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Abstract

A common procedure for studying the effects on cognition of repetitive transcranial magnetic
stimulation (rTMS) is to deliver rTMS concurrent with task performance, and to compare task
performance on these trials versus on trials without rTMS. Recent evidence that TMS can have
effects on neural activity that persist longer than the experimental session itself, however, raises
questions about the assumption of the transient nature of rTMS that underlies many concurrent (or
“online”) rTMS designs. To our knowledge, there have been no studies in the cognitive domain
examining whether the application of brief trains of rTMS during specific epochs of a complex
task may have effects that spill over into subsequent task epochs, and perhaps into subsequent
trials. We looked for possible immediate spill-over and longer-term cumulative effects of rTMS in
data from two studies of visual short-term delayed recognition. In 54 subjects, 10-Hz rTMS trains
were applied to five different brain regions during the 3-second delay period of a spatial task, and
in a second group of 15 subjects, electroencephalography (EEG) was recorded while 10-Hz rTMS
was applied to two brain areas during the 3-sec delay period of both spatial and object tasks. No
evidence for immediate effects was found in the comparison of the memory probe-evoked
response on trials that were vs. were not preceded by delay-period rTMS. No evidence for
cumulative effects was found in analyses of behavioral performance, and of EEG signal, as a
function of task block. The implications of these findings, and their relation to the broader
literature on acute vs. long-lasting effects of rTMS, are considered.

Keywords

repetitive transcranial magnetic stimulation; long-term effects; electroencephalography; working
memory

INTRODUCTION

TMS is a powerful tool that uses the principle of electromagnetic induction to alter neural
activity in a localized brain area. The safe, noninvasive nature of this technique allows for

Corresponding Author: Bradley R. Postle, Dept. Psychology, UW-Madison, 1202 W. Johnson St., Madison, W1 53706,
postle@wisc.edu, Phone: (608) 262-4330, Fax: (608) 262-4029.
These two authors contributed equally to this work.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hamidi et al.

Page 2

study of normal brain function in humans (e.g., Pascual-Leone et al. 1999; Sack et al. 2007).
TMS complements such physiological measurement techniques as functional magnetic
resonance imaging (fMRI) and electroencephalography (EEG) by supporting stronger
conclusions than these inherently correlational methods about brain-behavior relationships.
And because the effects of TMS on brain function and behavior can differ considerably as a
function of how it is delivered, it is also a very flexible technique. For example, when
delivered for an extended period of time at a relatively low frequency (< 1 Hz), or in “theta-
burst” mode (brief 50 Hz trains delivered at 5 Hz), it has the effect of decreasing overall
activity in the targeted region, thereby taking the region temporarily “offline” and enabling a
“virtual lesion” procedure (e.g., Gerschlager et al. 2001; Romero et al. 2002; Huang et al.
2005). When delivered as single pulses that are carefully timed relative to stimulus delivery
(with up to millisecond precision), it can serve as a tool for mental chronometry (Walsh and
Pascual-Leone 2003). These are just two examples. The focus of this report is a third type of
procedure that takes advantage of the ability to precisely control the timing of TMS: When
delivered concurrent with performance of a cognitive task, high-frequency repetitive TMS
(rTMS; > 5 Hz) can target discrete components of multicomponent cognitive tasks (e.g.,
Pascual-Leone et al. 2000; Robertson et al. 2003).

Often intended in this mode as a tool for “virtual neuropsychology” (Walsh and Pascual-
Leone 2003), the concurrent rTMS approach is touted as having the advantage over lesion
studies of isolating the experimental intervention to the trial component of interest, leaving
the other components of the trial unaffected. For example, by comparing the effects of rTMS
delivered during the delay period versus the response period of a spatial delayed-recognition
task, we were able, in previous work, to demonstrate selective sensitivity of the former to
rTMS of the superior parietal lobule (SPL) and of the latter to rTMS of the prefrontal cortex
(PFC). We interpreted these results as evidence for a selective role for these two regions in
short-term retention vs. probe discrimination and response processes, respectively (Hamidi
et al. 2008; Hamidi et al. 2009). Note that this interpretation depended on the assumption
that the effects of rTMS on brain function were limited to the periods of time during which it
was being delivered. We will refer to this as the transience assumption. Although this
assumption is of central importance to the concurrent rTMS approach, it has not, to our
knowledge, been thoroughly evaluated. The purpose of the analyses described here is to
evaluate the transience assumption using two types of measure — behavior and
electroencephalography (EEG) -- and from the standpoint of two different time scales --
immediate (i.e., that a train of rTMS may have an effect that persists immediately after it’s
offset -- a “residual” or “spillover” effect), and cumulative (i.e., that later portions of an
experimental session may differ from early portions as a function of the number of trains of
rTMS delivered over the course of the experiment).

