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Cerebellar Theta and Beta Noninvasive Stimulation
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The human cerebellum is thought to interact with distributed brain networks to support cognitive abilities such as episodic
memory and semantic prediction. Hippocampal and fronto-temporo-parietal networks that respectively support episodic
memory versus semantic prediction have been associated with distinct endogenous oscillatory activity frequency bands: theta
(;3–8Hz) versus beta (;13–30Hz) respectively. We sought to test whether it is possible to toggle cerebellar participation in
episodic memory versus semantic prediction by noninvasively stimulating with theta versus beta rhythmic transcranial mag-
netic stimulation. In human subjects of both sexes, cerebellar theta stimulation improved episodic memory encoding but did
not influence neural signals of semantic prediction, whereas beta stimulation of the same cerebellar location increased neural
signals of semantic prediction but did not influence episodic memory encoding. This constitutes evidence for double dissocia-
tion of cerebellar contributions to semantic prediction versus episodic memory based on stimulation rhythm, supporting the
hypothesis that the cerebellum can be biased to support these distinct cognitive abilities at the command of network-specific
rhythmic activity.
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Significance Statement

The cerebellum interacts with several distinct large-scale brain networks for cognitive function, but the factors governing se-
lectivity of such interactions for particular functions are not fully understood. We tested the hypothesis that cerebellar contri-
butions to cognition are guided by neural oscillations with function-specific frequency bands. We demonstrated that
matching noninvasive stimulation to network-specific frequencies selectively enhanced episodic memory versus semantic pre-
diction. These findings suggest that cerebellar contributions to cognitive networks are selected based on corresponding activ-
ity rhythms and could be used to develop cerebellar stimulation interventions for specific neurocognitive impairments.

Introduction
The cerebellum contributes to a number of cognitive abilities,
including episodic memory, language, decision-making, motor
control, and others (Desmond and Fiez, 1998; Schmahmann,
2019). Many reports have particularly implicated lobules VI and
VII, and especially Crus I and II in cognition (Stoodley, 2012).
Portions of these cerebellar regions show resting-state fMRI con-
nectivity and task-based coactivation with most major distrib-
uted cognitive brain networks (Buckner et al., 2011; King et al.,
2019). For example, Crus I is a functionally heterogeneous lobule
of posterolateral cerebellar cortex (Buckner et al., 2011; Stoodley,
2012) that interacts with the hippocampal network that supports
episodic memory (Fliessbach et al., 2007; Krienen and Buckner,
2009; Buckner et al., 2011) and with the fronto-temporo-parietal
network that supports language functions such as semantic pre-
diction (De Smet et al., 2013; King et al., 2019), alongside other
functional networks (Buckner et al., 2011; King et al., 2019). The
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goal of the current experiment was to evaluate whether such
interactions are functional by testing whether noninvasive stimu-
lation targeting cerebellar Crus I can differentially impact hall-
mark behavioral and neural correlates of the hippocampal
network that supports episodic memory versus the fronto-tem-
poro-parietal network that supports semantic prediction.

The stimulation approach in this experiment was motivated
by previous evidence that networks supporting episodic memory
versus semantic prediction are associated with distinct frequen-
cies of oscillatory activity. Theta-band (;3–8Hz) interregional
synchronicity of hippocampal network locations, including the
cerebellum, has been associated with memory encoding and re-
trieval (Anderson et al., 2010; Lega et al., 2012; Herweg et al.,
2020), which is consistent with the dominant theta activity pat-
tern of the hippocampus (Larson et al., 1986; Zhang and Jacobs,
2015; Bohbot et al., 2017). In contrast, beta-band (;13–30Hz)
activity is prominent among fronto-temporo-parietal network
locations, including the cerebellum (Bastiaansen and Hagoort,
2006; Weiss and Mueller, 2012), particularly during language
tasks in which sentence context supports generating expectations
or predictions for specific words (i.e., semantic prediction during
reading; Engel et al., 2001; Lewis and Bastiaansen, 2015;
Molinaro et al., 2016). We therefore hypothesized that transcra-
nial magnetic stimulation applied to Crus I using theta versus
beta rhythmic patterns could bias its participation in episodic
memory versus semantic prediction.

Several previous findings support the premise that noninvasive
stimulation applied at theta versus beta frequencies may differen-
tially affect the networks of interest. For instance, theta-burst trans-
cranial magnetic stimulation (TMS) applied to a cortical location of
the hippocampal network enhanced episodic memory performance,
whereas beta-frequency TMS of the same location did not affect
memory (Hermiller et al., 2019). In contrast, beta-frequency TMS
of a cortical location of the fronto-temporo-parietal network
enhanced picture naming, whereas 1Hz TMS did not alter picture
naming (Mottaghy et al., 1999; Sparing et al., 2001). Importantly,
these previous experiments used different stimulation locations
within either network and did not assess the frequency selectivity of
stimulation effects onmemory-related versus language-related func-
tions. Therefore, it remains unclear whether a single location such
as Crus I can be biased to contribute to distinct functions by apply-
ing theta versus beta noninvasive stimulation.

The experiment we conducted to test this possibility follows
the logic of the “double dissociation” (Teuber, 1955), whereby
we tested whether two distinct cognitive outcome measures are

differentially modulated by two distinct stimulation interven-
tions. We applied TMS targeting cerebellar Crus I using either
theta or beta rhythms (vs a control location in occipital cortex)
and measured the impact of stimulation using gold standard
assessments of episodic memory versus semantic prediction. We
hypothesized that cerebellar stimulation rhythm would differen-
tially impact these outcomes, with relative increases in episodic
memory performance following cerebellar theta rhythmic stimu-
lation and relative increases in neural signals of semantic predic-
tion following beta rhythmic stimulation.

