Cerebellar Transcranial Magnetic Stimulation
Impairs Verbal Working Memory
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Previous functional magnetic resonance imaging and patient studies indicate cerebellar participation in verbal working
memory. In particular, event-related functional magnetic resonance imaging showed superior cerebellar activation during
the initial encoding phase of the Sternberg task. This study used functional magnetic resonance imaging—guided trans-
cranial magnetic stimulation (TMS) to test whether disruption of the right superior cerebellum (hemispheric lobule
VI/Crus I) impairs verbal working memory performance. Single-pulse TMS was administered immediately after letter
presentation during the encoding phase on half the trials. Sham TMS and a Motor Control task were included to test for
general distraction and nonmemory-related motor effects. Results showed no effects of TMS on accuracy, but reaction
times (RTs) on correct trials were significantly increased on TMS relative to non-TMS trials for the Verbal Working
Memory and Motor Control tasks. Additional analyses showed that the increased RT was significantly greater for Verbal
Working Memory than for the motor task, suggesting that the effect on working memory was not caused by interference
with finger responses. Sham TMS did not affect RTs, indicating that the potentially distracting effects of the posten-
coding click did not contribute to the increase in RT. The observed effects from cerebellar disruption are consistent with

proposed cerebrocerebellar involvement in verbal working memory.
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Neuroimaging techniques have demonstrated a surpris-
ingly consistent presence of cerebellar activation during
a variety of cognitive functions' including attention,’
language,”” explicit memory retrieval,* "> and verbal
working memory.">™'® These findings are generally
consistent with studies of cerebellar-damaged patients
that have shown cognitive deficits such as perseveration
and impaired verbal fluency,'” impaired planning,***'
agrammatism,22 associative learning deficits, > 2°
impaired verbal working memory.*”*®

Although patient studies have been important for es-
tablishing cognitive functions of the cerebellum, these
investigations have four major shortcomings. First,
damage may not be completely restricted to the cere-
bellum,* raising the possibility that brainstem damage
may contribute to the observed deficits. Second, al-
though patient studies can indicate whether disruption
of a structure affects performance, they cannot demon-
strate at what point in time during the task that the
structure makes its contribution. Third, although it is
implicitly assumed that the damaged region is the
source of impaired behavioral performance and would
have shown evidence of contributing to the task
through changes in activation, it is not possible to
verify these changes in nonreversibly lesioned patients.

and

Finally, brain reorganization and compensatory mech-
anisms in patients may obscure the original contribu-
tions of the damaged structure.

The potential effects of reorganization and compen-
sation is illustrated in a case report by Silveri and col-
leagues®® of a patient who underwent surgical removal
of a mass in the right cerebellar hemisphere. This pa-
tient exhibited significant and specific deficits in verbal
working memory shortly after surgery that were as-
cribed to deficits in articulatory control. The deficits
were resolved after 5 months, at which time the pa-
tient’s performance was completely normal. This result
suggests that cerebellar cognitive deficits in patient
studies may be obscured by compensation from other
brain regions, depending on the length of time that has
elapsed since surgery.

Transcranial magnetic stimulation (TMS), a brain
stimulation technique that involves passing a powerful
and rapidly changing current through a coil that is
placed on the scalp, has the potential for demonstrat-
ing cognitive cerebellar contributions in the absence of
such compensation.’*>* TMS is an ideal complement
to functional magnetic resonance imaging (fMRI) be-
cause it can test whether disruption of fMRI-identified
regions of activation produces changes in performance,
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thereby distinguishing which regions are necessary for
task performance from those that are simply correlated
with performance.

