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Abstract

The phonological loop is part of Baddeley’s verbal working memory (VWM) model that stores phonological information and
refreshes its contents through an articulatory process. Many studies have reported the cerebellum’s involvement during VWM
tasks. In the motor literature, the cerebellum is thought to support smooth and rapid movement sequences through internal models
that simulate the action of motor commands, then use the error signals generating from the discrepancy between the predicted and
actual sensory consequences to adjust the motor system. Here, we hypothesize that a similar monitoring and error-driven
adjustment process can be extended to VWM; specifically, the cerebellum checks for discrepancies between the predicted and
actual articulatory process to ensure the accuracy and fluency of articulatory rehearsal. During neuroimaging, participants
rehearsed a sequence of letters in sync with the presentation of a visual pacing stimulus (#) that was terminated by the occurrence
of a probe letter. Participants judged whether the probe was the correct letter in the sequence (i.e., match trial), or deviated from
the sequence (i.e., mismatch trial). Detection of sequence violation was not only associated with prolonged reaction time but also
an increased activation in a left executive control network. Psychophysiological interaction was used to investigate whether the
cerebellum interacts with the cerebral cortex for error monitoring and adjustments. We found increased functional connectivity
between the right cerebellum and the cerebral cortex during mismatch relative to match probes, indicating sequence violation
resulting in greater cerebellar connectivity with areas in the cerebral cortex involved in phonological sequencing.
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Introduction

Verbal working memory (VWM) refers to the ability to store
and manipulate verbal information for short periods of time in
service of a task [1]. For example, it might be necessary to
remember a license plate (e.g., 7LHC252) as a witness in a car
accident. A typical strategy would be to repeat the sequence of
characters serially in one’s mind until they can be written
down. This ability of flexibly encoding and maintaining novel
sequences, particularly when the verbal items are presented in
an arbitrary serial order, underlies core human faculties such
as language acquisition and production [2], sentence
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comprehension [3], and numerical calculation [4-6]. Despite
serial order information being a critical element in our success
in everyday tasks, scientists have yet to provide a clear under-
standing of how serial-order coding is achieved in verbal
working memory.

In Baddeley and Hitch [7] working memory model, verbal
working memory is supported by a phonological loop that
exclusively deals with phonological representations and has
two parts: (1) a phonological store that holds speech-based
(phonological) information for 1-2 s, and (2) an articulatory
control system that first translates verbalizable material into
phonological codes and then maintains these codes in the store
through subvocal rehearsal. Because smooth rehearsal re-
quires a rapid updating of the phonological loop, it has been
proposed that the cerebellum provides predictive control in
VWM by forming a forward internal model of the predicted
articulatory trajectory based on the sequence of phonemes it
receives [8]. This hypothesis that the cerebellum engages in
forward model predictions received support in our recent ver-
bal working memory transcranial magnetic stimulation (TMS)
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experiment [9]. We showed that cerebellar TMS, administered
prior to the probe presentation during covert rehearsal of a
memorized sequence of letters, caused errors in judging which
letter was next in the sequence in a manner that was predicted
by a forward model. This pattern was not observed when TMS
was administered to an occipital control region.

In motor control, this feedforward computation of the cer-
ebellum has also been linked to error-driven adjustments [10].
In this feedforward model, the predicted sensory conse-
quences of motor command are compared to the actual con-
sequences by the cerebellum, resulting in a sensory prediction
error, which may be used for online adjustments, or alerting
specific neural system about a potential execution error [11,
12]. For instance, neuroimaging studies have shown increased
cerebellar activation following unexpected presence or ab-
sence of a sensory stimulus [13—15] or during the initial motor
learning phase when errors are mostly prevalent [16]. Also,
the detection of deviant somatosensory stimuli in a predicted
sequence is impaired in cerebellar patients [17]. Furthermore,
the cerebellum has a facilitatory effect on excitability of the
contralateral cortical area, such as M1, through cerebello-
thalamo-cortical pathways [18-20]. Together, these studies
suggest that the cerebellum is involved in the implementation
of adaptive control of movements by (1) constantly monitor-
ing sequence violation between predicted and actual sensory
consequences; and (2) providing feedforward, putatively ex-
citatory, input to the cortical areas when sequence violation is
detected.

Since the cerebellum has shown to be involved in a number
of non-motor domains including verbal working memory [8,
21-23] and an increasing amount of evidence suggests that the
cerebellum plays a predictive role in both motor and cognitive
function [for a review see 24], it is plausible that a similar
monitoring and error-driven adjustment process that occurs
in motor control may be extended to verbal working memory.
Therefore, in the current study, we proposed that the cerebel-
lum enhances the integrity of the phonological loop by first
computing an articulatory trajectory based on the phonemes it
receives during the encoding phase, then comparing this pre-
dicted articulatory trajectory with the incoming phonemes
during the rehearsal phase. If the incoming phoneme matches
the predicted phoneme, then expectancy is realized and the
cerebellar feedforward control to the cerebral cortex would
be minimal. However, if a sequence violation or mismatch
were detected, then the cerebellar feedforward control to the
cerebral cortex would increase to reflect prediction errors. In
turn, this would result in greater excitability of those feed-
forward brain areas participating in the task at hand.

