity on the relationship
between age and verbal fluency. Specifically, older age was associated with
worse verbal fluency, but larger conditional differences in left perisylvian
alpha suppressed this effect, suggesting that modulation of alpha activity
allows for higher verbal fluency scores despite the impact of age. Below, we

discuss the implications of these findings for understanding the neural
correlates underlying verbal fluency and how neurophysiological activity
changes with age.

Behaviorally, we found that semantic processing was largely preserved
in healthy aging, as accuracy significantly increased with advancing age and
reaction time did not statistically differ with age, but participants were faster
during semantically related relative to unrelated trials. Regarding the aging
effect, this is contrary to the results of a meta-analysis on semantic pro-
cessing, which found that younger adults tended to outperform older adults
in themajority of studies; however, inmanyof the included studies the effect
sizes were small and the groups did not statistically differ26. Further, in six of
the 29 studies examined for behavioral differences, the older adults out-
performed the younger adults26. Regarding the faster reaction time during
related compared to unrelated trials, this of course would be expected and
reflects the well-known semantic priming effect37–45.

Regarding the neural data, our most interesting findings were that
multiple brain regions exhibited significant oscillatory changes as a function
of age, while others showed age-by-condition interactions. Specifically, age
alone impacted alpha and beta oscillations across an extended area of the
cortex, with alpha peaking in the right superior parietal and beta responses
peaking in the left superior frontal and right middle cingulate. Across all
three areas, oscillatory activity became much stronger (i.e., stronger ERD)
with increasing age. Suchstrongerneural responseswith increasing agewere
also observed across a collection of subpeaks in these extended clusters,
including areas of the bilateral inferior frontal cortices, left inferior parietal,
and right posterior temporal in the alpha range, as well as right inferior
frontal and sensorimotor cortices in the beta range. Prior research has
shown that spontaneous alpha and beta activity during rest significantly
increases across the lifespan in adults46. Thus, the pattern of stronger
oscillatory responses (i.e., stronger ERD) found in the current study may
reflect that stronger responses are needed to overcome the elevated spon-
taneous activity that is observed with increasing age, with the peaks indi-
cating areas that are most involved in semantic search processes that would
be common across both conditions. This overall pattern extended into our
age-by-condition interactions, as we generally found stronger alpha oscil-
lations (i.e., greater ERD) with increasing age and this relationship was
steeper during related compared to unrelated trials in the left perisylvian and
left anterior cingulate. The samepatternwas observed for betaoscillations in
the left supramarginal (i.e., the strength of the ERD increased with age and
the effect was stronger in the related condition). A similar effect was
observed in the right inferior parietal, except that the significant increase in
alpha ERD with age was steeper in the unrelated relative to the related

Fig. 2 | Sensor-level analyses of neural oscillatory activity. (left): MEG time-
frequency spectrogram from themedial occipito-parietal area with time (ms) on the
x-axis and frequency (Hz) on the y-axis. The onset of the prime word was 0 ms and
the onset of the target word was 750 ms. Power is shown in percentage change units
relative to the baseline period (−1000 to −300 ms). Data has been averaged across
all trials and participants. We observed significant alpha (8–14 Hz) and beta
(14–26 Hz) oscillations from1000–1500 ms after prime onset (p < 0.001, corrected).

The white boxes denote these time-frequency windows, which were used for the
beamformer imaging analyses. (right): After imaging each significant time-
frequency window with a beamformer, grand averages were computed across all
participants and conditions. The sustained alpha (bottom) and beta (top)
oscillatory responses extended across a large region encompassing parietal,
temporal, and occipital cortices, which were largely lateralized to the left
hemisphere.
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condition. For these interactions, we propose that the additive conditional
component reflects accentuated neural responses supporting task perfor-
mance in the older adults. Altogether, these findings support our primary
hypotheses about stronger responses in bilateral regionswith increasing age,
and corroborate key tenets of the CRUNCH model in which older adults
generally have stronger neural responses in task-related brain regions
compared to younger adults when performance levels are comparable21.
Importantly, these results are also partially consistent with the HAROLD
model anddedifferentiationhypothesis, asweobserved increasedoscillatory
responses in right hemispheric regions with increasing age. To our
knowledge, the current study is the first to extend these models to semantic
processing in the context of neural oscillatory activity in healthy aging. Thus
far, semantic processing studies have mainly focused on normative young
adults using fMRI. The current work is the largest MEG study of semantic
processing to date and uses an age range (21-87 years) that extends over the
entire adult lifespan. Future studies should continue to examine semantic
processing during the aging process and in neurological disease using

advanced neuroimaging techniques such as MEG to further elucidate the
underlying neurophysiology of semantic processing. In particular, future
studies could examine whether the effects observed here extend to evoked
brain responses in the time domain.