The importance of these two time scales can be illustrated by considering the Hamidi et al.
(2008) study in which delivery of a 3-sec train of 10 Hz rTMS during the (3 sec-long) delay
period had the selective effect for SPL, but not other cortical areas, (including PFC and the
leg area of primary somatosensory cortex (S1) of the postcentral gyrus, a control area), of
speeding the response time (RT) to the memory probe. The interpretation of this result was
that the SPL, but not the other regions, contributed importantly to the delay-period retention
of spatial information. A failure of the transience assumption on the immediate time scale,
however, would mean that our results might actually be due to a residual effect of delay-
period rTMS on SPL contribution to one or more probe-related functions (e.g., probe
perception, comparison to the probe to the memory trace, generation and/or execution of the
response). A failure of the transience assumption on the cumulative time scale, in contrast,
would complicate our interpretation for a different reason. It would be possible that, if, for
example, PFC was more susceptible to cumulative effects of rTMS than was SPL, the
cumulative effect of rTMS on rTMSgpgen: trials, which were interleaved with rTMSpyesent
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trials, might minimize the difference between the two, thus rendering ambiguous whether
delay-period rTMS had no effect on PFC (as we concluded in the Hamidi et al. (2008)
study) or whether it had an effect on the control trials (i.e., FTMSgpgent trials) that was
comparable in magnitude to its effect on the experimental trials (i.e., 'TMSgresent trials).

The specifics of the situation summarized here (and of the analyses to be presented in this
report) are somewhat idiosyncratic to the task procedure and rTMS protocol that we have
employed in several of our studies of working memory function (i.e., Postle et al. 2006;
Feredoes et al. 2007; Hamidi et al. 2008; Hamidi et al. 2009; Hamidi et al. 2010). For
example, accepted safety standards dictate that trials containing a seconds-long train of
delay period-spanning rTMS be followed by a lengthy intertrain interval (Wassermann
1998; Rossi et al. 2010), which is implemented in our studies by intertrial intervals (ITI) of
> 10 sec. More common in the literature are rTMS studies that employ shorter stimulation
trains and, consequently, shorter intertrain intervals (e.g., see the extensive review in Rossi
et al. 2010). Nonetheless, understanding the conditions under which the transience
assumption does and does not hold is of general interest for the design and interpretation of
rTMS experiments, and the analyses presented here will contribute to this effort. For
example, one can see how a failure of the assumption of transience, at either of the two time
scales considered up to this point, would also be problematic for concurrent rTMS designs in
which rTMS delivery is blocked, and its effects compared against blocks featuring no rTMS,
low intensity rTMS, or sham rTMS. There are many examples of such designs in the
literature, with some that have been used to study working memory discussed in Hamidi et
al. (2008).

The importance of these considerations is heightened by the fact that there is a third time
scale over which it is well documented that the assumption of transience is decidedly not
valid: A recent review of the results from more than 50 published reports makes clear that
most types of rTMS protocols can be expected to produce effects that endure after the
experimental session is over (Thut and Pascual-Leone 2010), what we will refer to as
postsession effectsL. Indeed, regardless of whether the procedure entailed low-frequency,
theta-burst, or high-frequency rTMS, the vast majority of studies reported postsession
effects that endured beyond the experimental session by an average of 35 min. What varied
as a function of procedure was the sign of these long-lasting effects, with low-frequency and
theta-burst most often producing negative (or suppressive) aftereffects and high-frequency
rTMS most often producing positive (or facilitative) aftereffects.