Thus, this study used single-pulse TMS to investi-
gate whether cerebellar disruption affects cognitive per-
formance. Specifically, we tested whether cerebellar
TMS would impair performance of the Sternberg Ver-
bal Working Memory task. Although the contribution
of neocortical structures to Verbal Working Memory
has been explored with TMS, similar investigations
have not been performed for the cerebellum. As illus-
trated in Figure 1, this task can be broken down into
three distinct temporal phases of encoding, mainte-
nance, and retrieval. Several neuroimaging studies have
reported reliable cerebellar activation during perfor-
mance of this task,"> %3334 and more recent event-
related fMRI investigations have shown that activation
in the right superior cerebellar hemisphere (lobule VI,
Crus I) occurs in response to the encoding phase of the
task.”>?® Thus, for this initial investigation of cerebel-
lar involvement in verbal working memory, we targeted
(using fMRI) the right superior cerebellar activation for
this task and administered TMS immediately after
stimulus encoding.

Subjects and Methods

Subjects
Seventeen healthy, right-handed male (n = 8) and female
(n = 9) subjects gave their informed consent to participate

in this study, which was approved by an Institutional Review
Board and a US Food and Drug Administration Investiga-
tional Device Exemption. All subjects were screened for
TMS  contraindications and received neurological testing
(randem walking, finger-to-nose test, and heel-knee-shin
tests) before and after TMS. There were no adverse conse-
quences or complaints from any of the subjects that required
discontinuation of the experiment. The mean age of the sub-
jects was 24.9 £ 6.9 years (mean * standard deviation).

Stimuli

Stimuli consisted of uppercase and lowercase English conso-
nants generated from a Macintosh computer (Apple Com-
puter, Cupertino, CA) using PsyScope software.”” For TMS
laboratory experiments, subjects viewed stimuli directly from
a Macintosh notebook screen. For fMRI experiments, the
stimuli were visually presented to the subject by back-
projecting the images, via a magnet-compatible projector,
onto a screen located above the subject’s neck. The images
were viewed from a mirror mounted above the subject’s

head.

Procedure

The experimental methods for this study were accomplished
in three sequential steps, with each step typically occurring
on a separate day. For the first step, subjects received fMRI
scans while performing two tasks: a finger tapping task with
the left hand to identify motor cortex, and a Verbal Working
Memory task to identify the cerebellar target for TMS ad-
ministration. They also received a high-quality anatomical
MRI scan for creating a brain surface rendering. For the sec-
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Fig 1. Tasks used for transcranial magnetic stimulation (TMS) experiments. (A) The Verbal Working Memory task consisted of a
1.5-second visual presentation of six letters followed by a maintenance period of 4 seconds for covert rehearsal, followed by a re-
trieval period consisting of a four-letter probe presentation. Subjects were required to press a burron indicating which probe letter
had been presented during the encoding period. TMS administration occurred immediately after the encoding period on 50% of the
trials. (B) The Verbal Working Memory (Sham Coil) task was the same task as described above, but the TMS coil delivered sham
stimulation designed to replicate the sound of a genuine TMS trial but did not stimulate the brain. (C) The Motor Control task
consisted of presentation of visual stimuli during the encoding period (# symbols) that did not have to be subsequently remembered.
As in the Verbal Working Memory task, TMS occurred after the encoding period in 50% of the trials. For the retrieval period of
the task, the subject was required to press a button indicating which probe letter was an x.
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ond step, fMRI activations from the two scans were mapped
onto separate brain surface renderings, using Brainsight Fra-
meless (Rogue Research, Montreal, Quebec, Canada; http://
www.rogue-research.com) software. Four scalp landmarks,
located on the left and right ears (superior edge of the tra-
gus), the tip of the nose, and the bridge of the nose, were
also identified on the MRI scans. For the third step, the four
scalp landmarks were coregistered with the corresponding
landmarks on the MRI scan using the Brainsight Frameless
system. The methods for this system have been described in
detail elsewhere?®~*° and have been used in previous TMS
investigations.*"*? The transformation resulting from coreg-
istration was used to interactively guide the center of the
TMS coil to the desired brain region. TMS stimulation of
the motor cortex was used to obtain each subject’s finger
twitch threshold, and once this was accomplished, cerebellar
stimulation was targeted for the three tasks depicted in Fig-
ure 1.