Another important finding in the current studywas thatmodulation of
alpha activity in the left perisylvian cortex was associated with better verbal
fluency, despite age. The left perisylvian cortex is a critical hub in the left-
lateralized languagenetwork andhas been implicated in languageprocessing
in the healthy brain47–50, aswell as primary progressive aphasia anddyslexia51
,52. Our current results extend these findings by showing that condition-wise
alpha modulation is compensatory toward sustained verbal fluency per-
formance with increasing age. In other words, those who exhibited the
largest difference in left perisylvian alpha oscillations during the processing
of semantically related relative to unrelated stimuli showed the smallest age-
related decrements in verbal fluency. More broadly, our findings supported
the view that verbal fluency generally decreases with age, which some have
suggested may reflect a general slowing with age, as verbal fluency requires

Fig. 3 | Interaction of age and condition on alpha oscillations.Whole-brain linear
mixed-effects (LME) modeling revealed significant interaction effects of age and
condition in several regions in the alpha band. These regions included the early right
visual cortex, left perisylvian cortex, right inferior parietal, and left anterior cingu-
late. All maps have been thresholded at p < 0.005, corrected. Time series have been
extracted from the peak voxel of each cluster and are shown by condition (rela-
ted = pink, unrelated = blue) and age (younger = lighter). Age has been binned based
on the 1st and 3rd quartile of our entire sample. In each plot, the solid black line
indicates prime onset at 0 ms, the dashed black line indicates target onset at 750 ms,
the pink (related) and blue (unrelated) dashed lines indicate the mean reaction time

per condition, and the time period used in the beamformer analysis (1000–1500 ms)
is shaded. In the two left hemispheric regions, the interaction reflected a stronger
oscillatory response (i.e., greater ERD) as age increased, which was steeper in the
related compared to the unrelated condition (p < 0.005, corrected). In the right
inferior parietal, the interaction also reflected stronger alpha oscillations (i.e., greater
ERD) with increasing age, but the relationship was stronger in the unrelated com-
pared to related condition. Finally, the opposite effect was found in the right early
visual cortex, such that alpha oscillations became weaker with increasing age (i.e.,
less ERD) with the effect being stronger in the related condition.
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the retrieval of words frommemory53,54. Importantly,multiple recent studies
have shown that alpha oscillations can be modulated by transcranial elec-
trical stimulationmethods55–60, which could suggest therapeutic applications
targeting cortical alpha rhythms. However, results of this analysis should be
interpreted with caution, as the analysis was exploratory. Future studies
should aim to replicate these results and continue to examine the interaction
of neural activity and language processing with age.

Finally, we also found conditional task differences extending across
many brain regions. With the exception of beta activity in the right IFG,
these effects reflected stronger alpha and beta oscillations (i.e., greater ERD)
during semantically related relative to unrelated trials. Regions exhibiting
such effects in the alpha range included the right parieto-occipital, leftMTG,
left parietal, right hippocampus, and left TPJ, while those exhibiting effects
in the beta range included the bilateral MTG, left TPJ, right angular gyrus,

Fig. 4 | Interaction of age and condition on beta
oscillations. Whole-brain linear mixed-effects
(LME) modeling revealed a significant age by con-
dition interaction effect in the left supramarginal in
the beta band, such that there were stronger beta
oscillations (i.e., greater ERD) as age increased, and
this response was stronger in the related compared
to the unrelated condition (p < 0.005, corrected).
The brain map has been thresholded at p < 0.005,
corrected. Time series have been extracted from the
peak voxel and are shown by condition (related =
pink, unrelated = blue) and age (younger = lighter).
Age is binned based on the 1st and 3rd quartile of our
entire sample. In each plot, the solid black line
indicates prime onset at 0 ms, the dashed black line
indicates target onset at 750 ms, the pink (related)
and blue (unrelated) dashed lines indicate the mean
reaction time per condition, and the time period
used in the beamformer analysis (1000–1500 ms) is
shaded.