Unlike postsession effects, direct evidence pertaining to immediate and cumulative effects
of rTMS is sparse. In a very literal sense, we know that TMS does have immediate effects,
in that there is a TMS-evoked response that plays out over the few hundred milliseconds
after the discharge of the TMS coil, whether TMS is delivered as single pulses (e.g., Komssi
et al. 2002; Ferrarelli et al. 2008; Rosanova et al. 2009) or in high-frequency trains (Hamidi
et al. 2010). In the context of the transience assumption, however, we are concerned with
whether the effects of rTMS delivered during one epoch of a trial may “spill over” to
influence task-related neuronal processing in the subsequent epoch. Just such an effect has
been described in the anaesthetized cat, for which a 4 sec-long train of 4 Hz rTMS has a
suppressive effect on visually evoked spiking, an effect that lasts between 100 and 200 sec
(Pasley et al. 2009). In the human, we have seen that the magnitude of several components
of the response evoked by each pulse within a 30-pulse train of 10 Hz rTMS varies
quadratically as a function of position within the train (Hamidi et al. 2010). What we do not
yet know, however, and what we will investigate here, is whether this train of 10 Hz rTMS,

ror procedures that are intended to have long-lasting clinical effects, such as the treatment of depression, achieving long-lasting
effects is, of course, an important goal of the intervention.
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which is delivered during the delay period of a delayed-recognition task, also influences the
processing of the memory probe that follows the delay period. With regard to the cumulative
time scale, there exists even less relevant data of which we are aware. Indeed, all we know
at present is that the within-train quadratic trends described above did not vary as a function
of task block (Hamidi et al. 2010). (That is, there seems to be no cumulative change in the
within-train immediate effects of TMS.) For the present report we reanalyzed data from two
recent studies (Hamidi et al. 2008; Hamidi et al. 2009) in which rTMSpesent trials were
randomly interleaved with rTMSgpeen: trials, with the reasoning that if exposure to multiple
trains of rTMS leads to functionally-relevant changes in brain activity, then behavioral and/
or EEG measures on later trials in the experimental session would be affected to a greater
extent than on earlier trials.

Detailed descriptions of the experimental procedures are presented in Hamidi et al. (2008;
which we will refer to as the rTMS-only study) and Hamidi et al. (2009; which we will refer
to as the rTMS-EEG study). We briefly describe them below.

In the rTMS-only study 54 young adults (28 male, mean age = 22.7 [S.D. = 4.4])
volunteered. In the rTMS-EEG study, 15 young adults (12 male, mean age = 22.5 [S.D. =
3.8]) participated. In both studies, subjects did not have any psychiatric or neurological
conditions, as determined by a psychiatrist or clinical psychologist who administered a
structured psychiatric diagnostic interview (MINI, Sheehan et al. 1998) and mood
assessment (HAM-D, Hamilton 1960). The study protocols were approved by the local
ethics committee.

Behavioral Task

In both studies, subjects performed a delayed-recognition spatial working memory task. In
the rTMS-only study, only location memory trials were performed (see Fig. 1A). Prior to
data collection, each subject practiced the task(s) until achieving a criterion level of
performance of > 75% correct. In the rTMS-EEG study, trials of location memory and object
visual memory were interleaved (See Fig. 1B). In both studies, subjects were presented with
four targets in random locations on the screen. After a 3-sec delay a probe stimulus was
presented for 1 sec. Subjects were required to make a yes/no response with a button box,
indicating whether the probe stimulus matched either the location or the identity, depending
on the trial type, of any of the target stimuli. They were told that only responses registered
within a 3-sec response window would be scored as correct, and instructed to respond as
quickly as possible while prioritizing accuracy over RT.

In both tasks, rTMS was blocked by brain area, with order of brain area counterbalanced
across subjects. In the rTMS-only study, the task was administered in 4 runs of 12 trials each
per target brain area, for a total of 48 trials per brain area targeted, with rTMS delivered
unpredictably on half of these trials. In the rTMS-EEG study, the task was administered in 8
blocks of 24 trials, for a total of 192 trials per brain area targeted, 96 of which were location
memory trials, with rTMS delivered unpredictably on half of these trials. Thus, the rTMS-
only study administered rTMS on a total of 24 trials per brain area, and the rTMS-EEG study
administered rTMS on a total of 48 location-memory trials and 48 object-memory trials per
brain area.