Transcranial Magnetic Stimulation Administration
Single-pulse TMS was administered using a Magstim 200
stimulator and 110mm double cone and sham double cone
coils manufactured by Magstim (Carmarthenshire, United
Kingdom; www.magstim.com). The sham double cone coil
emitted a click similar to that of the genuine coil on stimu-
lation, but it did not stimulate the brain. The sham coil was
used to assess the distracting effect of the TMS click on per-
formance. For genuine TMS administration to the cerebel-
lum, the coil was oriented so that current was directed
downward (ie, inferiorly), as has been used successfully in
other studies of cerebellar stimulation with this coil.*> Cere-
bellar TMS magnitude was set to 120% of motor cortex
threshold, but in three cases, a lower magnitude was used at
the request of the subject. In these cases, the cerebellar stim-
ulation magnitudes were 88%, 106%, and 114%. Motor
cortex threshold was determined by visual inspection of left
hand and finger twitching on stimulation of right motor cor-
tex. For motor cortex stimulation, the double cone coil was
oriented so that current was directed posteriorly, roughly
perpendicular to the central sulcus.

Tasks

FUNCTIONAL MAGNETIC RESONANCE IMAGING LOCAL-
IZATION. The Verbal Working Memory task used for lo-
calizing cerebellar activation was based on the Sternberg par-
adigm,* and it has been used successfully in previous studies
to characterize cerebellar involvement in this cognitive func-
tion.'*3*% In this task, 6 uppercase consonants (High Load)
or 1 uppercase consonant and 5 “#” symbols (Low Load)
were presented for 1.5 seconds. (For the Low-Load stimuli,
the position of the letter in the array varied randomly across
all six possible positions.) The stimuli were then erased from
the screen, and the subjects were required to keep the letters
in mind during a 5-second maintenance period using covert
rehearsal. After the maintenance period, a probe stimulus,
consisting of one lowercase consonant letter, was presented
for 1 second. For the High-Load condition, this probe
matched one of the six letters in the array on half the trials.
For the Low-Load condition, the probe matched the one
non-“#” letter on half the trials. Subjects were instructed to

press the button under their index finger when the probe
letter matched an array letter and to press the button under
their third (middle) finger if it did not. A period of 1.5 sec-
onds after the offset of the probe letter was allowed for re-
sponses; thus, each trial was 9.0 seconds in duration. Four
trials were presented in each 36-second block. Six cycles (12
blocks) of High and Low Load were presented for a total of
432 seconds.

To identify the right motor cortex, we instructed subjects
to perform a finger tapping task. When the word Go ap-
peared (in green letters), subjects were required to tap two
buttons under the index and middle fingers of the left hand
until the word Szop (in red letters) appeared. Go and Stop
blocks were each 30 seconds in duration, and 5 cycles of the
task were performed for a total of 5 minutes.

TRANSCRANIAL MAGNETIC STIMULATION TASKS.  Figure
1 illustrates the three tasks that were performed by subjects
for the TMS experiment. For each task, subjects received 96
trials, 1 every 8.8 seconds. Half the trials (“Stim” trials) in-
cluded TMS (or sham TMS) administration. The other half
was “No Stim” trials; that is, no TMS or sham TMS admin-
istration occurred. The order of the trials was pseudoran-
domized, and no more than three consecutive Stim or No
Stim trials were allowed. As indicated in Figure 1, the time
of TMS administration on Stim trials was immediately after
offset of the 1.5-second encoding period. For each Working
Memory trial, six letters were always visually presented dur-
ing the encoding period. After a 4-second maintenance pe-
riod for covert rehearsal, 4 lowercase probe letters were pre-
sented, and the subject was required to press 1 of 4 buttons
(oriented in 1 linear row) to indicate which probe letter had
appeared in the initial encoding period. All possible combi-
nations of target letter position (six possible) and correct
probe letter position (four possible) were presented. A Motor
Control task (see Fig 1C) was included to assess the effect of
TMS on finger reaction time (RT) performance in the ab-
sence of working memory. For this task, subjects were re-
quired to press the button corresponding to the position of
the letter x, which occurred with equal frequency in all four
probe positions. The order of task performance was counter-
balanced across subjects. Stimulus lists used for the genuine
TMS and sham TMS Verbal Working Memory tasks were
also counterbalanced.

