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SUMMARY

Working memory (WM) relies on the prioritization of
relevant information and suppression of irrelevant in-
formation [1, 2]. Prioritizing relevant information has
been linked to theta frequency neural oscillations in
lateral prefrontal cortex and suppressing irrelevant
information has been linked to alpha oscillations in
occipito-parietal cortex [3,11]. Here, we used a retro-
spective-cue WM paradigm to manipulate prioritiza-
tion and suppression task demands designed to
drive theta oscillations in prefrontal cortex and alpha
oscillations in parietal cortex, respectively. To caus-
ally test the role of these neural oscillations, we
applied rhythmic transcranial magnetic stimulation
(TMS) in either theta or alpha frequency to prefrontal
and parietal regions identified using functional MRI.
The effect of rhythmic TMS on WM performance
was dependent on whether the TMS frequency
matched or mismatched the expected underlying
task-driven oscillations of the targeted region. Func-
tional MRI in the targeted regions predicted subse-
quent TMS effects across subjects supporting a
model by which theta oscillations are excitatory to
neural activity, and alpha oscillations are inhibitory.
Together, these results causally establish disso-
ciable roles for prefrontal theta oscillations and pari-
etal alpha oscillations in the control of internally
maintained WM representations.

RESULTS AND DISCUSSION

Managing the limited capacity of working memory (WM) requires

control processes that can prioritize goal-relevant information

and suppress goal-irrelevant information [1, 2]. Prioritization

and suppression processes can operate prospectively on

perceptual input, with exogenous selective attention serving as

an ‘‘input gate’’ that controls what perceptual information is
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ultimately encoded intoWM [4–6], or retrospectively on the inter-

nally maintained contents of WM, effectively serving as an

‘‘output gate’’ that controls what mnemonic information is

most likely to guide future behavior [7–10]. For both prospective

and retrospective control, substantial evidence has shown that

prioritization is associated with theta oscillations that are typi-

cally observed over frontal cortex [3, 11, 12, 13], whereas sup-

pression is associated with alpha oscillations that are typically

observed over occipital-parietal cortex [3, 11, 14–17]. However,

the majority of previous work has used correlational methods

such as electroencephalography (EEG) that have limited spatial

resolution and cannot provide insight into the causal function

of neural oscillations during WM (but see [14, 18, 19]). In the cur-

rent study, we combine functional magnetic resonance imaging

(fMRI) and frequency-specific brain stimulation to move beyond

previous limitations and provide causal evidence for the roles of

prefrontal theta and parietal alpha oscillations in the prioritization

and suppression of WM representations.

Rhythmic transcranial magnetic stimulation (TMS) has been

shown to cause local entrainment of both alpha [20] and theta

[21] oscillations and to impact behavioral task performance

when the frequency of stimulation is matched to neuronal oscil-

lations evoked by the task demands [22–25]. Here we use a WM

paradigm in which a retrospective cue (retro-cue) is designed to

drive distinct prioritization and suppression processes operating

on the contents of WM. Subjects initially encoded two peripher-

ally presented memory arrays of colored squares in the left and

right visual hemifield (Figure 1; see STAR Methods). After an

initial delay period, a deterministic retro-cue indicated which

memory array would be tested by the probe and should therefore

be prioritized in memory and which array was irrelevant and

should therefore be suppressed [3, 26]. After a second delay,

subjects indicated whether the test probe was the same as the

array initially presented in that hemifield. Since retro-cues have

been shown to elicit theta oscillations in prefrontal cortex contra-

lateral to prioritized stimuli (Figure 1A) and alpha oscillations in

occipito-parietal cortex contralateral to suppressed stimuli (Fig-

ure 1B), the entire memory array was presented in one hemifield

to segregate the task-relevant theta and alpha oscillations to

separate hemispheres. In an initial behavioral session using

this paradigm, we confirmed that retro-cues increased WM
ier Inc.
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Figure 1. Experimental Design and Hypoth-

esized TMS Effects

(A and B) Subject performed a WM task with

colored squares presented in two peripheral ar-

rays. A retrospective cue (retro-cue; epoch is bol-

ded for emphasis) presented during the delay

period indicated whether the upcoming probe

would test the memory array initially presented in

the left or right visual field. Given that each hemi-

sphere processes contralateral visual information,

we predicted that a retro-cue to the right visual

field (A) would generate theta oscillations in the left

frontal cortex (depicted by a theta symbol),

whereas a retro-cue to the left visual field (B) would

generate alpha oscillations in the left parietal cor-

tex (depicted by an alpha symbol). Task conditions

without task-driven oscillations are described in

Figure S1.

(C) Rhythmic transcranial magnetic stimulation

(TMS) was applied to the left frontal (anterior

middle frontal gyrus) and left parietal (inferior

intraparietal sulcus) in separate sessions. These

regions were localized in fMRI prior to the TMS

sessions using the peak activation from all condi-

tions. Each sphere shows an individual’s target

TMS site.

(D) TMS trains were delivered on every trial in either

theta frequency, alpha frequency, or an arrhythmic

pattern matched for duration and the number of

TMS pulses. This experimental design allowed

us to compare WM performance when the fre-

quency of rhythmic TMS was either matched or

mismatched with the frequency of the predicted task-driven neural oscillation. The opaque lightning bolts are the pulses for which timing was randomly selected.