Materials and Methods
Overview
Participants performed cognitive tasks assessing highly canonical meas-
ures of semantic prediction and episodic memory encoding (Fig. 1).
Stimulation effects on semantic prediction were assessed via brain elec-
trical activity measured during reading comprehension trials designed to
elicit the event-related brain potential (ERP) N400 signal (Kutas and
Federmeier, 2011). Stimulation effects on episodic memory encoding
were assessed by measuring subsequent high-confidence performance
on a delayed recognition memory test (Shepard, 1967; Eichenbaum et
al., 2007) administered after the period during which stimulation typi-
cally impacts neural function (Di Lazzaro et al., 2005; Huang and
Kandel, 2005), and by examining ERPs recorded during encoding (Rugg
and Yonelinas, 2003). As is typical for experiments following the double-
dissociation logic, these measures of cognitive function differed funda-
mentally in format. Nonetheless, these distinct functional outcomes are
advantageous because they are well validated probes of semantic predic-
tion versus episodic memory (Yonelinas, 2002; Rugg and Yonelinas,
2003; Kutas and Federmeier, 2011), thus permitting strong inferences
regarding any differential influence of cerebellar theta versus beta stimu-
lation on cognition.

We also applied the same stimulation rhythms to a control location
of right lateral occipital cortex, as this location is unrelated to episodic
memory and language networks and therefore served as an active stimu-
lation control (Fig. 1). We hypothesized that cerebellar beta stimulation
would influence the N400 signal of semantic prediction but have rela-
tively little impact on memory encoding, whereas cerebellar theta stimu-
lation would influence memory encoding but have relatively little impact
on the N400 signal. This hypothesis that a differential impact of stimula-
tion rhythm on distinct semantic prediction versus episodic memory
assessments follows the same logic as the aforementioned double-disso-
ciation experiments, and would thereby provide strong evidence that lat-
eral cerebellum (including Crus I) is rhythm selective in its support of
episodic memory versus semantic prediction.

Participants
Subjects (N= 25) had normal or corrected-to-normal vision and passed
MRI and TMS safety screenings (Rossi et al., 2009) supervised by S.V.

Figure 1. Experiment design. Each subject participated in three separate sessions. For each session, one of the following three TMS conditions was delivered: cerebellar theta (theta-burst),
cerebellar beta (20 Hz), or control-location stimulation (either theta or beta). The induced electrical field (normE) is illustrated for a sample participant. Following stimulation on each session,
subjects performed a mixed sentence reading and single-word encoding task while scalp EEG was recorded. This portion of the task occurred during the period when the effects of stimulation
on neural function were likely maximal. Recognition memory for words studied during the EEG phase was tested after a delay, such that retrieval occurred after the effects of stimulation had
decayed (Materials and Methods).
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Subjects had no known history of psychiatric or neurologic disorder. All
provided written informed consent to a protocol approved by the
Institutional Review Board at Northwestern University and were paid
for their participation. Data from one subject were excluded from analy-
ses because of excessive artifacts in EEG recordings (see below).
Reported analyses thus include 24 adults (16 women; average age:
25.3 years; age range: 18–37 years).

Experiment design
Before the three experiment sessions, each subject completed a structural
MRI scan to provide anatomic localization for TMS targeting. The
experiment used a within-subjects design across three sessions per-
formed on nonconsecutive days (average intersession interval: 6 d; range:
2–26d). During each session, one of three stimulation conditions was
delivered immediately before the EEG phase, which was then followed
by the test phase (Fig. 1). The EEG phase comprised ;28min during
which sentence and single-word materials were presented while EEG
was recorded (see below). Stimulation order across sessions was counter-
balanced across subjects. Visual stimuli were counterbalanced across
stimulation conditions and session orders. EEG caps were affixed to sub-
jects and prepared before stimulation, such that presentation of experi-
mental materials began 10min after the final stimulation pulse for each
session. The EEG phase was followed by a 30 min delayed word recogni-
tion task test phase, during which EEG was not recorded.

TMS protocol
During each session, subjects first received one of three TMS conditions:
cerebellar theta (5Hz delivery of 50 Hz bursts), cerebellar beta (20Hz),
or location control stimulation. Location control stimulation was deliv-
ered at the right lateral occipital cortex and was counterbalanced
between theta and beta patterned stimulation across subjects.

MRI data were collected using a Siemens 3 T Prisma whole-body
scanner with a 64-channel head-neck coil located in the Northwestern
University Center for Translational Imaging. Structural images were
acquired using a T1-weighted MPRAGE sequence (176 frames; TE:
1.69ms; TR: 2170ms; TI: 1160ms; flip angle: 7°; voxel resolution: 1.0�
1.0� 1.0 mm; 1-mm-thick sagittal slices; 256� 256 mm FOV; scan du-
ration: 5.1min). Structural MRI data were preprocessed using AFNI
software (version AFNI_19.3.04; Cox, 1996). Scans were skull stripped
(3dSkullStrip) and warped into Talairach–Tournoux (TT) stereotactic
space using the TT_N27 atlas (auto_tlrc). Lateral cerebellar and occipital
control-location stimulation sites were selected using a priori coordi-
nates and are listed in MNI space for convenience [cerebellum MNI: 41,
�79, �39 (Halko et al., 2014); occipital MNI: 47, �78, �13 defined
based on lack of membership in memory and language cortical network
parcellations (Yeo et al., 2011; Shain et al., 2020)]. Each stimulation loca-
tion was adjusted per subject to fall on the nearest adjacent brain surface
(mean distance from default target: 1.7 mm for cerebellum; 3.6 mm for
occipital) and then transformed back into subject-specific original MRI
space for anatomically guided TMS. The average distance between cere-
bellar and control-location stimulation targets in original space was 29.6
mm (SD=1.7 mm). TMS delivery at the control location feels very simi-
lar to stimulation at the lateral cerebellum because of its relative proxim-
ity. Furthermore, visual cortical contributions to sentence reading and
single-word reading trials are likely very similar, and therefore the occi-
pital cortex serves as an adequate control stimulation location.