To test our hypotheses, we used functional magnetic reso-
nance imaging (fMRI) and a guided verbal working memory
rehearsal task in which participants were asked to memorize a
sequence of six letters and covertly rehearsed them in sync
with each presentation of a # sign. This guided rehearsal
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feature created an articulatory trajectory with known temporal
occurrence for each letter in the sequence, allowing the par-
ticipants to form an expectation about the next incoming letter.
When the probe letter finally appeared, the participants’ task
was to indicate whether it matched the letter in the sequence.
On half of the trials, the probe was the correct letter in its
predicted position within a sequence (i.e., Match Probe con-
dition), and on the other half, the probe was a letter that was
either one position earlier or later in the sequence (i.e.,
Mismatch Probe condition). Because a mismatch probe repre-
sents a letter from the encoded sequence but in an incorrect
serial order position, it is hypothesized that such violation of
sequential order would result in an increase of the cerebellar
feedforward inputs to the cerebral cortex. In particular, we
predicted greater activation in the cerebro-cerebellar circuit
typically involving verbal working memory for mismatch
compared to match probes.

To test the hypothesis that the cerebellum provides
feedforward input to the cerebral cortex for monitoring and
error-driven adjustments, we employed a psycho-
physiological interaction (PPI) [25] analysis to investigate
the context-dependent connectivity changes between the
match and mismatch trials in terms of the functional interac-
tion between the cerebellum and the cerebral cortex. Right
posterior inferior cerebellum (cerebellar lobule VIIb and
VIIla) was selected as a seed region for the PPI analysis, as
it has consistently implicated in language [26, 27] and verbal
working memory processing [8, 28], and has reciprocal con-
nections with non-motor regions, including the prefrontal and
posterior parietal cortices [29, 30]. We predicted increased
functional integration between the right cerebellar seed region
and cerebral cortex during mismatch trials relative to match
trials, as this connectivity would reflect a prediction error sig-
nal from the cerebellum to the cerebral cortex to indicate dis-
crepancy between the predicted letter and the actual visual
input. Specifically, we predicted a left-lateralized neocortical
network, including lateral and medial premotor regions as
well as subcortical areas in the basal ganglia, to be function-
ally connected with the right cerebellum, based on the previ-
ously identified neural networks in speech production [31-33]
and primate anatomical studies showing that the cerebral cor-
tex and the cerebellum are contralaterally connected via the
thalamus [34-37].

Methods

Participants

A total of 19 healthy adults (7 males/12 females) between the
ages of 19-30 participated in the study. All participants were

native English speakers with educational attainment of at least
8 years, no history of neurological, psychiatric disorder, or
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stroke, and were not on any anxiolytic, antidepressant, neuro-
leptic, or sedative medication at the time of the study. All
participants provided written informed consent and were com-
pensated for their time. The study procedures were approved
by Institutional Review Board of the Johns Hopkins
University School of Medicine.

Task Paradigm

Participants were asked to covertly memorize an array of six
uppercase letters (3 letters on the first row, and 3 letters on the
second row) presented centrally on a screen, which were then
removed from sight after 2 s. They were instructed to read the
letters (selected randomly from a pool of consonants, exclud-
ing vowels A, E, I, O, U, Y) from left to right, first row then
second row, as a single sequence. After a short delay (0.5 s), 2
to 4 # signs appeared on the screen one at a time (0.4 s in
duration for each # sign with a 0.15-s blank screen in separa-
tion), followed by a probe letter for 3 s (presented in lowercase
with a question mark next to it) and a 1.8-s inter-trial-interval.
Participants were instructed that each # sign represents a letter
in order from the six-letter sequence, and they were to press
button 1 (right index finger) to indicate “match” if the identity
of the probe letter matches to the letter from the sequence in
the correct order, and press button 2 (right middle finger) to
indicate “mismatch” if the identity of the probe letter did not
match the correct letter in the sequence (Fig. 1). The identity
of the probe letter was manipulated so that in half of the trials,
the probe letter was either one letter before or after the correct
letter in the sequence (i.e., 50% mismatch trials), and in the
remaining half, the probe letter was in the correct order posi-
tion (i.e., 50% match trials). In order to make the timing of the
probe letter unpredictable, the probe letter could appear either
at the third, fourth, or fifth position. However, the shorter trials
(third and fourth position) were not included in the analysis
because a previous pilot behavioral study in our lab showed a

ceiling effect for these shorter trials due to low VWM de-
mands. A total of 96 trials were given and divided evenly
between two runs for scanning purpose. Eighty out of the 96
trials where the probes appeared in the Sth position were in-
cluded in the analysis, which yielded 40 match and 40 mis-
match trials for the current experiment.