The final pulse was randomly sampled to be between the alpha and theta duration. The inter-pulse interval was constrained to be greater than 20 ms. The TMS

trains were specifically time-locked to the window after retro-cue onset during which a previous magnetoencephalography study reported endogenous theta and

alpha oscillations emanating from frontal and parietal regions during a similar retro-cue WM paradigm [3].
capacity (t[36] = 2.53, p = 0.016, d = 0.42) and decreased

response time (RT; t[36] = �11.70, p = 7.95 3 10�14, d = 1.00)

relative to non-informative neutral-cues which indicated that

either array could be tested by the probe, consistent with previ-

ous findings [26].

We then collected baseline fMRI data while subjects per-

formed the retro-cue WM task. We leveraged the spatial resolu-

tion of fMRI to functionally localize subject-specific regions of in-

terest (ROIs) in left prefrontal cortex (middle frontal gyrus; MFG)

and left parietal cortex (inferior intraparietal sulcus; IPS), which

are regions recruited during retrospective control of WM [3], for

subsequent TMS targeting (Figure 1C). Next, we applied theta

and alpha frequency rhythmic TMS during performance of the

task in separate sessions for theMFG and IPS target sites, coun-

terbalanced for order. TMS was delivered immediately following

the retro-cue on each trial, based on previous work showing

task-driven theta and alpha oscillations in these regions during

this time window [3] (Figure 1D). Arrhythmic TMS was used as

a control for any non-frequency-specific effects of stimulation

to the targeted region. TMS was delivered every trial at a ran-

domized and intermixed frequency (theta TMS, alpha TMS, or

arrhythmic TMS).

This experimental design allowed us to compare WM perfor-

mance when the frequency of rhythmic TMSwas either matched

or mismatched with the frequency of the predicted task-driven

neural oscillation. Thus, the ‘‘matched’’ condition included trials
where theta TMS was applied to MFG when a retro-cue indi-

cated that the contralateral WM representation was task relevant

(Figure 1A), and trials where alpha TMS was applied to IPS when

a retro-cue rendered the contralateral WM representation irrele-

vant (Figure 1B). In contrast, the ‘‘mismatched’’ condition

included trials where the alternative frequency of TMS was

applied: alpha TMS to MFG and theta TMS to IPS when the

contralateral representation was relevant or irrelevant, respec-

tively. Because theta and alpha oscillations are theorized to

play opposite roles in either prioritizing or suppressing represen-

tations [14, 27, 28], we predicted that the beneficial (or detri-

mental) impact of rhythmic TMS on performance would depend

on whether the TMS frequency was matched (or mismatched) to

the task-relevant oscillations of the targeted region [22, 29]. To

test for this interaction, we analyzed data from the TMS sessions

using a two-way repeated-measures analysis of variance

(ANOVA) with factors TMS site (prefrontal or parietal) and TMS

frequency (theta or alpha) separately for WM capacity and RT.

To control for non-TMS frequency-specific effects, we calcu-

lated difference scores for each condition relative to arrhythmic

TMS trials that were condition-matched (for TMS site and

retro-cue type) and submitted these difference scores to the an-

alyses. The duration of the arrhythmic TMS train uniformly varied

between 300 and 600 ms, such that a single arrhythmic TMS

condition served as a common control for both theta TMS and

alpha TMS for a given TMS site (Figure S1).
Current Biology 30, 1748–1754, May 4, 2020 1749



Figure 2. Effect of Rhythmic TMS on WM

Performance

(A–D) A retro-cue to the right visual field was ex-

pected to drive theta oscillations in left frontal

cortex, and a retro-cue to the left visual field was

expected to drive alpha oscillations in left parietal

cortex. We predicted that the behavioral effect of

rhythmic TMS would depend on whether the

TMS frequency was matched (green) or mis-

matched (red) to the task-driven oscillations. To

control for the general effects of TMS, we calcu-

lated difference scores relative to arrhythmic TMS

and performed a two-way repeated-measures

ANOVA for TMS site and TMS frequency on the

capacity (A and B) and response time (C and D)

difference scores. There was a significant site by

frequency interaction for capacity (A, p = 0.028)

such that performance was better for matched

versus mismatched TMS (B). There was no site

by frequency interaction for response time (C,

p = 0.264) and thus no significant difference be-

tween matched versus mismatched TMS (D). Error

bars are the within-subject standard error of the

mean. *p < 0.05. Behavioral analysis for conditions

without task-driven oscillations is described in

Figure S1.
The effect of rhythmic TMS on WM capacity is shown in

Figure 2A. Consistent with our predictions, we found a significant

interaction between TMS site and TMS frequency such that WM

capacity was greater for matched TMS relative to mismatched

TMS (F[1,19] = 5.66, p = 0.028, h2
p = 0.23). This interaction effect

is formally identical to a test comparing the difference in capacity

for matched TMS versus mismatched TMS and is summarized in

Figure 2B (t[19] = 2.379, p = 0.028, d = 0.532). Capacity scores

did not significantly differ as a function of stimulation site or stim-

ulation frequency (main effect of site: (F[1,19] = 0.14, p = 0.72,

h2
p = 0.01; main effect of frequency: F[1,19] = 0.19, p = 0.67,

h2
p = 0.01). The raw data and code to generate the plots in

Figure 2, as well as versions that depict individual subject traces,

are publicly available on the Open Science Framework (https://

osf.io/ufz56/).

