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3van der Meij, R., F. van Ede, and E. Maris. (2016). Rhythmic components in extracranial brain signals reveal multifaceted task modulation of overlapping neuronal activity. PLoS ONE,  11: p. e0154881
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Decomposition of EEG reveals a diversity of beta-band responses 
to a single pulse of TMS
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Background TMS-related components

Spatially-distributed PhAse Coupling Extraction with a Frequency-Specific Phases model2-3

Advantages of SPACE:

• A signal decomposition application of parallel factor analysis that extracts phase-coupled oscillatory networks
• Identifies neurobiologically plausible rhythms
• Not a source localization method; separates and characterizes signal at the scalp level attributable to discrete coupled oscillators
• Is not subject to non-physiological statistical constraints (e.g., orthogonality, maximum variance, statistical independence). 
• Provides the strength of the component on each trial (“trial loadings”) for analysis of task modulations
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Single-pulse TMS briefly reinstates multivariate decodability of an unprioritized memory item (UMI) from 
concurrently measured EEG, localized to the beta-frequency band1.

Adaptation of Fig S51

Retrocues that inform subjects that they can
drop an item from memory result in a rapid loss
of multivariate evidence for the no longer
relevant item (11, 17). Nonetheless, proactive inter-
ference from stimuli presented on previous trials
indicates that the brain retains a residual trace
of such recent, but no longer relevant, informa-
tion (18). An important test of state-based models
of WM is whether there is a functional distinc-
tion between UMIs (putatively held in a state
of activated LTM) and dropped information (no
longer in WM). In experiment 3, with a differ-
ent group of participants, we also administered
TMS after the second cue, after which the un-
cued item would no longer be relevant on the
trial, and at which point it should have the same
status as an irrelevant item. If the TMS reacti-
vation effect is a consequence of an item being
maintained in a privileged state, it should only
be observed when that item is still potentially
relevant for the trial. We also jittered the onset
of TMS between 2 and 3 s after the cues (14)
and standardized TMS by targeting the same
region on every trial for all participants—an
MVPA-defined region in the right precuneus
known to be critical for the top-down control of
visual attention (19) (Fig. 4A).
For the first half of the trial, the results from

experiment 3 replicated those from experiment
2 (Fig. 4B), with a robust TMS reactivation ef-
fect for the UMI (BF = 9.8 against the null). For
the delay period following the second cue, how-
ever, there was no evidence for significant decod-
ing of the uncued item following the TMS pulse
(BF = 3.4 in favor of the null). These results sug-
gest that UMIs are maintained in a different state
than are items that have been dropped fromWM,
and that the mechanisms that maintain latent
representations in WM are dynamic and modifi-
able via cognitive control (20).
Because our design entails decoding at the

category level, it does not rule out the pos-
sibility that the TMS reactivation effect reflects
a general reinstatement of category context (21),
rather than the temporary activation of the
UMI itself. The idea that the representation of
the UMI itself drives this effect would be
strengthened by demonstrating that TMS can
influence recognition memory decisions on this
task. If the TMS reactivation effect reflects a
temporary reinstatement of the UMI back into
the focus of attention, participants should have
more difficulty rejecting the UMI as a lure when
probing their memory of the AMI.
In experiment 4, we presented recognition

memory probes that matched the AMI on 50%
of trials; of the 50% of nonmatch probes, 30%
were drawn from the same category as the AMI,
and a critical 20% matched the UMI (14). Par-
ticipants were instructed to reject memory
probes that did not match the AMI. Critically,
only for the first probe was there an increased
proportion of false alarms to the UMI for TMS
relative to no-TMS trials (Fig. 3C, P = 0.01, BF =
3.48) (14).
Our results have important implications for

the understanding of WM at many levels. They
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Fig. 3. Experiment 2 EEG decoding (train and test on phase 2 data): Classifier accuracy (area under
curve, AUC) as a function of an item’s status at the time of the first cue, collapsed across stimulus
category. AUC reflects classifier sensitivity to discriminating between evidence for the AMI or UMI relative
to the absent category. (A) Classification time series of the AMI and UMI upon stimulus presentation (red
and blue circles), the first cue (red triangle), TMS, and first probe (red rectangle), averaged over N = 18
sessions, 2952 trials (decoding ends where the AMI and UMI switched on 50% of the trials). (B) De-
coding UMIs as a function of whether TMS targeted that item’s phase 1–defined region or a different cat-
egory’s region. Color-coded small squares at the top of each plot indicate P < 0.05; line width reflects SEM.
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Fig.*S5.!Features!that!are!important!for!decoding!category!specific!representations!of!the!AMI!

and!UMI!from!the!EEG:!the!AMI!could!be!decoded!from!oscillations!in!the!thetaTband!during!

the!recognition!memory!probe!period;!the!AMI!could!be!decoded!from!alphaTband!activity!

during!the!delay!and!memory!probe!phases;!both!the!AMI!and!UMI!could!be!decoded!from!the!

betaTband!following!administration!of!TMS.!Thus,!oscillations!in!the!betaTband!underlie!the!