Follow-up Behavioral Task

In a follow-up behavioral study, an additional 14 participants
(4 males/10 females) between the ages of 19-30 participated
in a modified behavioral version of the serial rehearsal VWM
task. Half of the probes in the mismatch trials were replaced
with novel probes, i.e., randomly selected letters from the pool
of consonants outside of the current 6-letter encoding se-
quence. For novel probes, the letter identity is neither a pre-
dicted letter like the match probes, nor a sequential deviant,
like the mismatch probes. The goal of this follow-up experi-
ment was to investigate whether the robust RT difference be-
tween the Mismatch and Match Probe condition in the fMRI
study was either due to more efficient processing of the match
probes or to less efficient processing of the mismatch probes.
We reasoned that if the faster RT observed in Match Probe
condition was a result of the predicted stimulus (i.e., match
probes) being processed more efficiently, then we should ex-
pect the RTs for both Novel and Mismatch Probe conditions
to be significantly slower than the Match Probe condition
(match < novel = mismatch), because neither the Novel nor
the Mismatch probe identities can be predicted from the mem-
orized encoding sequence. On the other hand, if the slower RT
in Mismatch Probe condition is a result of additional process-
ing required to resolve the sequential violations, then we
should expect the RTs for both Novel and Match Probe con-
ditions to be significantly faster than the Mismatch Probe con-
dition (match = novel < mismatch), because neither the Match
nor the Novel probe represent a sequential deviant. Finally, if

3000ms
2000 ms 500 ms 400ms 400ms 400ms 400ms
— re (match)
BRP # # # #
khsbrp] k] (h] (s] (b] b? |or| p? |(mismatch)
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Fig. 1 An example of trial events progression in the verbal working
memory task. Participants were asked to encode 6 letters presented on
the screen and to covertly rehearse the letters in sync with the appearance
of # symbols. Between each # presentation, a 150-ms blank screen was
included to visually separate the adjacent # presentation. The letter(s)

Is the probe letter in the correct
position of the sequence? (Y/N)

listed in [ ] indicates the correct content for rehearsal. When a probe letter
appeared, the participants were to press button 1 to indicate “match” if the
identity of the probe letter matches to the letter from the sequence in the
correct order, and press button 2 to indicate “mismatch” if the identity of
the probe letter does not match to the correct letter in the sequence
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the RT for the Novel Probe condition falls somewhere be-
tween the Match and Mismatch Probe condition (match <
novel < mismatch), then additive effects from both accounts
(prediction and sequential violation) may be at work.

In this follow-up behavioral experiment, the timing of stim-
uli and structure of the task paradigm were identical to the
fMRI version, with number of trials adjusted for each of the
3 conditions. A total of 80 trials were given, and 64 out of the
80 trials in which the probe appeared in the 5th position were
included in the analysis, which yielded 32 match trials, 16
mismatch trials, and 16 novel trials. Since the correct response
for a novel probe was “mismatch,” this ratio kept the current
behavioral task free from response bias.

fMRI Scanning Protocol

Participants were given a short practice of the task outside of
the scanner room approximately 20 min before the scan be-
gan. TMRI scanning was conducted at the F. M. Kirby
Research Center for Functional Brain Imaging in Kennedy
Krieger Institute (Baltimore, MD) on a Philips 3T Achieva
scanner with 32-channel SENSE head coil. High-resolution
T1-weighted anatomical images were collected using a
MPRAGE scanner sequence (170 sagittal slices, FOV = 240
x 240 x 170, TR = 7 ms, TE = 3.2 ms, flip angle = 8°, voxel
size of 0.83 x 0.83 x 1 mm?). Whole brain T2*-weighted
functional images were collected in an ascending sequential
order, using an echo-planer imaging sequence (44 axial slices,
FOV =96 x96 x44, TR =2.3 s, TE = 30 ms, flip angle = 61°,
voxel size 0f 2.3 x 2.3 x 3 mm°). A total of 250 volumes were
acquired for each of the two runs.

The stimuli were presented using E-Prime Professional 2.0
on a Dell Optiplex computer with Intel Core i7 (Quad Core, 8
MB, 3.4 GHz) and 8 GB SDRAM. The participant viewed the
projected image displays on a rear projection screen via a
front-silvered, 45° inclined mirror attached to the top of the
head coil. This mirror provided a 23.5° horizontal and 17.7°
vertical field of view with the projector zoomed to give max-
imum image size. At the beginning of each experiment, we
had each participant verbally confirmed that they could clearly
see the 6-letter encoding array.

Physiological variables such as heart rate and breathing
have shown to influence blood-oxygenated-level-dependent
(BOLD) response [38—41], with stronger artifact present in
the cerebellum [14] and brainstem areas [42]. Furthermore,
heart rate deceleration has been observed following prediction
errors, which has been shown to artificially decrease cerebel-
lar BOLD signals if they are not properly corrected for phys-
iological factors [14]. Thus, to properly estimate BOLD signal
changes in mismatch and match trials, cardiac and respiration
rates were recorded during the functional runs at 496 Hz
(wireless) using a peripheral pulse unit and a respiratory belt
built in with the Philips MR scanner. The physiological
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recordings were processed using model-based noise correc-
tion method implemented in PhysIO Toolbox [43], which
resulted in multiple regressors encoding components of phys-
iological noise that can be later incorporated into a general
linear model (GLM).