For RT, there was no interaction between TMS site and TMS

frequency (Figure 2C; F[1,19] = 1.32, p = 0.27, h2
p = 0.07) and

thus no significant difference in RT between matched and mis-

matched TMS, although RT was numerically better for matched

TMS (Figure 2D; t(19) = 1.150, p = 0.264, d = 0.257). Combined

with the effect on capacity, this suggests that rhythmic TMS

did not result in a speed-accuracy tradeoff in performance. Addi-

tionally, RT scores did not significantly differ as a function of

stimulation site or stimulation frequency (main effect of site: F

[1,19] = 0.59, p = 0.45, h2
p = 0.03; main effect of frequency: F

[1,19] = 2.87, p = 0.11, h2
p = 0.13).

For the conditions in which the retro-cue was not expected

to systematically drive theta or alpha oscillations in the region

targeted by TMS (retro-cue left with TMS to left MFG and
1750 Current Biology 30, 1748–1754, May 4, 2020
retro-cue right with TMS to left IPS), we did not have an a priori

hypothesis about the systematic effect of rhythmic TMS on per-

formance. Given minimal prior work using this TMS method, the

expected impact of rhythmic TMS applied to regions without reli-

able task-driven neural oscillations is uncertain; the efficacy of

rhythmic TMS may depend (at least in part) on entraining a fre-

quency that is already endogenously present and therefore has

a negligible effect in the absence of task-driven neural oscilla-

tions. Alternatively, it may induce substantive oscillatory activity

de novo that is task-unrelated and therefore interferes with task

performance, it may facilitate task-driven oscillations in the cor-

responding contralateral cortex via interhemispheric connec-

tions and therefore enhance performance, or it may have a com-

bination of these effects. As an exploratory control analysis, we

performed the same analysis for conditions in which theta and

alpha oscillations were not task-driven (Figure S1A and S1B;

see STAR Methods for details) and found no significant effects

in these conditions (Figure S1C and S1D; see Figure S1E and

S1F for all conditions).

Next, to test whether the TMS match-mismatch interaction

effect was greater for conditions with versus without task-

driven oscillations in the region targeted by TMS, we submitted

the capacity scores for all conditions to a three-way ANOVA

with factors of TMS site, TMS frequency, and task-driven neu-

ral oscillations (present or absent). Although the match-

mismatch TMS effect was numerically greater when task-driven

neural oscillations were present in the targeted region, the

three-way interaction test that corresponds to this effect

was not statistically significant (F[1,19] = 0.605, p = 0.446,

https://osf.io/ufz56/
https://osf.io/ufz56/


Figure 3. Brain-Behavior Correlation Anal-

ysis

fMRI blood-oxygenation-level-dependent (BOLD)

signal in frontal and parietal cortex correlated with

the behavioral effect of matched TMS for each

region. The hypothesized model of task-driven

neural oscillations predicts brain-behavior corre-

lations of opposite direction across the two re-

gions: positive for frontal cortex and negative for

parietal cortex.

(A) Subjects who reliably engage theta-dependent

prioritization processes should demonstrate

increased neural activity (greater BOLD signal;

assessed in the fMRI localizer session) in the left

frontal cortex on retro-cue trials that prioritize the

contralateral hemifield, relative to neutral-cue tri-

als. The model predicts that subjects with higher

frontal BOLD signal should therefore demonstrate

the greatest relative benefit from matched (theta)

versus mismatched (alpha) TMS applied to frontal

cortex. We found that frontal BOLD signal was

positively correlated with the TMS effect on ca-

pacity for frontal stimulation (p = 0.014).

(B) Subjects who reliably engage alpha-dependent

suppression processes should demonstrate

decreased BOLD signal (due to the reduced

memory load from four to zero items encoded from

the contralateral visual field and previous reports of

a negative correlation of the BOLD signal and

alpha oscillations) in the left parietal cortex on

retro-cue trials that prioritize the ipsilateral hemi-

field, relative to neutral-cue trials. The model pre-

dicts that subjects with lower parietal BOLD should

therefore demonstrate the greatest relative benefit

from matched (alpha) versus mismatched (theta)

TMS applied to parietal cortex. We found that pa-

rietal BOLD signal was negatively correlated with

the TMS effect on capacity for parietal stimulation,

although this relationship did not reach statistical

significance (p = 0.139). Critically, however, the

predicted difference between brain-behavior cor-

relations for frontal and parietal cortex was signif-

icant (p = 0.0003). *p < 0.05, ***p < 0.001. Brain to

behavior analysis for conditions without task-

driven oscillations is described in Figure S2.
h2
p = 0.031). As a final control analysis, we tested for a more

task-general TMS interaction effect by submitting the capacity

scores for all conditions, collapsed across whether task-driven

neural oscillations were present or absent, to a two-way

ANOVA with factors of TMS site and TMS frequency. There

was a significant interaction such that WM capacity was

greater when the TMS frequency was consistent with the

generally preferred frequency of the targeted region (frontal

theta and parietal alpha versus frontal alpha and parietal theta;