Beta and theta stimulation both comprised 600 bipolar pulses applied
at individualized intensity. For beta stimulation, pulses were delivered in
15 40-pulse 20 Hz trains (2 s on, 28 s off; ;7min total duration; i.e., 20
Hz repetitive TMS). For theta stimulation, 50 Hz pulse triplets were
delivered every 200ms (5Hz) for 40 s continuously (i.e., continuous
theta-burst stimulation). To better match the subjective duration of
stimulation conditions, theta stimulation was preceded by ;6.5min of
beta stimulation delivered at a very low, subthreshold intensity (10%
of resting motor threshold; i.e., the sound, but not the intensity, of
beta stimulation). Each subject received theta stimulation and beta
stimulation of the cerebellar target across different sessions. For the
control-location session, half of the subjects received theta stimula-
tion and half received beta stimulation. All stimulation conditions

were counterbalanced across session order and were matched across
sessions for stimulation intensity (calibrated per subject). Subjects
were informed that stimulation pattern and location and thus sensa-
tion would vary among sessions but were unaware of location- or
stimulation-specific study hypotheses.

We delivered TMS via a MagPro X100 system with a Cool-B65
coil (MagVenture) using frameless stereotactic guidance (Localite).
Maximum stimulation intensity was calibrated to 80% of the resting
motor threshold identified for the right abductor pollicis brevis before
the experimental sessions. Intensity was adjusted for comfort in 13 sub-
jects, resulting in an average stimulation intensity of 78.7% resting motor
threshold (42.8% stimulator maximum output; range: 32–55%). For sub-
jects with adjusted intensity, the same intensity was used for all stimula-
tion conditions.

TMS was delivered to optimize induced electric field orientation,
directed mediorostrally for the cerebellum and mediolaterally for the
occipital cortex (Janssen et al., 2015). Finite element modeling using sub-
ject-specific MRI was used to calculate induced electrical field following
cerebellar and location control stimulation (Fig. 1, representative sub-
ject) implemented in SimNIBS version 3.0 (Thielscher et al., 2015).

Combined semantic prediction and episodic memory task
EEG phase. Eighty sentences and 64 single words were presented during
each session. Subjects were instructed to read each sentence for compre-
hension, which was tested by manual response to true/false statements
following 16 trials. Subjects were additionally informed that they would
be tested on word memory. At each session, the subject performed a
brief (;5min) practice including the delayed memory test.

Stimuli included 480 sentence pairs with 240 unique sentence-final
critical words (similar to materials presented in the study by Dave et al.,
2018). The following two factors varied between sentences in each pair:
cloze, or the likelihood a sentence would end in a specific sentence-final
word; and contextual constraint, or the highest probability a sentence
would end in any final word. One sentence of each pair was strongly
constrained toward a highly expected (i.e., high cloze) ending (average
cloze: 90%; range: 80–100%; e.g., “Mark hates raw fish, so he refuses to
eat sushi”). These endings are referred to as “high predictability.” The
second sentence in each pair was weakly constrained (average constraint:
21.3%; range: 6–30%) and ended with a low cloze, or unlikely to be pre-
dicted, final word (average cloze: 1.1%, range: 0–4%; e.g., “It is common
to use your hands to eat sushi”). These endings are referred to as “low
predictability.” Averages for cloze and constraint were obtained from 50
additional adults (average age: 36.4 years; range: 22–68 years) recruited
and compensated via AmazonMechanical Turk.

Sentence length was approximately matched across sentence pairs
generated for the comprehension task (i.e., within 2 words for each pair;
average length: 9 words; range: 6–11 words). Critical words had a mean
SUBTLEX-US frequency count of 1215, a mean length of 5.4 letters, and
a mean concreteness rating of 3.9 (Brysbaert et al., 2014). Frequency,
word length, and concreteness ratings of sentence-final words were
matched across the 80 sentences selected for each session.

We created a list of 192 separate words for single-word trial presenta-
tion. For the single words, the mean frequency count was 1182, mean
word length was 5.4 letters, and a mean concreteness rating was 3.8.
Sixty-four words were presented during each session, matched on fre-
quency, length, and concreteness across sessions.

During the EEG phase of each session, each subject read 40 high-pre-
dictability and 40 low-predictability sentences that were randomly inter-
mixed, such that each critical word and its corresponding sentence was
presented once per subject. The sentences were counterbalanced across
two experimental lists so that each target word appeared equally often in
high- and low-predictability sentences. To test sentence comprehension,
subjects were asked to evaluate true/false statements on 20% of trials (av-
erage accuracy: 92.3%, range: 75–100%), indicating that subjects both
understood sentence content and were paying adequate attention while
reading. Sixty-four single-word trials were presented during each ses-
sion, randomly intermixed with sentence trials.

Before each trial, a cue (e.g., SENTENCE or WORD) was displayed
for 2000ms to indicate upcoming trial type to subjects. Cue presentation
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was followed by a 4000ms display of a central fixation cross. Sentences
were presented via rapid serial visual presentation with a stimulus-onset
asynchrony of 600ms (300ms/word). Single words were similarly pre-
sented for 300ms following two buffer items (“XXXXXX”) used to
standardize reading preparedness between sentence and single-word tri-
als. A blank screen was presented for 1200 ms after sentence-final target
words and single-word trials, followed by a 4000ms display of a central
fixation cross between trials.