Finally, the participants were asked to respond as quickly
and accurately as possible with a button press, using the fin-
gers of their right hand. They were instructed to press the left
button with their index finger to indicate a “match” response,
and to press the right button with their middle finger to indi-
cate a “mismatch” response (same configuration as their pre-
vious practice). Their responses were sent to a Cedrus RB-830
response box (Cedrus, San Pedro, CA) via fiber optic cables
and recorded by the E-Prime program.

Behavioral Analyses

Accuracy (% correct) and reaction time (RT) were analyzed
using SPSS version 27 (IBM Corp, Armonk, NY, USA).
Paired #-tests were used to determine whether there were any
behavioral differences between match and mismatch trials, for
either RT or Accuracy. Two RT analyses were performed —
the first included all the trials available regardless of whether
the subject answered correctly or not, and the second only
included trials that were answered correctly. The statistical
threshold was set at p < 0.025 (alpha = 0.05, two-tailed) for
all behavioral analyses.

fMRI Data Pre-processing

All preprocessing and statistical analyses were performed
using SPM12 (Wellcome Trust Centre for Neuroimaging,
UCL, London, UK). The functional images were corrected
for slice timing, realigned to the first volume for motion cor-
rection, and coregistered to the anatomical image. The ana-
tomical image then was segmented, bias corrected, and spa-
tially normalized to the tissue probability maps in MNI space.
The resulting forward deformation field then was used to
transform functional images to the standard MNI space. The
normalized functional images were re-sampled to 2 x 2 x
2 mm and smoothed with a 6-mm full-width at half-
maximum (FWHM) Gaussian kernel.

fMRI Data Analysis

Task-dependent changes in BOLD signal were modeled by 7
regressors, representing “encoding phase for both match and
mismatch trials,” “probe phase match trials,” “probe phase
mismatch trials,” “encoding phase for short trials (probe posi-
tion at 3rd and 4th), “probe phase for short trials,” “encoding
phase for error trials (participants answered incorrectly),” and
“probe phase for error trials.” The first 3 are regressors of

interest, while the last 4, as well as the PhysIO Toolbox
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outputs (a multiple-regressor-matrix combined with motion
parameters), are regressors of no interest. All the encoding-
related regressors were time-locked to the onset of the
encoding array, and all the probe-related regressors were
time-locked to the onset of the probe letter. All regressors,
except the physiological and motion ones, were modeled by
a stick function (i.e., duration = 0) and convolved with SPM’s
canonical hemodynamic response function. The GLM model
was estimated for each participant in a first-level analysis. The
primary contrast of interest was Mismatch > Match during the
probe phase. All first-level contrasts were entered into a
group-level random-effects analysis using a one-sample #-test
with a contrast value of 1. The statistical maps were corrected
for multiple comparisons at a threshold of p < 0.05 after ap-
plying either the cluster-wise family-wise error rate (FWE) or
the cluster-wise false discovery rate (FDR) correction
methods. The size of the significant clusters, measured in units
of contiguous voxels (k), was based on a voxel-wise local
maxima threshold of uncorrected p = 0.005.

Psychophysiological Interaction Analysis

Psychophysiological interaction (PPI) are based on regression
models, such that a direction of functional influence between
two regions is inferred from the hypothesis itself. Given our a
priori hypothesis that the cerebellum provides a feedforward
input to the cortical areas when a sequence violation is detect-
ed, we investigated if the cerebellar seed region shows
context-dependent (mismatch > match) increments in func-
tional coupling with the cerebral cortex. The cerebellar region
of interest (ROI) was identified within the right posterior in-
ferior cerebellum using the significant cluster (p < 0.05,
cluster-wise FDR correction) from the Mismatch > Match
contrast during the probe phase in the group-level GLM
(Fig. 3a). For each participant, the eigenvalues for each ROI
were extracted from the preprocessed data and adjusted for
effects of interest against an F-contrast. This step resulted in
2 eigenvalues representing run 1 and run 2.

To generate the proper interaction term (source signal x
experimental contexts) in the PPI analysis, SPM’s internal
PPI algorithm was used, which provided robust deconvolution
of the HRF to derive the interaction term. The experimental
contexts of interest included the “probe phase match trials”
(weight = — 1) and “probe phase mismatch trials” (weight = +
1). This step resulted in 2 PPI models, given that there are 2
runs in the fMRI study, and each model entailed a psycholog-
ical variable (mismatch > match), a physiological variable
(eigenvalues from that ROI), and an interaction variable de-
rived from the multiplication of the psychological and physi-
ological variables. A first-level GLM model containing these
2 PPI models from run 1 and run 2 (each PPI model contains 3
PPI regressors and 6 motion parameters) was estimated for
each participant. A contrast of + 1 for the two interaction terms

(interaction term from run 1 and from run 2) was used to
obtain the average effect of the PPI interaction terms over
runs. First-level contrasts from all participants were then en-
tered into a group-level random-effect analysis using one-
sample #-test with a contrast value of 1. The statistical maps
were corrected for multiple comparisons at a cluster-level of p
< 0.05 (either FWE or FDR corrected), based on a voxel-level
threshold of uncorrected p = 0.005 and a cluster-level extent
threshold measured in units of contiguous voxels (k), calcu-
lated by SPM.