F[1,19] = 8.64, p = 0.00842, h2
p = 0.31). This control analysis

also provides evidence for dissociable contributions of prefron-

tal theta and parietal alpha oscillations to WM performance but

begets a potential alternative account of the rhythmic TMS ef-

fects: theta TMS to prefrontal cortex and alpha TMS to parietal

cortex may enhance WM performance in a more task-general

manner, regardless of whether there are task-driven neural os-

cillations in the targeted region, perhaps by influencing remote

regions via interhemispheric connections.
Because WM capacity and retro-cue benefits can vary sub-

stantially across individuals, we hypothesized that MFG and

IPS activity (assessed during the baseline fMRI session) may in-

dex the degree to which subjects engage task-driven prioritiza-

tion and suppression processes during retro-cue trials [30, 31]

and thus predict the behavioral impact of matched versus mis-

matched TMS. We predicted opposite effects of prioritization

and suppression on neural activity such that there would be a

positive correlation for prioritization processes subserved by

MFG and a negative correlation for suppression processes sub-

served by IPS. Specifically, subjects who reliably engaged prior-

itization processes that depend on prefrontal theta oscillations

should exhibit increased MFG activity on retro-cue relative to

neutral-cue trials, as well as exhibit the greatest benefit from

matched (theta) versus mismatched (alpha) TMS to MFG. In

contrast, subjects who reliably engaged suppression processes

that depend on parietal alpha oscillations should exhibit

decreased IPS activity on retro-cue trials relative to neutral-cue
Current Biology 30, 1748–1754, May 4, 2020 1751



trials, because the retro-cue indicates that the four items pre-

sented in the contralateral hemifield are no longer task-relevant

and therefore reduces the effective memory load for that

hemifield from four items to zero items. Neural activity in parietal

cortex tracks the amount of information maintained in memory

[30–35], and successfully engaging suppression processes

should result in less (now irrelevant) information maintained in

memory and a corresponding decrease in IPS activity. This pre-

dicted relationship between alpha oscillations and fMRI activity

is further bolstered by studies with simultaneous acquistion of

electroencephalography (EEG) with fMRI studies that have found

negative correlations between fMRI activity and alpha oscilla-

tions at rest [36–38].

Across subjects, left MFG activity was positively and signifi-

cantly correlated with the MFG TMS effect (r[18] = 0.55, p =

0.014; Figure 3A), and left IPS activity was negatively correlated

with the IPS TMS effect, although not statistically significant (r

[18] = �0.35, p = 0.139; Figure 3B). Critically, the hypothesized

difference between theMFG and IPS brain-behavior correlations

was significant (z[18] = 3.61, p = 0.0003). As a control analysis,

we performed the same analysis and found no significant effects

for conditions in which theta and alpha oscillations were not ex-

pected to be systematically driven by task demands (Figure S2).

Finally, we found that the hypothesized pattern of brain-behavior

correlations was greater for conditions with versus without

task-driven oscillations in the targeted regions (z[18] = 2.56,

p = 0.010). This dissociation suggests that rhythmic TMS does

not exert its effects in a task-general manner, independent of

whether there are task-driven oscillations in the targeted region,

but instead depends on the presence of endogenous theta and

alpha oscillations associated with prioritization and suppression

demands.

The retro-cue task used here allowed us to isolate output-

gating control processes that operate on internally maintained

WM representations [3, 39] and establish a causal role for

frontal theta and parietal alpha oscillations. Together, the

TMS effects on behavior and the brain-behavior correlations

support the proposed model in which prefrontal theta oscilla-

tions support task-related prioritization demands and parietal

alpha oscillations support task-related suppression demands.

Theta oscillations are observed in the prefrontal cortex during

a variety of tasks that require top-down control signals

[40–45], including tasks that require controlling the priority of

WM representations [3, 12]. When there is a change in the

task relevance of WM representations, theta oscillations may

serve to output-gate a control policy that is maintained in pre-

frontal cortex and provides top-down signals that subse-

quently modulate activity in posterior regions such as parietal

cortex [9], linking recent gating models and the sensory

recruitment model of WM [2, 11, 7–9, 46]. Alpha oscillations

in parietal cortex have been previously shown to play a causal

role in input-gating by suppressing task-irrelevant exogenous

information from being encoded into WM [14]. Our findings

suggest that alpha oscillations also serve to suppress endo-

genous WM representations for information that has already

been encoded into memory but is no longer relevant to guide

future behavior. This view is compatible with the hypothesis

that internal attention acts via the same mechanisms em-

ployed in external attention [1].
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Additionally, our frequency-specific TMS effects provide

causal evidence that the match (or mismatch) between ongoing

task-relevant neural oscillations and the frequency of stimulation

are critical to the behavioral impact of TMS. These results are

consistent with prior observations that theta and alpha oscilla-

tions are often anti-correlated [42, 43, 47], and that functional

connectivity between brain regions displays increased alpha

coherence with suppressed neural activity and increased theta

coherence with active processing [48]. Optimal brain function re-

quires a careful balance between excitation and inhibition of ac-

tivity in neurons and networks [49]. Our findings of antagonistic

oscillatory states of theta and alpha oscillations that are neces-

sary for prioritizing (or suppressing) information necessary to

guide successful behavior may represent a mechanism by which

an optimal excitatory-inhibitory balance is achieved at the

network level.
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources should be directed toward and will be fulfilled by the Lead Contact, Justin Riddle

(riddler@berkeley.edu). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects
Weobtained informed consent from thirty-seven research subjects according to the guidelines of the Committee for the Protection of

Human Subjects and University of California, Berkeley. Potential subjects were screened for contraindications from TMS or fMRI:

implanted devices or metal in body, claustrophobia, tinnitus or hearing problems, color blindness, personal or family history of ep-

ilepsy or convulsion, personal history of fainting, drug or alcohol use in the past 24 h, pregnancy (urine test for all females), history of

head trauma, neurological disorder, chronic or transient sleep disturbance, chronic stress, high blood pressure, medication for any

psychological condition in the past three months. Eight of the 37 subjects were excluded from the fMRI and TMS sessions because

they did not show a beneficial effect of the retro-cues in a behavioral screening session. An additional nine subjects dropped out of

the study due to an inability to make the time commitment required to complete all sessions. Twenty subjects (seven males, ages

mean 21.3 years and standard deviation 3.1 years) completed all four sessions of the experiment and were included in the final

analyses.