Continuous EEG was recorded from 27 active Ag/AgCl electrodes
mounted in an elastic cap (actiCAP, Brain Vision). Electrodes were not
positioned at areas where TMS was delivered to facilitate cerebellar and
occipital stimulation. To monitor saccades and blink activity, four addi-
tional electrodes were placed below and on the outer canthi of the left
and right eyes. All electrode impedances were kept below 10 kV. The
EEG signal was amplified online (bandwidth: 20,000 Hz) and was digi-
tized continuously at a sampling rate of 1000Hz along with stimulus-
onset codes used for subsequent averaging. All channels were referenced
to the right mastoid and rereferenced offline to the average of right and
left mastoids. Data were collected via Pycorder (Python) and processed
via MATLAB (MathWorks) using ERPlab plugins (Lopez-Calderon and
Luck, 2014).

Delayed recognition test phase. Following the EEG phase for each ses-
sion, memory was tested for the words encountered during the EEG
phase (64 sentence-final words, excluding those that were paired with
comprehension questions during study, and 64 single words). These
studied words were randomly intermixed with an equal number of novel
lure words matched on length, frequency, and concreteness with studied
words. Subjects attempted to discriminate studied from lure words using
a 4-point confidence scale (confident old, guess old, guess new, and con-
fident new). Words were presented individually alongside the confidence
scale, and subjects were given up to 5 s to respond, with the recognition
response cueing delivery of the next word. The primary episodic mem-
ory outcome measure was memory performance for single words, given
the uncertainty about the cognitive processes reflected by recognition of
sentence-ending words.

Statistical analysis
Analyses were performed in MATLAB (version R2017b) and R (version
R-3.6.2). For ERP analyses, continuous EEG data were epoched in
1200ms intervals starting 200ms before the onset of sentence-final
words and individually presented words. Independent component analy-
sis (ICA) was performed (Lopez-Calderon and Luck, 2014) to isolate
and remove blink and saccade components. Components that included
only frontal and ocular channels were removed (mean= 3.8 components,
SD= 1.5 components removed). Following ICA, single-trial waveforms
were screened for artifactual contamination (i.e., muscle or nonblink eye
movement) at an absolute voltage threshold of 100mV. An average of
3.1% of sentence final-word trials and 5.9% of single-word trials were
excluded from further analysis (no significant differences across stimula-
tion or day order in the number of excluded trials: p values.0.08).

Primary analyses examined the effects of stimulation type (stimula-
tion: cerebellar beta, cerebellar theta, location control) on outcome
measures. EEG activity during sentence-final word trials were binned by
offline sentence cloze probability (cloze: high cloze, low cloze) and sub-
sequently averaged to create ERPs. Main analyses of sentence-final
words focused on the N400 signal (Kutas and Federmeier, 2011; Dave et
al., 2018), which has typically been defined as a negative-going difference
between high- and low-cloze trials maximal over central and posterior
electrode sites (CP1, CP2, CZ, C3, C4, Pz, P3, P4, O1) 300–500 ms after
word onset. We calculated the mean ERP amplitude of 300–500 ms aver-
aged for this set of electrodes for both cloze conditions and calculated
the N400 signal by subtracting amplitudes for low cloze from those for
high cloze.

We performed additional analyses on four other ERP components
associated with language processing (described in Results). Wemeasured
the P150 (Holcomb and Grainger, 2006; measured for 100–200 ms fol-
lowing word onset) and the posterior syntactic P600 (Leckey and
Federmeier, 2020; measured 600–900 ms after word onset) at central
and posterior electrodes (CP1, CP2, Cz, C3, C4, Pz, P3, P4, O1). We also

calculate mean ERP amplitudes over a set of frontocentral electrodes
(FP1, FP2, FC1, FC2, Fz, FC5, FC6) to assess the following two addi-
tional language-related effects: the N200/N250 (Holcomb and Grainger,
2006) measured for 150–300 ms following word onset) and the frontal
semantic P600/PNP (Van Petten and Luka, 2012) measured for 600–900
ms following word onset).

Behavioral analyses for delayed recognition of individually studied
words focused on discrimination sensitivity (d9), a normalized metric of
discrimination of studied from novel lure words (Yonelinas, 2002).
Response rates for each response type (old/new) and confidence level
(confident/guess) and stimulus type (studied/foil) are listed for each con-
dition in Extended Data Figure 4-1. As indicated in the Results, only
confident responses were accurate. Therefore, we analyzed the effect of
stimulation on d9 calculated only for confident responses. We addition-
ally examined ERP correlates of word encoding following similar proce-
dures as for the N400 analysis. We calculated mean ERP amplitude for
central and posterior electrodes where the parietal memory effect is typi-
cally maximal (CP1, CP2, Cz, C3, C4, Pz, P3, P4, O1) 650–750 ms after
word onset for all studied single-word trials.

For ERP and recognition analyses, we performed 1-by-3 repeated-
measures (RM) ANOVAs with stimulation condition as the within-
subject factor (control location, cerebellar beta, cerebellar theta).
RM-ANOVAs were followed by pairwise stimulation condition com-
parisons corrected using Tukey’s method.

Results
Frequency-dependent stimulation effects on N400 correlates
of semantic prediction
We first tested whether cerebellar stimulation frequency influ-
enced the N400 ERP component, which is robustly modulated
by the expectancy or predictability of words (Fig. 2; Kutas and
Federmeier, 2011). The N400 is typically maximal for centropos-
terior electrodes ;300–500 ms following the onset of less pre-
dictable compared with highly predictable sentence-final words.
As expected, subjects demonstrated typical effects of predictabil-
ity on N400 amplitudes (i.e., ERP amplitude differences between
high-predictability and low-predictability words measured at
centro-posterior electrodes from 300 to 500ms) for each of the
three stimulation conditions (Fig. 2; high-predictability vs low-
predictability amplitude for location control stimulation: t(23) =
4.32, p= 0.0003, d= 0.83; cerebellar-beta stimulation: t(23) = 6.72,
p, 0.0001, d=1.33; cerebellar-theta stimulation: t(23) = 5.43, p,
0.0001, d= 1.16; all paired t tests).