Fig. 5 | Alpha and beta oscillations increase with age. (top): Whole-brain linear
mixed-effects models revealed significant main effects of age in the right superior
parietal in the alpha band and in the left superior frontal and right middle cingulate
in the beta band, such that there were stronger oscillatory responses (i.e., greater
ERD) as age increased across related and unrelated conditions (all p values < 0.005,
corrected). Note that the brain maps are shown at a higher threshold to improve

visualization of the peak responses. Maps showing subpeaks that were also sig-
nificant at the p < 0.005, corrected, threshold are provided in Fig. S3 within the
supplemental materials. (bottom): A regression line representing the distribution of
the average amplitude across conditions (y-axis) is plotted by age (x-axis) for each
peak. The solid line indicates the line of bestfit for the effect of age on amplitude; light
purple shading around this line indicates the standard error.
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Fig. 6 | Conditional task differences in alpha oscillatory activity. Whole-brain
linear mixed-effects (LME) modeling revealed significant conditional differences in
alpha power in the right parieto-occipital, left middle temporal gyrus (MTG), left
medial parietal, right hippocampus, and left temporoparietal junction (TPJ), such
that there were stronger alpha oscillations (i.e., greater ERD) during the related
compared to the unrelated condition (all p values < 0.005, corrected). Violin plots
show the distribution of the amplitude values at the peak voxel (y-axis) for each

significant cluster by condition (x-axis), with dots representing individual responses.
Within each violin, box plots show the median value of the amplitude with vertical
lines representing values below the 25th percentile or above the 75th percentile. Note
that the brain maps are shown at different thresholds to improve visualization of the
peak responses. Maps showing subpeaks that were also significant at the p < 0.005,
corrected, threshold are provided in Fig. S3 within the supplemental materials and
included regions in the right temporal and left inferior frontal cortices.
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Fig. 7 | Conditional task differences in beta oscillatory activity.Whole-brain
linear mixed-effects (LME) modeling revealed significant conditional differences in
beta power in the left middle temporal gyrus (MTG), left temporoparietal junction
(TPJ), right angular gyrus, left supramarginal, and right MTG, such that there were
stronger beta oscillations (i.e., greater ERD) during the related compared to the
unrelated condition (all p values < 0.005, corrected). Additionally, the opposite
pattern was observed in the right inferior frontal gyrus (IFG), with stronger beta
oscillations during the unrelated condition (p < 0.005, corrected). Violin plots are

formatted similar to Fig. 6 and show the distribution of the amplitude values at the
peak voxel (y-axis) plotted by condition (x-axis) for each significant cluster, with
dots representing individual responses per condition. Note that the brain maps are
shown at different thresholds to improve visualization of the peak responses. Maps
showing subpeaks that were also significant at the p < 0.005, corrected, threshold are
provided in Fig. S3 within the supplemental materials and included regions in the
right temporal and right inferior frontal cortices, with directionality that matched
their neighboring main peak.
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and left supramarginal. There were also alpha subpeaks in the left inferior
frontal gyrus and right lateral temporal cortices, as well as a beta subpeak in
the right posterior temporal that followed the same pattern. These findings
are somewhat supportive of prior research using fMRI, which has pin-
pointed a well-established left-lateralized network associated with semantic
processing, while right-lateralized activity has been associated with word
memory and retrieval61. Specifically, past research has established a left-
lateralizednetwork supporting semantic processing and in the current study
we extend these findings to show more bilateral neural recruitment, which
may be indicative of slightly different language-related functions per
hemisphere. In addition, a collection of electrophysiological studies have
linked left-lateralized alpha and beta oscillations in the ventral and lateral
frontotemporal region to semantic anomalies, including unexpected words
occurring later in a sentence2–5,9. These left-lateralized alpha and beta
oscillations are generally stronger when viewing sentences as opposed to
word lists, with neural responsesfirst emerging in bilateral occipito-parietal,
left frontal, and left temporal areas, with later processing in right frontal and
parietal regions9. In previous work, we demonstrated stronger alpha oscil-
lations (i.e., greater ERD) across a collection of left perisylvian regions
during semantic compared to length judgments, with structural equation
modeling showing that the strength of alpha oscillations in these areas
accounted for 44% of the variance in reaction time differences between
semantic and length judgments7. Thus, beyond being important for
semantic processing, left-lateralized alpha may be critical to performance
during semantic processing tasks7. Finally, recent work from our lab using
the same semantic relatedness judgment task as the current study with a
normative young adult population found similar results, with stronger
increases in alpha and beta oscillations (i.e., greater ERD) occurring in the
related vs the unrelated condition across many of these same regions62.