METHOD DETAILS

General Procedure and Behavioral Task
The overall experimental design included four sessions: an initial behavior-only session to screen subjects for their ability to perform

the task, an fMRI scanning session to localize regions of interest to be targeted by subsequent TMS sessions, and two TMS sessions

with online stimulation of left MFG and IPS, counterbalanced for order across subjects. Each session was completed on a separate

day.

In the initial behavioral screening, subjects completed a change detection WM task with retro-cues (Figure 1A). On each trial, two

arrays of colored squares were presented around a central fixation cross for 500 ms. The two memory arrays were always on oppo-

site sides of the visual field and each item was equidistant from fixation. The left and right arrays included an equal number of stimuli
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(two, three, or four items per array) on each trial. Following a delay period of 1000ms, a retro-cue (50% of trials) or a neutral cue (50%

of trials) was presented at fixation for 100 ms. Retro-cues took the form of an arrow pointing toward either the left or right visual field.

Subjects were instructed to ‘‘remember’’ the array from the cued visual field and to ‘‘forget’’ the array from the other visual field; the

retrospective cuewas 100%predictive of the array that would be tested at probe. Neutral cues took the form of a double-sided arrow

that provided no predictive information about the upcoming memory probe; subjects were instructed to continue remembering both

arrays. After a second delay period of 1000 ms, subjects were probed with a test array on either the left or right side of fixation, in the

exact same location as the original encoding display. Subjects indicated whether the entire test array matched the memory array or

whether at least one color had changed. On non-match trials the test array could include a novel color not in either memory array, a

color from the memory array not tested, or two colors in the array could have swapped. Subjects had 2000 ms to indicate their

response by making a button press with the index finger (match) or the middle finger (non-match) of their right hand. The conditions

for size of memory array and retro versus neutral cue were intermixed, randomized, and balanced.

We used a fixed stimulus set of nine colors. The colored squares could appear at 12 different locations equally spaced around fix-

ation. On each trial, the two memory arrays were randomly placed contiguously in each visual hemifield, six possible locations each.

The memory arrays were never contiguous to each other within the encoding display and therefore always had at least one empty

location between them. For the screening session, subjects performed on average 90.32 ± 30.36 trials per condition with a minimum

of 36 trials per condition.

As an initial assessment of performance, we compared performance between retro and neutral cues for response time and accu-

racy. At the group level, subjects demonstrated a behavioral improvement from the retro-cue relative to the neutral cue: increased

WM capacity (t(36) = 2.53, p = 0.016, d = 0.42) and decreased response time (t(36) = �11.70, p = 7.95 3 10�14, d = 1.00). Next, in-

dividual subjects were screened for their ability to utilize the retro-cue by comparing their performance to the non-informative neutral

cue. We performed this screening process so that subjects included in the TMS sessions would be more likely to show a retro-cue

benefit and be generating the endogenous neural oscillatory signatures targeted by rhythmic TMS. Out of the 37 subjects screened,

eight displayed suboptimal behavioral performance such that retro-cue performance was worse than or equal to that of the neutral

cue and thus did not participate in the fMRI and TMS sessions of the study.

For the TMS sessions, the behavioral task was restricted to a single set size that that was determined on a subject-specific basis

based on their performance in the initial session. This procedure was designed tomaximize the effect of TMS on behavior by avoiding

floor and ceiling effects on performance. Subjects who did not show a retro-cue benefit for a set size of four, but demonstrated a

retro-cue benefit for a set size of three were given encoding displays of size three for all subsequent sessions, because the exper-

iment was designed to study the cognitive processing of retro-cues. All other subjects were assigned to a set size of four. Of the 20

subjects that completed all session and were included in analyses, eight were assigned to a set size of three.

FMRI and Region of Interest Localization
After the behavioral screening session, subjects underwent an MRI session in order to acquire a high-resolution anatomical scan for

3D stereotaxic navigation and to functionally localize the left middle frontal gyrus (MFG) and left inferior intraparietal sulcus (IPS) for

targeting during subsequent TMS sessions. Subjects performed the same task as the behavioral screening session except with a

fixed set size based on their screening session, and completed three to six runs depending on time constraints of the fMRI procedure.

Each run consisted of 40 trials. Overall, each subject had at least 30 trials, mean 47.89, in each of 4 conditions: probe on the left or

right visual field and cue type (retro or neutral).