Data Acquisition and Analysis

Imaging was performed with a 1.5Twhole-body MRI scan-
ner (General Electric Medical Systems Signa, Waukesha, W1I)
using a custom-built quadrature “top hat” birdcage head coil.
Structural MRI protocols consisted of a SpinEcho localizer
scan and a T2-weighted Fast SpinEcho anatomical scan
(coronal acquisition: TE = 90msec; TR = 3,000msec; field
of view = 24cm; 256 X 192 matrix; number of excitations
(NEX) = 1.0; slice thickness = 6mm; 1 interleave; 30 slices)
and a T1l-weighted Spoiled Grass (SPGR) image with the
following parameters: TR = 9msec; TE = 1.9msec; flip an-
gle = 15 degrees; 124 slices; field of view = 24cm; 256 X
192 matrix; reconstructed resolution = 0.9 X 0.9 X
1.5mm. Whole-brain fMRI data were acquired with a T2*-
weighted gradient-echo spiral pulse sequence (TE = 40msec;
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TR = 3,000msec; flip angle = 89 degrees; inplane resolu-
tion = 3.75mm; slice thickness = 6mm with Omm gap; 30
coronal slices; field of view = 24cm; 1 NEX).

Image preprocessing and statistical analyses were per-
formed using the Statistical Parametric Mapping 99
(SPM99) software package (Wellcome Department of Cog-
nitive Neurology, London, UK). The functional images
were subjected to motion correction, and then coregistered
to the SPGR scan. Statistical preprocessing consisted of
high-pass filtering at 144 seconds and low-pass filtering
through convolution with the SPM99 canonical hemody-
namic response function. An SPM{t} map was then created
by contrasting the High- and Low-Load working memory
conditions. Surface renderings of the SPGR scan together
with coregistered functional data were performed using
Brainsight Frameless software. Examples of cerebellar ren-
derings from five subjects, which include color-coded func-
tional activations for targeting TMS administration, are il-
lustrated in Figure 2.

Results

Behavioral Performance

A repeated measures analysis of variance was per-
formed separately for percentage accuracy and median
RT data for accurate trials, with factors of condition
(Working Memory, Working Memory with Sham
Coil, and Motor Control) and trial type (Stim and
No Stim). For accuracy data, subjects correctly iden-
tified the probe letter in 71.3 * 13.0% of the Stim
trials (mean = standard deviation) and 69.9 =
10.1% of the No Stim trials for the Verbal Working
Memory task using the genuine TMS coil. Similar
performance was observed for the Sham TMS coll,
with 69.8 = 12.6% accuracy for Stim trials and

70.3 = 12.7% accuracy for No Stim trials. Greater
accuracy was observed in the Motor Control task,
with 96.3 * 2.7% accuracy for Stim trials and
98.2 = 2.2% accuracy for No Stim trials. Analysis of
variance showed a significant main effect of condition
(F[2,32] = 76.83; p < 0.0001) but not trial type
(F[1,16] = 0.21; p value was not significant), and
there was no significant interaction (F[2,32] = 1.075;
p value was not significant). Thus, subjects were more
accurate for the Motor Control task than for the
Working Memory task, but there was no difference in
accuracy between Stim and No Stim trials.

In contrast with the accuracy data, there was a sig-
nificant condition x trial type interaction for RT on
correct trials, as illustrated in Figure 3. For the Verbal
Working Memory task with the genuine TMS coil,
subjects responded to the probe with a RT of
1,250.5 * 403.1msec (mean * standard deviation) on
Stim trials and 1,134.8 = 315.6msec on No Stim tri-
als. With the sham coil, the Stim and No Stim RTs
were 1,191.4 * 339.6msec and 1,160.9 = 330.2msec,
respectively. For the Motor Control task, Stim and No
Stim RTs were 667.4 * 111.3msec and 654.3 =+
101.5msec, respectively. Analysis of variance showed
significant effects of condition (F[2,32] = 44.0; p <
0.0001), trial type (F[1,16] = 9.7; p < 0.007), and
condition x trial type (F[2,32] = 3.445; p < 0.044).
Subsequent tests of Stim versus No Stim RTs indicated
that TMS administration to the cerebellum signifi-
cantly increased RT for both the Motor Control task
(t[16] = 2.44; p < 0.027) and Verbal Working Mem-
ory task (t[16] = 2.58; p < 0.02). However, sham