While this study contributes substantially to our understanding of the
neurophysiology underlying semantic processing during aging, it is not
without limitations. First, while our task was designed to use emotionally
neutral words, participants could have perceived some words as being
emotionally salient which may have biased some of our results. However,
since this should have affected the conditions equally, we think it is unlikely
that our results were differentially influenced by such emotional associa-
tions. Second, prior research has shown that sociodemographic and lifestyle
factors can influence semantic processing. We did not control for these
factors, as we were solely focused on the impact of healthy aging and pur-
posefully enrolled participants who were representative of the local com-
munity. Nonetheless, we feel this is an important question and future work
should examine the neural dynamics and circuitry underlying semantic
processing with sociodemographic and lifestyle factors as covariates of
interest. It is possible that these factors influence the specific brain regions
involved in semantic judgments. Finally, our mediation analysis focused on
verbal fluency, inclusive of both phonemic and semantic fluency. Prior

research has found slight differences in phonemic and semantic fluency63,
and future research should examine these separately as well as together.

In conclusion, the current study used advanced MEG imaging to
quantify the neural oscillations serving semantic processing during healthy
aging. In agreement with many prior studies, we found that semantic
processing was fully preserved with aging, as behaviorally our older parti-
cipants performed as well or better than younger participants. Interestingly,
while behavior was preserved, we found widespread differences in the
underlying neural dynamics, with neural oscillations in the alpha and beta
ranges becoming stronger (i.e., greater ERD) with increasing age across
many brain regions, with this effect being significantly accentuated in the
semantically related compared to unrelated condition in key brain regions.
In addition, such oscillations increased in strength (i.e., stronger ERD) with
aging irrespective of condition across extended cortical regions, and a
widespread, distributed group of brain regions exhibited stronger alpha and
beta oscillations (i.e., stronger ERD) during semantically related relative to
unrelated trials regardless of age. Finally, our mediation analyses suggested
that left perisylvian alpha may play a critical role in the preservation of
semantic processing with increasing age. These findings extend prior
research and provide critical new insight on the role of oscillatory activity in
semantic processing and its preservation during healthy aging.

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; Table S1). 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 implantedmaterial. The study protocol was approved by the
Boys TownNational ResearchHospital’s Institutional Review Board and all
ethical regulations relevant to human research participants were followed in
accordancewith theDeclaration ofHelsinki.Written and informed consent
was obtained from all participants after a full description of the study was
provided.

Experimental Paradigm
Participants performed a semantic relatedness judgement task duringMEG
recording (Fig. 1a).Theywere instructed tofixateonacrosshair presented in
the center of the screen throughout the task. Each trial began with the
presentation of a central fixation crosshair for 1500ms (±150ms). Then, a
prime word appeared at the top of the screen for 500ms, followed by
another fixation crosshair for 250ms. Finally, a second (target) word
appearedat the topof the screen for 2000ms. Participantswere instructed to
respond based on whether the prime word was related semantically to the
target word (right index finger), semantically unrelated (right middle fin-
ger), or a pseudoword (right ring finger). Each trial lasted 4250ms
( ± 150ms) and there was a total of 210 trials (i.e., 100 semantically related,
100 semantically unrelated, and 10 pseudowords) resulting in a total run-
time of approximately 14.88mins. All participants completed a brief
practice session of the task prior to MEG recording to ensure adherence to
task instructions. Related (e.g., star-sky) and unrelated (e.g., game-gorilla)
prime-target pairs were presented pseudorandomly and were taken from
the word list of the Semantic Priming Project64. All words were restricted to
3–4 letters in length to prevent excessive eye movement and were balanced
for length, frequency of use, part of speech, and number of orthographic
neighbors across conditions. Words which could elicit strong emotions or
require above-average education level were not included. Pseudo-word
trials were included to help minimize mental sets and promote cognitive
flexibility. They were not included in the MEG or behavioral analyses.