MRI data was collected in the Henry H. Wheeler Brain Imaging Center at the University of California, Berkeley on a Siemens 3T

MAGNETOM Trio (Erlangen, Germany) using a 32-channel receive-only coil. We collected a high-resolution structural scan for tar-

geting of TMS and multiple functional MRI scans for localizing the subject-specific task-activated left MFG and IPS. The anatomical

scan was collected using a T1-weighted magnetization-prepared rapid gradient-echo (MPRAGE) sequence with 160 sagittal slices

with 1 mm isotropic voxels, 2.3 s repetition time, interleaved slice acquisition, phase-encoding direction from anterior to posterior,

2.98 ms echo time, 9-degree flip angle, and parallel imaging via GeneRalized Autocalibrating Partial Parallel Acquisition (GRAPPA)

with an acceleration factor of 2. The functional echo planar imaging scans were collected during performance of theWM task using a

T2*-weighted single-shot echo-planar imaging (EPI) sequence with 2.5 mm isotropic voxels, 2.5 s repetition time, descending slice

acquisition, phase encoding direction anterior to posterior, 29ms echo time, 60-degree flip angle, fat saturation, and prescan normal-

ization. The first two volumes of every functional run were discarded upon acquisition; and for analysis purposes, the first two re-

corded volumes were also discarded.

Preprocessing of fMRI data was performed using the Statistical Parametric Mapping 12 toolbox (SPM12, https://www.fil.ion.ucl.

ac.uk/spm) in MATLAB (version 2014a release). All preprocessing steps were performed in SPM12 unless otherwise noted. The

anatomical image had the neck removed (AFNI, https://afni.nimh.nih.gov/), manual reorientation to the anterior commissure, seg-

mentation with mean bias correction, and normalization into the Montreal Neurological Institute (MNI) space. The functional data

were de-spiked at three standard deviations above the mean (AFNI, https://afni.nimh.nih.gov/), slice time corrected, rigid body mo-

tion aligned to themean functional image,manually reoriented to the anterior commissure, normalized intoMNI space, and smoothed

with a FWHM kernel of 4 mm.

A univariate analysis of the fMRI data was performed in MNI space with a general linear model (GLM) analysis that included a re-

gressor for each behavioral condition (retro-cue probe left, neutral-cue probe left, retro-cue probe right, and neutral-cue probe right)

and a regressor for missed trials. Each trial was modeled as a boxcar with onset at the presentation of the encoding display and
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duration until the subject made a response (mean response time relative to the onset of the test probe was 967.3 ms with a standard

deviation of 125.9 ms). If no response wasmade, then the boxcar duration included the full two second response window. The above

regressorswere convolvedwith the canonical hemodynamic response function.We also included 8 nuisance regressors: 6 rigid body

motion realignment parameters and themean signal in whitematter and cerebral spinal fluid. Themasks for whitematter and cerebral

spinal fluid were calculated by SPM12’s segmentation of the anatomical image.

Coordinates used for TMS targeting were defined individually for each subject based on a combination of task activity and coor-

dinates reported by a meta-analysis of retro-cue studies that identified clusters in MFG (�40, 39, 23) and IPS (�34, �76, 26) [3]. The

meta-analysis collapsed across the left and right hemispheres. TMS targeting coordinates were defined individually for each subject

as the peak univariate BOLD activation in the contrast map for a contrast of all task conditions versus baseline that was nearest to the

meta-analysis coordinates and constrained anatomically to the middle frontal gyrus and inferior intraparietal sulcus. A starting

threshold of p < 0.001 was initially selected and then lowered until a supra-threshold cluster was found for each subject. The

mean coordinates across subjects for left MFG in MNI space was (�33.70, 42.70, 27.70) with a standard deviation of (6.10, 6.03,

6.63) and for left IPS was (�30.60,�78.80, 23.80) with a standard deviation of (3.90, 4.18, 6.19; Figure 1C). After the subject-specific

coordinates were defined in MNI space, we created an eight-millimeter sphere surrounding this point and these regions of interest

were back-normalized into native space for online TMS targeting.

Non-Invasive Brain Stimulation
For the third and fourth sessions of the experiment, online rhythmic TMS was delivered to either left MFG or IPS on separate days,

counterbalanced for order, using a MagStim Super Rapid-2 Plus1 stimulator with a MagStim figure-eight 70mm double air film coil

(MagStim, Whitland, United Kingdom). Each subject’s motor threshold (MT) was calculated to calibrate the coil intensity to their spe-

cific sensitivity level. To calculate MT, an electrode was attached to the first dorsal interosseous muscle on the right hand of the sub-

ject. Single pulses of TMSwere delivered to the corresponding hand region of the left motor cortex at a 45-degree angle until the TMS

pulses reliably elicited a motor evoked potential (MEP), defined as a near instantaneous voltage increase of at least 70 microvolts

above baseline (O’Shea et al., 2007). Once a MEP was generated, the intensity was decreased to a level that elicited an MEP on

5 out of 10 TMS pulses.