Superior
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& 2

Posterior View of Cerebellum for 5 subjects

Fig 2. Subject-specific localizations of right superior cerebellar activation obtained from the Verbal Working Memory task. Surface
renderings of the cerebellum used for transcranial magnetic stimulation (TMS) targeting of lobule HVI/Crus I are depicted for five
subjects. Activations represent a contrast of the High-Load versus the Low-Load conditions.
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Fig 3. Reaction time (RT) results for Stim and No Stim trials
Jor each of the three task conditions. Genuine transcranial
magnetic stimulation (TMS), but not sham TMS, significantly
increased RT during the retrieval period of the rask.

TMS had no significant effects on RT (¢[16] = 1.26; p
value was not significant). Further analysis of the con-
dition x trial type interaction (Fig 4) indicated that the
RT difference between Stim and No Stim trials for the
Working Memory task was significantly greater than
the RT difference for the Motor Control task (t[16] =
2.34; p < 0.032).

Discussion

The results of this study indicate that right superior
cerebellar TMS administered immediately after letter
presentation increased response time to the probe but
did not affect accuracy. The increase in RT from cer-
ebellar TMS for the Verbal Working Memory task
significantly exceeded the RT increase for the Motor
Control task, which had similar response require-
ments but no memory requirements. This suggests
that the TMS RT effect on working memory was not
simply caused by interference with finger motor re-
sponses. However, that a significant motor response
was observed is further evidence that TMS stimula-
tion affected the desired superior cerebellar structures.
Results from the sham TMS coil showed no signifi-
cant difference between Stim and No Stim trials. This
indicates that, to the extent the Sham coil click accu-
rately reproduces the general distracting effects of
TMS (that include both auditory and somatosensory
components), the increase in RT was also not simply
due to distracted performance.

The change in verbal working memory performance
produced by single-pulse TMS is consistent with neu-
roimaging evidence, suggesting a role for superior cer-
ebellum in verbal working memory. These data have
shown that the right superior cerebellum, together with
premotor cortex and Broca’s area, exhibit activation in
response to the encoding phase of the Sternberg
task 35:36:46

In accordance with this hypothesized role in re-
hearsal, previous investigations have shown that both

superior cerebellar and inferior frontal activation can be
elicited not only by the Sternberg task, but also by a
nonmemory control task requiring repeated encoding
and covert rehearsal of visually presented letters. These
results suggest that the superior cerebellar and inferior
frontal/premotor activations do not represent phono-
logical storage of verbal items per se, but rather the
articulatory component of the phonological loop.'**°
This may partially explain why RT, but not accuracy,
was affected in this experiment. The functional neuro-
imaging evidence is consistent with numerous clinical
observations of articulatory deficits occurring after
damage to Broca’s area,””*® to the superior cerebel-

254 o1 to medial pontine regionsSO that link fron-
51,52

lum
tal and superior cerebellar regions.

In summary, a convergence of neuroanatomical,
functional neuroimaging, and cerebellar patient studies
suggest that the right superior cerebellum is involved in
articulatory preparation processes that likely rely on
connections with left inferior frontal and premotor re-
gions. Activation of the superior cerebellum in speech
production appears to be more readily observed when
faster articulatory preparation is required.”® Such rapid
preparation is prominent in the Sternberg Verbal
Working Memory task during the 1.5-second encoding
period, especially at higher loads, where rapid and ef-
ficient planning of the articulatory trajectory is needed
for the ensuing maintenance period. The results of this
TMS study are therefore consistent with the hypothesis
that the superior cerebellum computes an articulatory
trajectory immediately after letter presentation that fa-
cilitates the phonological loop. Cerebellar TMS, appro-
priately timed at a critical point in the trajectory com-
putation, is hypothesized to interfere with this
facilitation. The compromised phonological loop re-
sults in slower extraction of the items during the sub-
sequent retrieval period, and consequently slower re-
sponses to the probe.