As hypothesized, stimulation condition significantly influ-
enced the effect of predictability on N400 amplitudes (Fig. 3A;
main effect: F(2,46) = 4.83, p=0.01, hp

2 = 0.21). Cerebellar beta
stimulation enhanced the N400 effect amplitude relative to con-
trol-location stimulation (t(46) = 3.11, p=0.009, d= 0.67). In con-
trast, cerebellar theta stimulation did not significantly influence
the N400 predictability effect amplitude relative to control-loca-
tion stimulation (t(46) = 1.47, p= 0.24) or relative to cerebellar
beta stimulation (t(46) = 1.64, p= 0.32).

As the N400 predictability effect was calculated as the differ-
ence between high-predictability and low-predictability words
(Kutas and Federmeier, 2011; Kuperberg and Jaeger, 2016), we
performed post hoc analyses to better understand how cerebellar
beta stimulation increased the N400 effect relative to control-
location stimulation (Fig. 3B). Beta stimulation numerically but
nonsignificantly increased N400 amplitudes to high predictabil-
ity words relative to control-location stimulation (t(23) = 1.27,
p= 0.29). N400 amplitudes to low-predictability words were sig-
nificantly lower following cerebellar beta stimulation than con-
trol-location stimulation (t(23) = 4.84, p= 0.04, d= 0.17). Thus,
the influence of beta stimulation on the effects of predictability
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on N400 reflected a combination of small increases in N400 am-
plitude to high-predictability words and decreases in N400 to
low-predictability words, suggesting that word processing was
more strongly influenced by the predictability of the sentence
context (Kuperberg and Jaeger, 2016) following cerebellar beta
stimulation.

Control analyses indicated that the effect of predictability on
N400 difference amplitudes (i.e., difference between high-pre-
dictability and low-predictability words) did not vary by session
order regardless of stimulation condition (all pairwise p
values.0.91). Thus, session-to-session practice or ordering

effects did not significantly alter N400 amplitudes and therefore
did not contribute to the influence of stimulation on N400
amplitudes. Furthermore, there was no significant difference in
the effect of predictability on N400 amplitudes for subjects
receiving beta stimulation of the control location versus subjects
receiving theta stimulation of the control location (t(23) = 1.21,
p= 0.24), indicating that rhythm-specific stimulation effects were
unique to the cerebellum.

To evaluate cognitive specificity, we examined the effects of
stimulation on N400 amplitudes measured to words presented
individually, as these words lacked sentence context and

Figure 3. Cerebellar beta stimulation increased ERP signal of semantic prediction. A, Average N400 high-predictability minus low-predictability difference amplitudes (300–500 ms) for each
stimulation condition. B, Average N400 amplitudes for high-predictability and low-predictability words. Whiskers indicate first and third quartiles. Dots indicate values for individual subjects.
**p, 0.01; *p, 0.05.

Figure 2. Typical ERP signals of semantic prediction for each stimulation condition. A, Example sentences for high versus low predictability sentence-final words. B, Average ERPs to high-pre-
dictability (solid) and low-predictability (dashed) words, plotted for a representative centroposterior electrode (Pz) for all three stimulation conditions. C, Scalp topography of the N400 effect
(i.e., difference between high-predictability and low-predictability words) for each stimulation condition shows a greater and more widespread N400 distribution following cerebellar beta stimu-
lation relative to control-location stimulation. Shading on ERP waveforms indicates the SD of the group mean.
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therefore should not have involved the same levels of language
processing related to contextual predictability. N400 amplitudes
to individually presented words did not vary significantly by
stimulation condition (main effect: F(2,46) =1.09, p=0.35, hp

2 = 0.05;
these ERPs are shown below: recognition memory ERPs).
Therefore, the effects of cerebellar beta stimulation on N400 ampli-
tudes were specific to sentence/contextual processing.

To further evaluate the selectivity of the predicted effect of
beta stimulation on the N400, we performed exploratory control
analyses of other ERP components often measured during lan-
guage tasks. We examined the frontal post-N400 positivity (i.e.,
semantic P600, or PNP) associated with costs of incorrect predic-
tions (Van Petten and Luka, 2012), the posterior post-N400
positivity (i.e., syntactic P600) associated with grammatical proc-
essing difficulties or animacy violations (Leckey and
Federmeier, 2020), the frontal N200/N250 associated with
early visual word form processing (Holcomb and Grainger,
2006), and the P150 component, which is sensitive to letter or
word form reflecting early orthographic processing (Holcomb and
Grainger, 2006). There were no ERP amplitude differences
between high-predictability and low-predictability words for any
of the three stimulation conditions for frontal post-N400 posi-
tivity, for posterior post-N400 positivity, or for P150 amplitude
(all pairwise p values.0.08). N200/N250 amplitudes differed by
word predictability following cerebellar beta stimulation (t(23) =
3.09, p=0.01, d=0.13) and control-location stimulation (t(23) =
2.23, p=0.04, d=0.14), with a marginal difference for cerebellar
theta stimulation (t(23) = 1.92, p=0.07). However, contrary to
the effects observed on the N400, stimulation condition did
not modulate the effect of word predictability (high-predict-
ability vs low-predictability amplitude difference) for the
N200/N250 component (F(2,46) = 0.33, p = 0.72). These control
analyses indicate that these nonhypothesized ERP components
were not sensitive to the task for any stimulation condition
and did not show a significant differential effect of stimulation
rhythm.