A custom-built cable triggered trains of 4 biphasic pulses at 110%ofMT in either 5 Hz (theta frequency), 10 Hz (alpha frequency), or

arrhythmic. During online TMS, subjects were activelymonitored for signs of duress andwere encouraged to inform the experimenter

of any discomfort. To ensure the accuracy of TMS targeting, we used Rogue Research’s BrainSight v2.2.11 (Rogue Research, Mon-

treal, Canada) with a Northern Digital Polaris Spectra infrared camera (Waterloo, Ontario, Canada) to register anatomical landmarks

on the subject’s head to their anatomical MRI scan with stereotaxic 3-dimensional tracking. Subject-specific coordinates derived

from that individual subject’s fMRI data were overlaid on the subject’s anatomical image. A trajectory for TMSwas calculated perpen-

dicular to the skull. The coil angle was held constant in the posterior to anterior direction for both TMS sites. Modeling of the electric

currents induced by TMS in spherical models predicts the maximal electric field along the angle of the coil. These models can be

further specified by finite element models that indicate that the greatest induced electric field is in the gyral crown perpendicular

to the coil angle [53]. We chose the TMS coil angle to be oriented along the middle frontal gyrus and intraparietal sulcus, and electric

field strength was expected to vary within this target based on the particular gyral geometry of the subject. During the TMS sessions,

experimenters actively maintained a stable position of the TMS coil aided by a MagStim coil holder and continuous real-time stereo-

taxic tracking. After the delivery of each TMS train, a TTL pulse was generated that recorded the position of the coil relative to the

target trajectory. Trials were rejected from analysis in which the TMS coil position deviated greater than 5 mm from the target trajec-

tory (mean 1.66% with standard deviation 2.19% of trials were removed). For technical reasons, one session of one subject did not

have usable stereotaxic tracking data and all trials for this session were included in the analysis.

A previous experiment found behaviorally relevant alpha oscillations from 300 to 800 ms and theta oscillations from 100 to 600 ms

after the onset of the retro-cue [3]. Based on the timing of these oscillations, we delivered a train of TMS 100ms after the onset of the

retro-cue to maximally overlap with both of these relevant time windows (Figure 1D). Each biphasic TMS pulse was a brief event last-

ing only about one fourth of a millisecond. Thus, an alpha frequency train consisted of four pulses of TMS with an inter-pulse interval

of 100ms (10 Hz) and total duration of 300ms, and theta frequency TMS consisted of four pulses of TMSwith an inter-pulse interval of

200ms (5 Hz) and total duration of 600ms. Arrhythmic-TMSwas used as a control stimulation to account for any non-frequency spe-

cific physiological effects of receiving TMS pulses in the same window of time. The total duration of arrhythmic TMS varied uniformly

between that of alpha and theta frequency TMS (300 to 600 ms). Arrhythmic-TMS trains were constrained such that each pulse was

separated by at least 20 ms. Each arrhythmic train was generated randomly and checked for its proximity to either alpha or theta

frequency pulse patterns. A generated pulse pattern was discarded if all three intervals had values in the range of 80-120 ms or if

all three intervals had values in the range of 180-220 ms, and a new pattern was randomly generated. In order to control for non-fre-

quency specific effects of online TMS within each subject, we computed differences scores for each condition by contrasting alpha/

theta-TMS versus arrhythmic-TMS, e.g., retro-cue probe right trials that received alpha-TMS to MFG minus retro-cue probe right

trials that received arrhythmic-TMS toMFG. These differences scores were used for all statistical analyses. This procedure also con-

trols for differences in set size across subjects.

To maximize statistical power, the TMS sessions had a fixed set size and only retro-cues. Subjects completed two TMS sessions:

one session for each TMS site randomized and counterbalanced for order. Each TMS session contained eight blocks of 48 trials each

with six conditions (theta TMS probe-right, alpha-TMS probe-right, arrhythmic-TMS probe-right, theta-TMS probe-left, alpha TMS
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probe-left, and arrhythmic-TMS probe-left). Overall, each subject completed 384 trials in each TMS session (768 trials across both

TMS sessions) for a total of 64 trials in every experimental condition.

QUANTIFICATION AND STATISTICAL ANALYSIS

Primary Data Analysis
To control for differences in set size and given that we used the full memory array for our probe, we calculated performance using

Pashler’s metric for capacity [54]. Pashler’s capacity is calculated as the memory load multiplied by the hit rate (correct responses

during match trials) multiplied by the false alarm rate (incorrect responses during non-match trials) divided by one minus the false

alarm rate.

Our primary analysis was to test for frequency specific effects of TMS for conditions in which we expected theta and alpha oscil-

lation to be driven by the retro-cue. For left MFG TMS, we used conditions with a retro-cue probe right (contralateral). In this condi-

tion, information presented in the contralateral visual field must be prioritized. For left IPS TMS, we used conditions with a retro-cue

probe left (ipsilateral). In this condition, information presented in the contralateral visual field must be suppressed. We performed a

two by two (TMS site by TMS frequency) repeated-measures analysis of variance (ANOVA) for capacity and response time. Our

experimental design was optimized such that a single test could be used to assess the impact of TMS on behavior. We hypothesized

an interaction between TMS site and TMS frequency such that TMS frequency matched to the TMS site (theta for MFG, and alpha for

IPS) would increase performance relative to when the TMS frequency was mismatched to the TMS site (alpha for MFG, and theta for

IPS).

As an exploratory control analysis, we tested for a TMS site by TMS frequency interaction for the task condition without task-

driven theta and alpha oscillation in the targeted regions. For left MFG TMS with retro-cue probe left, stimulation was ipsilateral to

the prioritized visual field and there was no task-driven activity in this region (Figure S1A). For left IPS TMSwith retro-cue probe right,

stimulation was ipsilateral to the suppressed visual field and there was no task-driven activity in this region (Figure S1B). While

arrhythmic-TMS controlled for non-specific effects of TMS, the conditions in which theta and alpha oscillations are not driven by

the retro-cue in the targeted region serve as a control for our cognitive manipulation.