MEG data acquisition
Participants were seated in a non-magnetic chair within a two-layer
VACOSHIELD magnetically-shielded room (Vacuumschmelze, Hanau,
Germany). AMEGINNeoMEG system (Helsinki, Finland) equipped with

Fig. 8 | The effect of age on verbalfluency is suppressed by alpha oscillations in the
left perisylvian cortex. A mediation analysis was conducted on each of the statis-
tically significant interaction peaks found in our linear-mixed effects (LME)models.
The difference score (unrelated-related) was used for each peak. Age significantly
predicted the difference score for the left perisylvian cortex and scores on our verbal
fluency assessments. While alpha activity in the left perisylvian cortex did not sig-
nificantly predict verbal fluency scores, it significantly suppressed the effect of age on
verbal fluency (β =−0.31, p = 0.0002; ACME = 0.003; ADE =−0.019), such that
larger conditional differences in left perisylvian alphawere associatedwith preserved
verbal fluency with increasing age. * p < 0.05 ** p < 0.001.
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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 throughoutMEG
data acquisition. Data from each participant were individually corrected for
head movement and noise reduced using the signal space separation
method with a temporal extension (correlation limit:.980; correlation win-
dow duration: 6 seconds; mainline frequency: 60Hz)65.

Structural MRI and MEG coregistration
BeforeMEG recording, five coils were attached to the participant’s head and
localized, together with the 3 fiducial points (i.e., nasion, left and right
preauriculars) and scalp surface, with a 3D digitizer (Fastrak; Polhemus
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 eachof thefive coils. This induced ameasurablemagnetic
field and allowed each coil to be localized in reference to the sensors
throughout the recording session. Since coil locations were also known in
head coordinates, all MEG measurements could be transformed into a
commoncoordinate system.With this coordinate system, eachparticipant’s
MEG data were co-registered with their structural T1-weighted MRI data
prior to source space analyses using BESAMRI (Version 3.0; BESAGmbH,
Gräfelfing, Germany). All structural MRI data were acquired on a 3 T Sie-
mens 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: 1mmwith no gap; voxel size: 1.0 × 1.0 × 1.0 mm;
acquisition plane: 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), each participant’s 4.0 × 4.0 × 4.0mm MEG functional
images were 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 were completed using the Brain Electrical
Source Analysis (BESAV7.1) software. Cardiac and eye-blink artifacts were
manually removed from the MEG data prior to statistical analysis using
signal-space projection (SSP)66, 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 defined as
0ms and thebaseline beingdefined as -1000 to -300msprior to primeonset.
Epochs containing artifactswere rejected basedon individual amplitude and
gradient thresholds. The average amplitude threshold was 1164.29 (SD =
329.29) fT/cmand the average gradient thresholdwas420.52 (SD = 199.78)
fT/(cm*ms) across all participants and conditions. Further, only trialswhere
participants responded correctly were used for analysis. Note that we used
individually determined thresholds based on the signal distribution for both
amplitude and gradient to account for variance across participants in head
size anddistance between thebrain and theMEGsensor array,which greatly
affects raw MEG signal amplitudes. On average, 87.13 (SD = 5.29) related
and 87.39 (SD = 6.46) unrelated trials remained after artifact rejection and
were used in subsequent analyses. Importantly, the number of trials did not
differ between the related and unrelated conditions (p > 0.05) and were not
correlated with age (prelated > 0.05, punrelated > 0.05).