Motor vs Cognitive RT Effects from Cerebellar TMS
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Fig 4. Reaction time (RT) increases for Stim relative to No

Stim trials. Significantly greater RT increases were observed
Jor the Verbal Working Memory task than for the Motor
Control task.
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Although this explanation for our TMS results is
consistent with evidence from neuroimaging and pa-
tient studies, other explanations are possible. For ex-
ample, Theoret and colleagues®® demonstrated in-
creased variability in timing accuracy after repetitive
cerebellar TMS. Given the hypothesized role of the
cerebellum in the representation of temporal informa-
tion,”>>® it is possible that RT increases in our study
reflect TMS disruption of a timing component re-
quired for the somewhat rhythmic sequential repeti-
tion of consonant sequences during the rehearsal pro-
cess.

Previous studies have investigated the effects of
TMS administration to neocortical regions on verbal
working memory performance. For the parietal cor-
tex, negative results for recall of digit sequences were
obtained using 50Hz trains of stimulation to electro-
encephalogram electrode locations P3 and P4,””
which likely correspond to Brodmann Area (BA) 7.%8
However, single-pulse TMS to the posterior third of
the intraparietal sulcus bilaterally resulted in increased
errors on a two-back task.*! Herwig and colleagues,””
using a Sternberg task, found greater errors for left
relative to right BA 7/40 stimulation that approached
significance with a small sample size (N = 6), and
Grafman and colleagues®® observed impaired recall of
words occurring at the end of the list using 20Hz
trains of TMS to this region, but only on the left
side. These researchers also observed impaired recall
for words near the beginning of the list when TMS
was applied to temporal regions (T5,6 electrodes, cor-
responding bilaterally to BA 37). For the frontal cor-
tex, Feredoes and colleagues®’ reported negative re-
sults for stimulation in the vicinity of BA 8/9 for a
three-back task, and Herwig and colleagues reported
negative results with single-pulse stimulation to BA 9
for a Sternberg task.’®> However, Mull and Seyal62
observed significant disruption using single-pulse
stimulation to BA 46 in a three-back task, Grafman
and colleagues® observed it with stimulation trains to
left or right BA 45/46 for serial recall of words, and
Mottaghy and colleagues*"®* also observed significant
disruption with either single-pulse or train stimula-
tion to left or right BA 46/9 in a two-back task. Left
premotor cortex stimulation (BA 6) was found to be
more effective than dorsolateral prefrontal cortical
stimulation for impairing performance on the Stern-
berg task.””

The results of our study extend the findings of
these previous studies by demonstrating cerebellar
participation in verbal working memory performance.
The observed impairment of verbal working memory
performance from cerebellar disruption is consistent
with the anatomically based cerebrocerebellar verbal
working memory model that Desmond and col-
leagues'® originally described, which predicted, based
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on neuroanatomical patterns of corticocerebellar con-
nectivity, concordant activations of superior cerebellar
with frontal regions and concordant activations of in-
ferior cerebellum with parietal regions during verbal
working memory. These predictions have been con-
firmed in recent investigations of task-phase—depen-
dent activation,® conjunction analyses of working
memory versus articulatory activation,” and load-
and practice-related cerebrocerebellar activation.®*

In summary, the results of this study suggest that
TMS can be used effectively for investigating cerebel-
lar contributions to cognitive function. The temporal
specificity of this transient lesion technique can pro-
vide complementary data to support and extend the
findings from patient studies and neuroimaging inves-
tigations.

This work was supported by the NIH (National Institute of Mental
Health, MHG60234, ].D.).

We gratefully acknowledge J. Boshart for subject recruitment and
project coordination.
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