Results
Behavioral Data Results During fMRI Scan

In terms of accuracy, the match trials ranged from 80% correct
to 100%, with a mean of 90.13% (SE = 1.46%). In compari-
son, the accuracy for mismatch trials ranged from 85 to 100%,
with a mean of 94.47% (SE = 1.06%). The paired t-test re-
vealed that our participants were significantly more accurate
on mismatch trials compared to match trials (¢ ;5 = 2.661, p
=0.016). However, the pattern of results should not be entirely
explained in the context of speed-accuracy trade off, as the
correlation between correct-trials-only RT and Accuracy was
not significant (r = — 0.272, p = 0.260).

Because the accuracy was significantly higher for mis-
match trials compared to match trials, we ran two RT analyses,
one with just the correct trials and the other one with all trials,
to show that the RT effect was fairly consistent, regardless of
the accuracy difference. The RT difference between Mismatch
(mean = 767.077 ms, SE = 48.795 ms) minus Match trials
(mean =612.799 ms, SE = 36.697 ms) was calculated for each
of the 19 participants. All 19 participants showed slower RTs
for Mismatch trials with no exception, with the RT differences
ranging from 16.4 to 394.7 ms with a mean of 154.278 ms (SE
= 24.069 ms) for the correct trials only calculation. When
including all trials, regardless of whether the participant an-
swered it correctly, the mean difference between Mismatch
(mean = 768.953 ms, SE = 48.323 ms) versus Match trials
(mean = 635.983 ms, SE =40.037 ms) was 132.969 ms (SE =
20.859 ms). The paired #-test confirmed that the participants
were significantly slower during the mismatch trials compared
to match trials, in their overall RT (¢ ;5 = 6.375, p < 0.001)
and in the correct-trials-only RT (7 (13, = 6.410, p < 0.001)

Follow-up Behavioral Data Results

In a follow-up behavioral study, we included novel probes as a
third probe type. The novel probe was randomly selected from
an array of consonants that was not included in the current
encoding array. In terms of RT, there is a difference among the
three conditions (F (o, 26) = 11.224, p < 0.001). Upon closer
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examination, participants responded to the novel probes
(mean = 609.546 ms, SE = 43.387 ms) just as quickly as the
match probes (mean = 605.009 ms, SE = 37.618 ms) as indi-
cated by the non-significance results in the post hoc paired t
comparison (t3) = 0.291, p = 0.776). However, participants
responded significantly longer to mismatch probes (mean =
687.497 ms, SE = 53.126 ms) compared to novel probes, as
indicated by post hoc paired t comparison (t (;3) = 4.049, p <
0.001).

In terms of accuracy, there is an overall difference among
the three conditions (F (5, 26,=11.034, p <0.001). Participants
responded to the novel probes (mean = 96.88%, SE = 1.99%)
significantly more accurately compared to the match probes
(mean = 86.83%, SE = 1.96%) as indicated by the post hoc
paired t comparison (t 3y =4.707, p <0.001). However, there
was no significant difference between novel versus mismatch
probes (mean = 95.09%, SE = 1.30%), as indicated by post-
hoc paired t comparison (t (13, = 0.7, p = 0.497).

Given that the Novel Probe condition showed a pattern of faster
RT (novel = match < mismatch) while retaining a high level of
accuracy, it appears that the slower RT in Mismatch Probe >

Match Probe condition was a result of additional processing re-
quired to resolve sequential violations in verbal working memory.

Task-Related Activations

As a first step, we examined the brain activations for the
probe phase (probe > baseline), during which the participant
made a “match” or “mismatch” judgment based on the
probe presented. This contrast revealed a brain network
composed of cortical and subcortical structures, including
the superior and inferior cerebellum, insula, basal ganglia
(caudate, putamen, globus pallidus), thalamus, superior and
inferior parietal lobules as well as areas in the frontal lobe
(middle and inferior frontal gyri, premotor, supplemental
motor areas) (Fig. 2a).

Next, we examined regions exhibiting activation difference
when the presented probe letter on the screen was a mismatch
compared to a match to the letter being anticipated in working
memory. The activity in those regions was hypothesized to re-
flect a sequence prediction error based on the discrepancy be-
tween the visual input of the letter on the screen and the self-

Fig. 2 a Activations for Probe phase > Baseline. Only positive
activations are shown. b Brain correlates of detecting sequential
deviants in verbal working memory (mismatch vs. match probe).
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Positive activations (mismatch > match) are shown in red; negative
activations (match > mismatch) are shown in blue
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Fig. 2 continued.

generated expected/predicted letter. As seen in Fig. 2b and
Table 1a, the Mismatch > Match contrast during the probe phase
revealed cortical areas in the bilateral middle and inferior frontal
gyrus, bilateral inferior parietal lobule, supplemental motor area,
insula, and the precuneus in the midline, as well as cerebellar
areas in the right lobule VIIb and VIIla, and left Crus II. The
opposite contrast (Match > Mismatch) showed medial frontal
gyrus in BA10 and posterior cingulate cortex in BA 31.