Rhythm-dependent stimulation effects on episodic memory
encoding
We next evaluated the effects of stimulation on episodic memory
encoding of words presented individually, which were studied

intermixed with sentence trials. These words
were studied during the EEG phase within
45min of stimulation delivery (i.e., within the pe-
riod when the stimulation parameters have been
found to impact neural activity and cognitive
function; Rossi et al., 2009; Hoogendam et al.,
2010; Thut and Pascual-Leone, 2010). The recog-
nition memory test was administered following a
delay (Fig. 1), after the expected duration of
impact for the current stimulation conditions.
During the recognition test, subjects discrimi-
nated studied words from novel foils and simulta-
neously rated memory confidence (Jacoby, 1983;
Yonelinas, 1999). For all stimulation conditions
on average, subjects made more confident “old”
responses to studied words than novel foils
(t(71) = 15.17, p, 0.001, d= 2.52; d9 mean= 1.65,
d9 SD=0.82; Extended Data Fig. 4-1), indicating
successful discrimination. However, discrimina-
tion was at chance when subjects made guess
responses (similar “old” endorsement rates for
studied words and novel foils; t(71) = 0.60,
p=0.55; d9 mean=0.02, d9 SD=0.42). As

intended, only confident recognition trials were highly accurate
and likely reflect the recollection component of episodic memory
that depends on the hippocampal network (Yonelinas, 2002;
Diana et al., 2007; Eichenbaum et al., 2007). We therefore tested
the effects of cerebellar stimulation on the accuracy of confident
responses.

Confident recognition discrimination accuracy was influ-
enced by stimulation condition (Fig. 4; main effect: F(2,46) = 5.61,
p= 0.01, hp

2 = 0.24). Cerebellar theta stimulation enhanced accu-
racy relative to cerebellar beta stimulation (t(46) = 2.87, p= 0.02,
d=0.35) and relative to control-location stimulation (t(46) = 2.93,
p= 0.009, d= 0.38). In contrast, cerebellar beta stimulation did
not significantly influence accuracy relative to control-location
stimulation (t(46) = 0.06, p=0.998). The beneficial effects of cere-
bellar theta stimulation on discrimination accuracy were related
to increased hit rates relative to control-location stimulation
(t(23) = 2.09, p=0.05, d= 0.20) as well as reduced false alarm rates
relative to control-location stimulation (t(23) = 2.26, p= 0.03,
d=0.27) and cerebellar beta stimulation (t(23) = 2.91, p= 0.01,
d=0.57; Extended Data Fig. 4-1).

Control analyses indicated that recognition discrimination
accuracy did not vary by session order regardless of stimulation
condition (all pairwise p values.0.14). Thus, session-to-session
practice or ordering effects did not significantly contribute to the
influence of stimulation on memory. Furthermore, there was no
significant difference in accuracy for subjects receiving beta
versus theta stimulation for the control-location condition
(t(22) = 0.79, p= 0.46), indicating that rhythm-specific stimulation
effects were unique to the cerebellum.

We performed two further analyses to support the assump-
tion that these stimulation effects were relatively specific to epi-
sodic memory encoding (as the encoding period immediately
followed stimulation and the recognition test was administered
at a delay that is typically considered to be past the duration of
stimulation effects on cognition for the current parameters;
Rossi et al., 2009; Hoogendam et al., 2010; Thut and Pascual-
Leone, 2010). If the effects of stimulation persisted during the
recognition test, they would be expected to decay over the course
of the recognition test, leading to variable performance between
early and late memory testing, which might vary as a function of

Figure 4. Cerebellar theta stimulation enhances episodic memory. Words were studied individually during the
EEG phase, and a recognition memory test was administered after a delay. Subjects attempted to discriminate
studied words from novel foils and simultaneously rated confidence. Recognition discrimination accuracy for confi-
dent responses (d9) varied by stimulation condition, as shown via box-and-whisker plots with whiskers marking
the first and third quartiles (for supplementary details, see Extended Data Fig. 4-1). Dots indicate values for indi-
vidual subjects. *p, 0.05; **p, 0.01.
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stimulation condition. We therefore tested whether theta versus
beta stimulation conditions differentially influenced perform-
ance for the first and last third of memory test trials (;68–75 vs
81–88min after stimulation, respectively). Confident recognition
discrimination accuracy did not vary between early and late
memory trials for either stimulation condition (cerebellar beta
stimulation: t(23) = 0.83, p=0.41; cerebellar theta stimulation:
t(23) = 0.29, p= 0.77), with no differential early versus late differ-
ence by condition (t(23) = 0.45, p=0.66). Thus, if stimulation did
continue to impact performance during the memory test, it did
so throughout the memory test and to a similar extent for both
stimulation conditions. This finding supports the conclusion
that the impact of cerebellar theta stimulation on memory
reflected an influence on encoding.

Next, we analyzed effects of stimulation on ERPs measured
during single-word encoding, as an influence of cerebellar stimu-
lation on these ERPs would further suggest an impact of theta
stimulation on encoding. We focused on late-positive ERP
amplitudes, as this signal has been associated with memory for-
mation in many experiments (Rugg and Yonelinas, 2003; Voss
and Paller, 2007). To ensure roughly equal trials across stimula-
tion conditions, we analyzed late-positive ERP amplitude for all
single-word encoding trials regardless of subsequent recognition
performance (Fig. 5). Amplitudes were weakly modulated by
stimulation condition (F(2,46) = 2.96, p= 0.06, hp

2 = 0.13), reflect-
ing relatively lower late-positive amplitude following cerebellar
theta stimulation versus location control stimulation (t(46) = 2.06,
p=0.05, d=0.56). ERP amplitudes following cerebellar beta
stimulation did not significantly differ from either cerebellar
theta (t(46) = 1.20, p= 0.24) or location control stimulation
(t(46) = 1.60, p=0.12). Thus, cerebellar theta stimulation weakly
influenced ERP signals typical of word encoding when measured
across all trials. Control analyses indicated that session order did

not influence late-positive ERP amplitudes (all pairwise p
values.0.12). Additionally, subjects receiving beta versus theta
stimulation of the control location did not have significantly dif-
ferent ERP amplitudes (t(22) = 1.84, p=0.08). These results indi-
cate that stimulation effects on ERP signals associated with
encoding were specific to theta delivered to the cerebellum even
when calculated on all words in aggregate, without considering
trial-specific memory outcomes.