Artifact-free epochswere transformed into the time-frequencydomain
from 2 to 30Hz using complex demodulation with a resolution of 1Hz and
50ms. The resulting spectral power estimations per sensor were averaged
over trials to generate time-frequencyplots ofmean spectral density67. These
sensor-level data were then normalized per time-frequency bin using the
respective bin’s baseline power, which was calculated as the mean power
during the -1000 ms to -300 ms time period. The specific time-frequency
windows used for imaging were determined by statistical analysis of the
sensor-level spectrograms across all participants and all trials, restricted to
the entire array of gradiometers. To reduce the risk of false positive results

while maintaining reasonable sensitivity, a two-stage procedure was fol-
lowed to control for Type I error. In the first stage, paired-samples t-tests
against baseline were conducted on each data point and the output spec-
trogram of t-values was thresholded at p < 0.05 to define time-frequency
bins containing potentially significant oscillatory deviations relative to
baseline across all participants and both conditions. In the second stage,
time-frequency bins that survived the threshold were clustered with tem-
porally, spectrally, and/or spatially neighboring bins with t-values that were
also above the (p < 0.05) threshold, and a cluster value was derived by
summing all of the t-values of all data points in the cluster. Nonparametric
permutation testing was then used to derive a distribution of cluster-values,
and the significance level of the observed clusters (from stage 1) were tested
directly using this distribution68,69. For each comparison, 10,000 permuta-
tions 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 and participants were subjected
to imaging, and these source imageswere then used to test our hypothesized
effects. Further methodological details are available70.

MEG source imaging and statistics
Cortical responseswere imaged using dynamic imaging of coherent sources
(DICS)71, a time-frequency-resolved extension of the linearly constrained
minimum variance (LCMV) beamformer72, which applies spatial filters to
time-frequency sensor data to calculate voxel-wise source power 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 rangeof interest, and the solutionof the forwardproblem for each
location on a grid specified by input voxel space. Such images are typically
referred to as pseudo-t maps, with units (pseudo-t) that reflect noise-
normalized power differences (i.e., active vs. passive) per voxel. Following
convention, we computed noise-normalized source power per voxel
(4.0 × 4.0 × 4.0mm) in each participant using active (i.e., task) and passive
(i.e., baseline) periods of equal duration and bandwidth73. The resulting 3D
maps of brain activity were averaged across all participants and both con-
ditions to assess the anatomical basis of the significant oscillatory responses
identified through the sensor-level analysis and used in whole-brain sta-
tistical analyses to assess our primary hypotheses.

Cognitive assessment
Participants completed phonemic (Controlled OralWord Association Test
[COWAT], letters F-A-S) and semantic (Animals) tasks outside of the
scanner to measure verbal fluency74. Scores were adjusted for age and
education level and averaged together to create a single score to assess verbal
fluency performance. Since age was a covariate of interest in the analyses,
demographically uncorrected scoreswereused for analyseswithneural data.
For the neurobehavioral analyses, raw scores from the COWAT F-A-S and
Animals tasks were transformed into z-scores across the sample and then
averaged together to create a metric of verbal fluency.

Statistical analyses
To evaluate the interaction of age and condition on neural oscillatory
responses, whole-brain linear mixed-effects (LME) models were calculated
for alpha and beta separately with age (continuous between-subjects factor)
and task condition (within-subjects factor with 2 levels; i.e., semantically
related and unrelated) using custom functions in MATLAB. In addition,
whole-brain LMEs were calculated using age and condition as main effects
without an interaction term to evaluate the impacts of age and condition,
controlling for the other, on the voxel-wise whole-brain maps. On the
resulting images, we employed an alpha threshold of p < 0.005 and cluster-
extent threshold of k > 4 voxels (i.e., 256mm3), although significant clusters
were generally much larger. Finally, an exploratory mediation analysis was
conducted to better understand the effect of age on verbal fluency using the
regional peaks identified through our age-by-condition interaction LME
models. Specifically, we computed fourmediationmodels in the alpha band
andone in the beta band, corresponding to the age-by-condition interaction
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peaks. For these analyses, we used conditional difference scores (unrelated-
related) for each significant age-by-condition peak to determine the med-
iating effect of brain activity on the relationship between age and verbal
fluency (see Section “Cognitive Assessment”). Specifically, the mediation
package inRwasused to test the indirect anddirect effects of peakoscillatory
activity on verbal fluency using bias-corrected bootstrapping procedures
with 1000 samples36. While these mediation analyses were exploratory,
significant models remained significant at p = 0.05 following correction
using the false discovery rate (FDR) method.

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