Voxel-Wise PPI Results

The PPI analysis allows us to assess if the cerebellum
displayed context-dependent increments in functional connec-
tivity with regions in the cerebral cortex when a sequence
violation is detected compared to when there is no sequence
violation. Given our a priori hypothesis regarding the func-
tional role of right posterior inferior cerebellum in language
and verbal working memory based on prior studies [8, 9, 22],
we first identified an activation in the right posterior inferior
cerebellum within lobule VIIb using the Mismatch > Match
contrast from the group results (Fig. 3a, Table 1a). Next, PPI
analysis was performed, searching for voxels in the whole

brain for which functional connectivity was enhanced on mis-
match relative to match trials (Mismatch > Match).

An increase of functional connectivity was found in areas
predominantly within the left fronto-parietal network during
mismatch trials compared to match trials (Fig. 3b, Table 1b).
This includes a large cluster encompassing left precentral and
postcentral gyrus (BA6/BAS) and clusters in left inferior pa-
rietal lobule (BA40), supplemental motor area (SMA), and
both sides of the thalamus. Smaller clusters were also found
in the right postcentral gyrus, insula, and transverse temporal
gyrus. No region was found in the opposite pattern of PPI
interaction, i.e., Match > Mismatch. This pattern of results is
consistent with our hypothesis that the right posterior inferior
cerebellum engages a mostly left-lateralized network that is
known for speech planning and production, including senso-
rimotor, parietal, and supplementary motor areas, via the thal-
amus bilaterally [31, 32].

Discussion

We used functional neuroimaging and a serial VWM rehearsal
task to further elucidate how the cerebellum contributes to
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Table 1

Anatomical brain area, MNI coordinates (x, y, z), maximal #-statics and z-score, size of significant activations, and corrected p values after

applying FWE and FDR. (A) Group-level activation results. (B) Group-level PPI results

Brain region Xy z (mm) t SPM {z} Size (voxels) pFWE-corr qFDR-corr

(A) Group-level activation results

Significant activations for mismatch > match during probe phase
Right middle frontal gyrus (BA6) 28852 7.19 4.88 249 p =0.003 p < 0.001
Right inferior frontal gyrus (BA46) 4824 24 691 4.77 470 p <0.001 p < 0.001
Right inferior parietal lobule (BA40) 42 -6048 6.19 4.48 1137 p < 0.001 p < 0.001
Left middle frontal gyrus/precentral gyrus —442428 5.87 4.33 2043 p <0.001 p < 0.001
Left inferior parietal lobule (BA40) —-30—-6038 5.85 433 1105 p < 0.001 p < 0.001
Left/right supplemental motor area —81058 5.81 4.30 786 p <0.001 p < 0.001
Left insula —-26266 5.47 4.14 190 p=0.015 p < 0.001
Left/right precuneus (BA7) 4-7050 5.11 3.96 512 p < 0.001 p < 0.001
Right posterior cerebellum (lobule VIIb/VIII) 32-70-58 5.39 4.11 99 p=0.287 p=0.033
Right insula 3432-6 437 3.56 89 p=0.39% p=0.044
Left posterior cerebellum (Crus II) —10—-80-32 4.24 348 142 p =0.069 p = 0.008

Significant activations for match > mismatch during probe phase
Left/right medial frontal gyrus (BA10) -65210 —2.88 -0.33 874 p < 0.001 p < 0.001
Left/right posterior cingulate cortex (BA31) — 44048 —2.88 -0.33 256 p =0.002 p < 0.001

(B) Group-level PPI results with posterior inferior cerebellum as seed region

Significant connectivity with seed region using mismatch > match context
Left precentral and postcentral gyri gyri (BA6) -58—-1614 8.2 523 2803 p <0.001 p < 0.001
Left and right thalamus —-2-246 6.04 441 211 p=0004 p =0.002
Left and right supplemental motor area —2-452 5.15 398 231 p =0.002 p =0.001
Right transverse temporal gyrus (BA 41) 64 —1420 4.87 3.84 181 p=0.011 p =0.004
Right postcentral gyrus (BA3) 22 -3056 5.57 4.19 104 p=0.177 p=0.043
Right insula (BA 13) 40-104 4.86 3.84 125 p =0.081 p=0.022

VWM. Because the serial rehearsal task is guided by the
known sequential occurrence of the letters obtained during
the encoding phase, participants can predict the identity of
each letter during rehearsal by keeping track of the letters as
well as their sequential position relative to one another in
working memory. Previous motor [44—47] and non-motor
[9, 26, 48] studies have converged on the view of the
cerebro-cerebellum network as the loci of internal forward
models. In the motor literature, an internal forward model is
thought to predict the sensory consequence of a movement
over time that is then used to compare with the actual conse-
quences of that movement. If the predicted and actual signals
match, then the sensory effect of a movement is canceled [49,
50]. If not, the discrepancy constitutes a sensory prediction
error, which provides a mean to adjust movement sequence
or to update a state estimation of the motor system [for a
review: 51]. In the current study, we presented evidence that
such monitoring and error-driven adjustment processes that
occur in motor control can be used to explain the cerebellum’s
involvement in cognitive functions, particularly in the context
of verbal working memory. Specifically, our findings support
the idea that, analogous to the forward models in motor