Effects of stimulation on semantic prediction versus episodic
memory
Beta versus theta cerebellar stimulation had opposite effects on
semantic prediction versus episodic memory. We quantified this
pattern for the primary outcomes of semantic prediction versus
episodic memory by analyzing the effects of stimulation fre-
quency on normalized (z-scored) N400 amplitudes and recogni-
tion accuracy scores, computed relative to control-location
stimulation. There was significant crossover interaction of stimu-
lation frequency (theta vs beta) with functional outcome (nor-
malized N400 vs normalized recognition accuracy; F(1,23) = 7.02,
p = 0.01, hp

2 = 0.29), indicating cerebellar stimulation frequency
had opposite effects on episodic memory versus semantic
prediction.

This pattern of differential effects of beta versus theta stimula-
tion can also be appreciated by considering standardized effect
sizes from the ERP analyses that were performed separately for
effects on semantic prediction and memory. Compared with the
control-location stimulation condition, cerebellar beta stimulation
had a larger impact on the N400 signal of semantic prediction
than theta stimulation, whereas the opposite pattern (greater
impact of theta than beta) was identified in late-positive ERPs dur-
ing encoding (Fig. 6). Collectively, these findings support the con-
clusion that semantic prediction and memory were doubly

Figure 5. Cerebellar theta stimulation effects on ERP correlates of memory encoding. A, Average ERPs during single-word presentation are plotted for a representative centroposterior elec-
trode (Pz). Encoding effect amplitudes (650–750 ms) differed by stimulation condition, with cerebellar theta stimulation reducing amplitudes relative to control-location stimulation. B, Scalp
topography of the parietal memory effect for each stimulation condition shows a greater, more widespread positive distribution following control-location stimulation relative to cerebellar
theta-burst stimulation. C, Box-and-whisker plots of mean amplitudes between 650 and 750 ms per stimulation condition. Whiskers indicate first and third quartiles. Dots indicate values for
individual subjects. Shading on ERP waveforms indicates SD of the group mean. *p, 0.05.
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dissociated based on different effects of beta versus theta cerebellar
stimulation, respectively.

Discussion
Cerebellar beta stimulation increased N400 correlates of seman-
tic prediction, suggesting enhanced discrimination of contextual
predictability. In contrast, cerebellar theta stimulation affected
ERP correlates of single-word encoding and led to improved
memory accuracy. Our results indicate cerebellar beta and theta
stimulation had differential effects on cognitive functions by stim-
ulation rhythms, following the logic of the neuropsychological
double dissociation (Teuber, 1955). The finding that cerebellar
involvement in episodic memory and semantic prediction is disso-
ciable under the command of rhythmic stimulation provides sup-
port for theories suggesting that the cerebellum coordinates with
distributed networks via interregional synchronicity of oscillatory
activity (Mantini et al., 2007; Uhlhaas et al., 2009). Thus, our find-
ings of rhythm-specific effects of brain stimulation on distinct cog-
nitive outcomes are consistent with this “communication-by-
synchrony” hypothesis.

The distributed network associated with the hippocampus is
important for episodic memory (Mesulam, 1990; Eichenbaum et
al., 2007; Ranganath and Ritchey, 2012), and network interac-
tions associated with memory have been correlated to synchro-
nous activity in the theta band (Anderson et al., 2010; Lega et al.,
2012). Resting-state fMRI connectivity is robust between the hip-
pocampus and the ventrolateral cerebellum (Buckner et al.,
2011), and theta-band phase synchrony occurs between the
hippocampus and cerebellum during memory-related tasks
(Wikgren et al., 2010). A previous experiment found that theta
TMS targeting Crus I/II alters resting-state fMRI connectivity
between the cerebellum and the hippocampal network as well as
within the hippocampal network (Halko et al., 2014). Our results
build on this finding by showing that theta stimulation was more
effective than beta stimulation for memory enhancement. This
finding is consistent with a previous study using parietal cortex
TMS (Hermiller et al., 2019) and suggests that theta is relatively
privileged in its ability to alter the function of the hippocampal
network.

The N400 is a well characterized neural index of semantic proc-
essing, and thereby a very useful functional outcome of the fronto-
temporo-parietal language network (Kutas and Federmeier, 2011).
N400 differences between highly predictable and less predictable
words have been interpreted in the following two ways: as reflecting
differences between the effort needed to contextually integrate an
incoming word into an ongoing sentence, or as reflecting differen-
ces in how sentence context boosts prediction/preactivation of a
specific word (Kuperberg and Jaeger, 2016). Although our experi-
mental design is agnostic to this debate, it is noteworthy that the
effects of cerebellar beta stimulation on the N400 were primarily
driven by changes to the processing of low-predictability sentence
endings. Stimulation may have influenced how words that were
unlikely to be preactivated were processed (or, alternately, may have
affected processing of words that require more effect to contextually
integrate into the ongoing sentence). Notably, the effects of cerebel-
lar stimulation on the N400 were specific to beta. In EEG and MEG
studies examining oscillatory activity during sentences eliciting
N400s, beta power was altered in response to contextual predictabil-
ity (Wang et al., 2012; Molinaro et al., 2016).Whether these changes
in beta are synchronous across regions in the frontal-temporal-pari-
etal network that supports language comprehension and are active
during predictive processing during reading (Lau et al., 2008;
Hagoort, 2014) is still unknown. Nonetheless, our findings suggest

that beta is relatively privileged in its ability to alter the language
network functions characterized by the N400.