Brain-Behavior Correlation Analyses
To assess ROI activity for each condition, we first definedMFG and IPSROIs for each subject by creating a sphere of radius eight mm

centered around the TMS target coordinates for each subject. We then took the mean of the parameter estimates (beta value) across

the ROI for each condition in the GLM. These mean values were then used to create two contrasts for correlation analyses. For the

MFG ROI, we contrasted the retro-cue probe right condition minus the neutral-cue probe right condition. For the IPS ROI, we con-

trasted the retro-cue probe left condition minus the neutral-cue probe left condition. Each of these contrasts differs on the feature of

interest (retro-cue) but controls for visual stimulation and the hemifield of the test probe. One subject had activity more than three

standard deviations below the mean for the MFG ROI contrast and was thus omitted from both brain-behavior correlations. These

measures of brain activity were then correlated with specific TMS effects: activity in the MFG ROI was correlated with the behavioral

effects of theta-TMS to MFG for retro-cue probe right minus alpha-TMS to MFG for retro-cue probe right. Activity in the IPS ROI was

correlated with alpha-TMS to IPS for retro-cue probe left minus theta frequency TMS to IPS for retro-cue probe left. The ROIs were

defined based on an independent contrast of all task conditions versus baseline. Thus, differences in the signal to noise ratio within

the regions of interest could not explain the hypothesized inverse relationships.

As a control for the brain behavior analysis, we correlated brain activity in the MFG ROI for retro-cue probe left minus neutral-cue

probe left to the behavioral effects of theta-TMS toMFGwith retro-cue probe left minus alpha-TMS toMFGwith retro-cue probe left.

For IPS, we correlated BOLD signal in the IPS ROI for retro-cue probe right minus neutral-cues probe right to the behavioral effects of

alpha-TMS to IPS with retro-cue probe right minus alpha-TMS to IPS with retro-cue probe right. These are the same control condi-

tions used in the behavioral analysis that account for non-specific effects unrelated to our cognitive manipulation.

DATA AND CODE AVAILABILITY

All analyses were run using custom code in MATLAB, the Statistical Parametric Mapping 12 (SPM12) toolbox, Analysis of Functional

Neuroimaging toolbox (AFNI). Code and processed data used for the final analyses are available at https://osf.io/ufz56/. The raw data

for this study are available upon request to the Lead Contact. The authors declare that all requests within reason will be fulfilled.
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Figure S1. Behavioral analysis of rhythmic TMS on WM performance for conditions 

without task-driven oscillations. Related to Figure 1 and Figure 2. 



A retro-cue to the left visual field was not expected to drive theta oscillations in the left 

frontal cortex (A); and a retro-cue to the right visual field was not expected to drive alpha 

oscillations in the left parietal cortex (B). Due to the lack of a strong hypothesis for the 

neural activity on these conditions (depicted as a question mark in the region targeted by 

TMS), we did not predict an effect of rhythmic TMS. We calculated difference scores 

relative to arrhythmic-TMS and performed a two by two (TMS site by TMS frequency) 

repeated-measures ANOVA for the capacity (C) and response time (D) difference scores. 

There was no interaction for either capacity (F(1,19) = 1.91, p = 0.18, η2p = 0.091)  or 

response time (F(1,19) = 1.09, p = 0.31, η2p = 0.054). Site-frequency congruency is 

defined as the conditions that would produce a behavioral benefit if the task-driven activity 

were also present, and site-frequency incongruency refers to the conditions that would 

have produced a behavioral detriment. The bottom row shows the capacity € and 

response time (F) for each individual condition that were used to calculate difference 

scores. The task conditions are defined as a retro-cue to the right visual field (RVF) or to 

the left visual field (LVF) and are arranged by TMS session: TMS applied to left frontal 

cortex or left parietal cortex. Retro-cues to the contralateral visual field (RVF) have been 

previously shown to drive theta oscillations in Frontal cortex (highlighted in light orange); 

and retro-cues to the ipsilateral visual field (LVF) drive alpha oscillations in Parietal 

(highlighted in light blue). The control conditions, when the retro-cue was not expected to 

drive theta or alpha oscillations, are highlighted in light grey. TMS was applied in either 

theta frequency (orange), alpha frequency (blue), or in an arrhythmic control condition 

(dark grey). Error bars are within-subject SEM. 

  



 

Figure S2. Brain Behavior Correlation Exploratory Analysis. Related to Figure 3. 

 A retro-cue to the left visual field was not expected to drive theta oscillations in the left 

frontal cortex (A); and a retro-cue to the right visual field was not expected to drive alpha 



oscillations in the left parietal cortex (B). When the retro-cue did not drive neural 

oscillations in the regions targeted by TMS, we do not expect a systematic change in the 

targeted region for retro-cue relative to neutral-cue (depicted by a question mark). 

Therefore, we did not expect to find a correlation between neural activity as measured by 

blood-oxygenation dependent (BOLD) signal and the behavioral effect of TMS on 

capacity in the control conditions. As hypothesized, we did not find a correlation between 

BOLD signal and TMS effect in frontal cortex (r(18) = 0.06, p = 0.794; A) or parietal cortex 

(r(18) = -0.26, p = 0.263; B). There was no significant difference between the correlations 

for frontal and parietal TMS (z(18) = 1.05, p = 0.29). 
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