Brain Topogr. Author manuscript; available in PMC 2012 January 1.
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In both studies, during trials with rTMS, subjects received a 3-sec, 10-Hz (110% MTZ)
rTMS train coinciding with the 3-sec delay period. TMS was delivered with a Magstim
Standard Rapid magnetic stimulator fit with a 70-mm figure-8 stimulating coil (Magstim
Co., Whitland, UK). Accurate targeting of each brain areas was achieved by obtaining a
high resolution anatomical MRI of each subject with a 3-T scanner (GE Signa VH/I, 256
saggital slices, 0.5mm x 0.5mm x 0.8mm) and using an infrared-based frameless stereotaxy
system (eXimia Navigated Brain Stimulation, NexStim, Helsinki, Finland).

In the rTMS-only study participants were divided into two groups. In Group 1, the dIPFC
and SPL were experimental targets, whereas S1 served as a cortical control area. In Group 2,
the FEF and IPS were targeted, in addition to S1. For Group 1, the dIPFC target was
identified as the middle frontal gyrus on the ventral bank of the superior frontal sulcus at the
level of the sulcus frontalis medius (intended to target the border of Brodmann areas 9 and
46), and the SPL target as gyral tissue dorsal and medial to the intraparietal sulcus and
posterior to the postcentral sulcus (intended to target Brodmann area 7). The left hemisphere
was targeted in 18 subjects, the right in 12. For Group 2, the FEF target was defined as the
rostroventral portion of the intersection of the superior frontal and precentral sulci, and the
IPS as the medial bank of the IPS at the level of the parieto-occipital fissure. In Group 2 the
left hemisphere was targeted in 12 subjects and the right in 12. In both groups, S1 served as
a control stimulation site, as was identified (in the same hemisphere as the experimental
targets for each subject) as an area immediately posterior to the central sulcus and close to
the midline. Each trial lasted 15.5 sec, and with 12 trials each, a task block lasted 3 min 6
sec with a three-to-five minute break between blocks. Stimulation was blocked by region,
with order counterbalanced across subjects. After 4 blocks, the TMS coil was repositioned
over the second target (which typically took approximately 10 to 15 min) and another 4
blocks of task was performed. Finally, another 4 blocks of task was similarly performed for
the third brain area. For each rTMSpesent trial, 30 TMS pulses were delivered during the
delay period of the task, resulting in 180 pulses per block, 720 pulses per brain area targeted,
and 2160 pulses overall.

In the rTMS-EEG study, the left SPL and left S1 were targeted in all subjects, identified as
in the rTMS-only study, with each region stimulated on a separate day, and order or region
counterbalanced across subjects. For each rTMSpyegent trial, 30 TMS pulses were delivered
during the delay period of the task, resulting in 360 pulses per block, and 2880 pulses per
brain area targeted.

Details of the EEG recording and analysis techniques are described in Hamidi et al. (2009;
2010). In summary, EEG was recorded with a 60-channel carbon cap and TMS-compatible
amplifier (NexStim, Helsinki, Finland). To reduce residual TMS-related artifacts, the
impedance at each electrode was kept below 3 kU. The right mastoid was used as the
reference and eye movements were recorded using two additional electrodes. Data were
acquired at 1450 Hz sampling rate with 16-bit resolution. Data were processed offline using
the EEGLAB toolbox (Delorme and Makeig 2004) running in a MATLAB environment
(Mathworks, Natick Massachusetts, USA). The data were first down-sampled to 500 Hz and
then bandpass filtered between 0.1 and 500 Hz. After this, the data were cleaned of large
movement-related artifacts, and channels with excessive noise were reinterpolated by using
spherical spline interpolation. Prior to analysis, the data were rereferenced to an average of

2Except for 12 subjects in experiment 1, for all subjects the stimulation intensity was corrected for scalp-cortex distance (Stokes et al.
2005). For the remaining 12 subjects, rTMS was applied at 110% MT at all brain areas targeted.
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all 60 channels. Independent components analysis (ICA) was used to identify
nonphysiological TMS-related artifacts, which were removed prior to partitioning data by
behavioral condition.