The current “double dissociation” based on stimulation
rhythm is notable with respect to the possibility of shared
functional neuroanatomy for semantic prediction and episodic
memory. Some have hypothesized theta-mediated hippocampal
involvement in semantic prediction (Buckner, 2010; Bonhage
et al., 2015; Davachi and DuBrow, 2015; Covington and Duff,
2016), perhaps because of the role of hippocampus in semantic
memory (Piai et al., 2016) and/or in domain-general process-
ing of prediction error (Covington and Duff, 2016; but see
Ryskin et al., 2020). Nevertheless, we identified a double disso-
ciation of semantic prediction and episodic memory based on
cerebellar stimulation rhythm, suggesting functional distinc-
tion in terms of cognitive processing and relevant network
mechanisms.

Our results are consistent with theories that brain stimulation
impacts networks by entraining oscillatory activity (Buzsáki,
2002; Kim et al., 2016; Lea-Carnall et al., 2017). Importantly, we
do not suggest that network activity remained entrained to the
applied stimulation rhythm long after stimulation delivery, but
rather that a lasting impact on network function was achieved by
rhythm-matched stimulation because of an entrainment mecha-
nism. In contrast to these resonance-oriented theories, compen-
sation-oriented accounts propose that stimulation effects on
local brain activity result in opposite effects in connected regions,
via an unknown homeostatic mechanism (Eldaief et al., 2011;
Cocchi et al., 2015). Continuous theta-burst stimulation has been
characterized as locally inhibitory, whereas beta stimulation has
been characterized as locally excitatory, based almost entirely on
their effects when applied to primary motor cortex (Pascual-
Leone et al., 1994; Di Lazzaro et al., 2005). Compensation-ori-
ented theories therefore predict opposite effects of stimulation
on cognitive processing (facilitation vs disruption). Our findings
are inconsistent with this prediction, as stimulation frequencies
led to different—but not opposite—levels of enhancement for
different functions. Likewise, Hermiller et al. (2019) found that
continuous theta-burst stimulation of a parietal cortex hub of the
episodic memory network increased memory performance and
memory-related fMRI connectivity to a greater degree than beta
stimulation, but beta stimulation did not result in an opposite
effect relative to sham stimulation. It has recently been demon-
strated that stimulation parameters have nonuniform effects
when applied to different cortical areas (Castrillon et al., 2020),
calling into question the simple excitation/inhibition dicho-
tomies derived from studies exclusive to primary motor cortex.

Figure 6. Opposite effects of stimulation rhythms on semantic prediction versus episodic
memory. Standardized effect sizes for cerebellar theta and beta compared with control-loca-
tion stimulation for N400 amplitudes and single-word encoding ERPs.
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Collectively, these results are consistent with resonance-oriented
accounts of brain stimulation effects on cognition, whereby stim-
ulation patterns matched to network-specific oscillations opti-
mally facilitate network function. Nonetheless, the long-lasting
impacts of effective rhythms are governed by as yet unknown
mechanisms, which could include a variety of neuroplasticity-
related processes and are unlikely to reflect long-lasting reso-
nance of neural activity following stimulation.

The lateral cerebellar cortex is heavily and highly regularly
connected with cerebral association cortex, prompting specula-
tion that Crus I may make similar functional contributions to
multiple cognitive brain networks (Schmahmann, 2019). The in-
ternal model hypothesis (Ito, 2008) suggests that the cerebellum
encodes internal models concerning the mental representations
of incoming information that are held in the cerebral cortex. The
cerebellar cortex then generates and updates (via feedback) inter-
nal models. Semantic prediction and memory encoding rely on
feedback-related updating of internal models, which could be
similarly provided by Crus I. Our findings suggest that this con-
tribution may be selectively upregulated for semantic prediction
versus memory via application of the distinct rhythms matching
their corresponding functional networks.

One limitation of the current study is that mechanistic inter-
pretations are limited by the nature of the episodic memory and
language outcomes measured. There are compelling models for
the relevance of theta-gamma coordination for episodic memory
(Shirvalkar et al., 2010; Lisman and Jensen, 2013; Buzsáki and
Schomburg, 2015) and of beta coordination with multiple fre-
quencies for semantic prediction (Saleh et al., 2010; Arnal et al.,
2015). Our noninvasive measurement was not able to determine
whether stimulation altered circuit-specific timing of activity and
cannot evaluate such mechanisms. However, the frequency-spe-
cific impact of stimulation on cognitive function is consistent
with the idea that oscillatory activity was affected by cerebellar
stimulation, at least temporarily. Further, although the experi-
ment design and results suggest that the effect of cerebellar theta
stimulation was on memory encoding, including control analyses
that suggest no lingering differential impact of theta versus beta
stimulation on retrieval, we did not also test for selective encod-
ing effects by delivering stimulation between encoding and
retrieval, and so cannot be entirely confident that only
encoding was improved versus other stages of memory proc-
essing. Finally, although we targeted cerebellar Crus I, the
induced electrical field could have influenced other areas of
cerebellum, and our conclusions regarding the functional
neuroanatomical specificity of the observed influences of
stimulation are limited by the lack of localization data, such
as provided by fMRI or related methods. These are issues
that could be addressed in future experiments.

The current findings could be relevant to the use of noninva-
sive brain stimulation for the treatment of language and episodic
memory impairments, such as those that occur because of neuro-
degeneration of corresponding brain networks (Golomb et al.,
1993; Mesulam et al., 2014). Rhythm-specific stimulation effects
on language versus episodic memory could provide a means to
efficiently target specific symptoms in patient groups to achieve
relatively personalized treatments. Furthermore, the cerebellum
may be superior to cerebral cortical targets for stimulation in
neurodegenerative disease because it is relatively less affected by
neuropathological processes (Marcyniuk et al., 1986; Mann et al.,
1990), although it is not immune to them (Guo et al., 2016;
Schmahmann, 2016). Further investigation of rhythm-specific

effects of cerebellar stimulation could thus advance under-
standing of cerebellar contributions to cognitive function
while also motivating novel treatment approaches for cogni-
tive impairment.
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