Si) @ Springer

control, the cerebellum computes a predicted articulatory tra-
jectory representing phonemes in the encoded sequence, from
which the predicted phoneme is then compared to the incom-
ing phoneme during rehearsal. Any discrepancies between the
two would result in an alert to the cognitive system about the
potential error within the phonological loop, leading to a cor-
rective adjustment in the articulatory trajectory. This monitor-
ing and error-driven adjustment process is supported by the
behavioral and neural evidence discussed below.

When a mismatch between the expected and presented letter
occurs during rehearsal, analogous to the sensory prediction
error in motor control, participants were significantly slower
(154 ms, on average) to respond, compared to the match con-
dition where the expected and presented letter agreed. This
behavioral effect, longer RT for mismatch compared to match
probe, was consistently observed in all participants in the cur-
rent study. Using functional neuroimaging, we also demonstrat-
ed that the behavioral effect was accompanied by an increase of
BOLD activity in a myriad of frontal and parietal regions typ-
ically referred to as the left executive control network [52, 53].
Because the mismatch probe represents a letter from the
encoded letters but is in an incorrect sequential position, it can



Cerebellum

"*oens \
3 ‘.‘“..""ap}u sl

, -’

o,

Fig.3 a Cerebellar seed region for PPI analysis overlaid onto a cerebellar
flatmap. The seed region was identified using the Mismatch > Match
Contrast from the group GLM activation map (cluster-wise FDR

be considered to reflect a violation of sequential order. In this
context, the increased behavioral and neural responses to the
mismatch probes may indicate higher demands in working
memory and attentional control to process a sequential deviant
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corrected at p < 0.05), and is located mainly within lobule VIIb. b
Areas in cerebral cortex showing increased connectivity with the seed
region as a function of sequence violation (Mismatch > Match)

in the phonological loop. Alternatively, it is also likely that the
predicted stimuli (match probes) are processed more efficiently
than the unpredicted stimuli (mismatch probes), leading to less
neural response and faster RT. The latter explanation would be
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consistent with a predictive coding model in vision literature,
showing that visual cortices learn statistical regularities of the
world and stimuli with higher predictability, reducing activity
in the early visual areas through feedback from the higher-level
area [54].

Here, we argue that our results might be best understood in
terms of a violation of sequential order (“sequential deviant™)
that led to greater demands in working memory and attention-
al control. First, the accuracy is significantly lower for match
compared to mismatch trials, suggesting the match probes
were not processed more “efficiently,” just “faster” and per-
haps more “hastily.” If prediction were to facilitate processing
ofthe match probes, then we should expect equal, if not better,
performance compared to mismatch probes. Second, by in-
cluding a 3rd probe type — novel probe — in a follow-up be-
havioral study, we were able to demonstrate the source of RT
difference between mismatch and match probes was likely
due to the increased demands of processing of the mismatch
probes, rather than the decreased demands of processing the
match probes. We reason that, since the novel probes were
chosen from letters outside of the encoding sequence, their
identity could not be predicted like they could be for match
probes, nor did they represent sequential deviants like they did
for mismatch probes. From the results for the novel probes, it
seems unlikely that shorter RTs for match relative to mismatch
probes resulted from facilitation for predicted stimuli given
that participants response times to unpredicted novel probes
were not significantly different from those to match probes.
Rather, the behavioral results showing that the participants
responded to the novel probes just as quickly as to the match
probes but significantly faster when comparing to mismatch
probes provide additional support for an account of sequential
violations leading to greater cognitive demands in verbal
working memory. By the same logic, the increased activation
in the left executive control network during mismatch com-
pared to match trials likely reflects greater demands in work-
ing memory and cognitive control needed to process sequen-
tial violation associated with the mismatch probes, rather than
greater neural efficiency associated with the processing of
match probes. Furthermore, this increase of response within
the left executive control network may indicate a more general
response to sequence violation which is not restricted to a
specific task, rather than a task-specific response to sequence
violation occurred in the verbal domain. In order to examine
sequence violation more specific to the phonological informa-
tion in VWM, PPI analysis was conducted to examine a task-
or context-specific changes in the relationship between two
brain regions. Mathematically, the PPI model accounts for
variance explained by the interaction term over and above
what can be explained by the shared main effects of task and
physiological correlation [55]. Therefore, it can rule out non-
task-related changes in the relationship between brain regions
whenever a sequence violation is detected.
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A PPI analysis was thus performed to assess context-
dependent (mismatch > match) functional connectivity changes
using the right posterior inferior cerebellum as a seed region.
We were able to further elucidate the functional interaction
between the cerebellum and cerebral cortex when a sequence
violation was detected during rehearsal. Specifically, we found
that presentation of a sequential deviant was associated with
greater functional coupling between the right cerebellum and
the left premotor-parietal network, with increased connectivity
also found in the bilateral thalamus. Together with other neu-
roimaging studies showing cerebellar involvement for the
encoding of sensory prediction errors during motor task [14,
16], our findings provide additional evidence for cerebellar in-
volvement in the encoding of prediction errors using a cognitive
task. Moreover, this increased functional connectivity observed
between the cerebellum and the premotor-parietal cortices dur-
ing mismatch relative to match condition indicate a monitoring
and error-driven adjustment process occurring when the incom-
ing stimulus represented a sequential deviant.