TMSTinduced!reactivation!effect.!

!

Supplemental*Analyses*for*Experiment*4.**To!examine!the!effect!of!TMS!on!the!ability!to!reject!

the!UMI!nonmatch!probes,!a!mixed,!repeatedTmeasures!ANOVA!on!recognition!performance!

on!nonmatch!probes!with!stimulus!type!(UMI,!AMInm),!probe!number!(1,!2),!and!TMS!

condition!was!conducted!on!the!data!presented!in!Fig.!5C.!There!was!a!significant!main!effect!of!

stimulus!type,!F(1,39)=15.37,!p<.001,!as!well!as!a!significant!interaction!between!stimulus!type!
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What are the physiological bases 
of TMS “reactivation” effects?

Approach: SPACE-FSP

Current analysis:

• Data from Rose et al. (2016; 
Experiments 2 & 3)

• 500 ms window epochs: (i) TMS-
related oscillations (24 sessions); 
(ii) cue-related oscillations (18 
sessions)

de novo
evoked 
responses 
with 
manipulation

modulation of
existing
oscillations 
with 
manipulation

Do TMS effects arise from de novo evoked responses 
or modulation of existing oscillations?
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Fig.*S3.*The!time!frequency!representation!spectrogram!for!the!whole!trial!timecourse!from!Experiment!

3!timeTlocked!to!the!first!TMS!pulse!in!electrode!P2.!The!figure!shows!event!related!spectral!

perturbations!associated!with!the!presentation!of!the!stimuli!(~5!Hz)!and!administration!of!TMS!across!

most!frequencies.!The!spectral!data!depict!the!features!that!were!used!in!the!EEG!decoding!analyses.!

*

*

MVPA*decoding*

! MVPA!was!performed!in!MATLAB!using!the!EEG!Analysis!Toolbox!(32)!

(code.google.com/archive/p/eeganalysisTtoolbox/)!together!with!the!Princeton!MVPA!toolbox!

(code.google.com/p/princetonTmvpaTtoolbox).!The!classification!algorithm!used!for!this!

analysis!was!L2Tregularized!logistic!regression,!with!a!penalty!term!set!to!1!based!on!prior!

research!(7).!Because!participants!performed!the!Phase!1!task!in!the!MRI!scanner,!the!EEG!

decoding!analysis!scheme!considered!each!0.5!sec!time!point!of!the!Phase!2!task!as!a!separate!

training!exemplar,!so!that!every!trial!yielded!40!exemplars.!Each!feature!was!zTscored!across!all!

trials!and!time!points.!The!leaveToneTout!crossTvalidation!scheme!trained!a!classifier!on!data!
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Time Frequency Representation Spectrogram 

P2 

-  34 Frequencies (2-50 Hz), 60 Channels 
-  Leave-one-trial-out cross-validation 

-  Presence vs. Absence of each category 
-  L2-Regularized Logistic Regression  

 (see LaRocque et al. 2012, JoCN) 

EEG Decoding (Phase 2 Only) 

TMS TMS 

Adaptation of Fig S31
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multivariate decoding

Are there candidate “TMS Reactivation”-related components?
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Are there candidate components related to cue 2 stay/switch operations? 
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• SPACE decomposition of EEG data reveals a diverse array of responses to single-pulse TMS and retrocues during a dual-serial 
retrocue working memory task.  

• These results comprise a promising first step towards understanding the neurophysiology underlying previously-reported findings 
using multivariate approaches.

• These results are consistent with the idea that dynamics in the beta band accompany transitions between activation states in 
working memory and support the ability of TMS to reactivate UMIs through diverse responses in those dynamics. 

• Hanning tapers, frequency-
dependent window length

• Frequency range: [8-40 Hz]
• 3 cycles per window
• Sliding window in steps of 50 ms

Per session:

M = 22 (SD = 2) components
M = 13 (SD = 2) alpha components
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Are there candidate components related to cue 1 prioritization operations? 
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