Analysis strategy

The original analyses of the behavioral data from the rTMS-only and rTMS-EEG
experiments aggregated across trials and averaged across subjects. Here, the results are
organized by time scale over which the transience assumption is being analyzed.

Immediate effects—For the delayed-recognition task, immediate effects of rTMS can
only be studied with a physiological measure. This is because the button press only occurs
several hundred msec after the onset of the memory probe, and, therefore, one cannot know
whether a change in behavior associated with delay-period rTMS was due to the
intervention’s influence on neural processing that occurred concurrent with the rTMS, that
occurred shortly after the offset of the rTMS, or to some combination of the two. Therefore,
the analyses related to immediate effects were restricted to analyzing the probe-evoked
event-related potential (ERP) from the rTMS-EEG study (Hamidi et al. 2009). Specifically,
for rTMSpresent and rTMSzpsent conditions, we compared the mean amplitude of the ERP
recorded at posterior electrode POz across four different temporal windows corresponding to
each of the major deflections in the probe-evoked ERP (see Fig. 2).

Cumulative effects—The existence of cumulative effects can be assessed with both
behavioral and physiological measures. The two studies that we reanalyzed for this report
were each designed with rTMSpresent and rTMSzpsent trials occurring unpredictably, and in
equal numbers, in each block. Thus, cumulative effects on behavior were assessed by
averaging performance on rTMSgpeent trials by block, and testing for systematic changes as a
function of block. This was done separately for the TMS-only, Group 1 (SPL and dIPFC;
Fig. 3), TMS-only, Group 2 (IPL and FEF; Fig. 4), and TMS-EEG (Fig. 5) datasets.

Analogously, cumulative effects on the EEG could be assessed by selectively averaging the
signal by block. For rTMS,peent trials, we calculated the mean global field power (GFP,
Lehmann and Skrandies 1980) across the central 2000 msec of the delay period (beginning
500 msec after the onset of the delay period), separately for location and object trials, and
for brain area, as a function of task block (Fig. 6 and Fig. 7)3. This allowed us to assess
changes across blocks in the mean amplitude of delay-period potentials without making any
assumptions about their temporal or topographic distribution. For rTMSpyesent trials, we
examined changes in the TMS-evoked ERP across task blocks. Specifically, we calculated
GFP time-locked to the onset of each TMS pulse?. The response elicited by each TMS pulse
in the 30-pulse train is stereotypical and contains five major deflections within the first 100
ms after the pulse (Hamidi et al. 2010). To determine the long-term effects of rTMS on the
immediate neurophysiological effects of individual TMS pulses, therefore, we assessed
changes in the amplitude of each ERP deflection across the 8 task blocks. Because the
significant behavioral effects of rTMS were restricted to SPL rTMS, the analysis was
restricted to trials in which the SPL was targeted.

3similar analyses have been used to assess delay-period EEG activity as a function of, for example, visual short-term memory
capacity (Vogel and Machizawa 2004) or the number of items held in visual short-term memory (Vogel et al. 2005).

To avoid contamination by neurophysiological signals reflecting either the initial orienting resRonse seen at the beginning of the
delay, or overlap with probe-related activity following the delay, our analyses focused on the 5t through 29t pulses in the 30-pulse
train.
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RESULTS

Immediate effects

The original analyses of the rTMS-EEG study found two sets of results that are of interest
here. First, the aggregated results revealed that delay-period rTMS had the effect of
improving accuracy on the location-memory task, but not the object-memory task. Second,
an individual-differences analysis revealed a region-by-task specificity of the effects of
delay-period rTMS, such that only when SPL was targeted, and only during location trials,
did the magnitude and direction of the effect of rTMS on delay-period oscillatory power in
the upper alpha band (roughly 10-14 Hz) predict the magnitude and direction of the effect of
rTMS on accuracy (increased power corresponded to lower accuracy, and decreased power
to higher accuracy, Hamidi et al. 2009). The question being tested here is whether the
pattern in the aggregated data may have been due, in part, to immediate effects of rTMS on
probe-related processing, in addition to the effects on the delay-period EEG that were
previously documented. (Because neither of the original analyses revealed any theoretically
interesting effects of rTMS on object memory trials (Hamidi et al. 2009), we restricted the
present analyses to location trials.)