The right posterior inferior cerebellum, the chosen seed in
our PPI analysis, has long been implicated in language pro-
cessing and verbal working memory. We have shown previ-
ously that right cerebellar TMS disrupts the prediction of up-
coming letter in verbal working memory [9]. In other
neuromodulation studies, rTMS over right cerebellar regions
has shown to disrupt internal prediction of upcoming speech
[56] and prediction of upcoming sentence content in a lan-
guage comprehension task [48]. Previous fMRI studies also
indicate the right cerebellar region involve in linguistic pre-
diction [57, 58] and its activity is modulated by the predict-
ability of upcoming sentence content [26]. Anatomically, viral
tracing studies in primates revealed that the motor, premotor,
prefrontal, and parietal cortices receive input from the poste-
rior cerebellar lobules through the thalamus [30, 59], with
reciprocal connections projected from the cerebral cortex to
the cerebellum through the pontine nuclei [60, 61]. Resting-
state functional connectivity studies in humans also confirmed
widespread cortico-cerebellar interconnections between the
posterior cerebellar lobule and higher-order association areas
involving working memory, language, and emotional task
processing [62—65]. Thus, the observed PPI functional con-
nectivity pattern in the current study not only fits the known
neural pathways but also suggests a cerebellar feedforward
input to the contralateral cerebral cortex via the thalamus,
engaging cerebral regions in the left premotor and parietal
cortex when a sequence violation is detected, in order to keep
the integrity of the phonological loop. However, it is also
important to keep in mind that a PPI analysis is unable to
determine directionality or causality between functionally
connected brain areas. Therefore, an alternative interpretation
would be that the functional connectivity observed represents
an input from the cerebral cortex to the cerebellum, or a recip-
rocal exchange of information between them.
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Interestingly, in the perceptual domain, detection of se-
quential deviants has shown to trigger an increase of activa-
tion in a very similar, but mostly right-lateralized network,
including the middle frontal gyrus (BA9/46), premotor, pre-
SMA, cerebellum, and thalamus [13]. The recruitment of a
common sensorimotor “sequencing” network, across motor,
perceptual, and cognitive domains, suggests that the ability of
the cerebellum to predict incoming stimuli and to alert specific
neural systems for sequential deviants can be considered a
supramodal function [for a review, see 66]. Given that the
present task reflects left hemisphere dominance for language
and verbal working memory [67], while perceptual sequential
tasks invoke right hemisphere dominance for visual target and
distractor detection [68—70], the comparable pattern of
cerebro-cerebellar networks recruited in opposite hemispheres
in both domains is also in line with the idea that the intricate
cerebellar neuronal circuit operates on a common computa-
tional principle, with differences in function derived from the
local input-output connections with the cerebral cortex [24,
59, 71-73]. This suggests that sequence deviation-related ac-
tivation found in the present study is specific to the verbal
domain, rather than a general attentional response to any se-
quence violation, but more research on this is needed.

The ability to encode and maintain speech-related novel se-
quences in verbal working memory for short periods of time is
important for many core human faculties related to language
acquisition, speech comprehension, verbal reasoning, and nu-
merical calculations. Previous studies, both from our lab and
others [see Consensus paper: 74], have supported the idea of
cerebellar involvement in language, as well as cerebellar internal
models in aid of language-related processes and verbal working
memory by predicting upcoming verbal stimuli. Our current
findings further implicate a monitoring process that relies on
the interaction between the cerebellum and the cerebral cortex,
which engages error-driven adjustments of the articulatory tra-
jectory when a mismatch between the predicted and actual in-
coming stimuli is detected. We argue that the incorporation of a
monitoring process that detects errors and provides feedback to
update the cerebellar internal models would not only ensure the
integrity of the phonological loop but also support cognitive
learning, similarly to the idea of motor learning through an adap-
tive control system [75]. Baddeley and his colleagues have
reviewed evidence and proposed that the primary function of
phonological loop is not to remember familiar words, but to help
learn new words [76]. According to their view, the phonological
loop provides temporary storage of novel phonological forms
while permanent memory representations are being constructed
[77]. Thus, our results could be informative about the neural
mechanism of learning new words, which are essentially se-
quences of phonemes, and we speculate that large increases in
cerebro-cerebellar connectivity when violations of expected pho-
neme sequences occur could be vital to neocortical adjustments
and the language learning process.
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