As illustrated in Figure 2, the probe-evoked response measured at electrode POz yielded
three distinct peaks followed by a gradually building, sustained positivity that emerged
beginning at approximately 350 msec following the onset of the probe. For rTMS delivered
to SPL, as well as to S1, visual inspection suggested no substantial differences for either this
ERP or for whole-scalp voltage maps. To verify this quantitatively, we ran 2-way ANOVAS
(targeted region (SPL, S1) x trial type (rTMSpresent, 'TMSgpsent)) On the scalp topography
data for the time periods encompassing the four prominent features of the ERP: Peak | (80—
150 ms); Peak Il (175-225 ms); Peak 111 (225-275 ms); and the late positivity (300-600
ms). No significant effects were seen for any of the three peaks (all Fs < 1), and for the late
positivity only the main effect of trial type approached significance [F(1,14)=3.94, p = .07],
reflecting the fact that this increase in positivity was smoother on rTMSgpsent than
r'TMSpresent trials. Together, these null results suggest that, for this data set, the transience
assumption held up over the immediate time scale.

Cumulative effects

Behavioral. TMS-Only, Group 1 (SPL and dIPFC)—Analysis of the accuracy data
(Fig. 3) revealed a marginal main effect of task block [F(3,84) = 2.70; p=0.05]. However,
we found no evidence of a linear or quadratic trend across blocks (all Fs < 1.67), suggesting
that there was no systematic, cumulative change across blocks. The only other significant
contrast in the ANOVA was a Brain Area x Hemisphere x Task Block interaction [F(6,168)
= 2.59; p<0.05]. Visual inspection of the data from each cell of the design, combined with
post hoc contrasts, revealed only a quadratic trend [F(1,11) = 4.45; p=0.06] when the right
SPL was targeted (Fig. 3). For RT there was main effect of task block [F(3,84) = 4.70;
p<0.005], and post hoc polynomial testing revealed a marginal linear trend when the PFC
was targeted [F(1,29) = 3.98; p=0.06; Fig. 3]. This was driven by a decrease in RT in later
blocks of the task. There were no other significant interactions involving task block (all Fs <
1.73).

Behavioral. TMS-Only, Group 2 (IPS and FEF)—For these brain areas, we found no
significant main effects or interaction involving task block with accuracy or RT (all Fs <
1.93, Fig. 4).

Behavioral. TMS-EEG—Analyses were run separately for rTMS;psent trials for each type

of memory and for both dependent measures (Fig. 5). The only reliable effects were the
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main effect of blocks for both the location/accuracy [F(7,98)=13.64, p<.001] and the
location/RT [F(7,98)=4.83, p<.001] ANOVAs. Both of these seem to be due to anomalously
poor performance on block 2 that was observed regardless of brain area targeted. (This was
an artifact of the experimental construction — although the order in which trials occurred in
each block was randomly determined,

rTMS-evoked ERP across blocks—For rTMSgpeent trials, figures 6 and 7 show mean
delay-period GFP and topography for each task block in the object- and spatial-memory
conditions, with S1 (Fig. 6) and SPL (Fig. 7) plotted separately. Topographically, the delay-
period activity in rTMS,psent trials was characterized by a positive deflection around the
posterior electrodes (centered on electrode PO4) and a slight negative deflection in the
frontal electrodes. This pattern was stable across all task blocks. To test for changes in mean
potential during the delay-period across task blocks, we performed a repeated-measures
ANOVA with task block as a within-subject variable on rTMSgpeent trials on data from
electrode PO4 (which showed the greatest change in potential). This analysis revealed no
significant effect of task block [F(7, 105) = 1.29; n.s.; Fig. 5].

As discussed previously, an analysis of rTMSpyesent trials has revealed a complex response to
each pulse within the train, with most peaks of this response varying quadratically in
magnitude across the train. Of relevance to the consideration of cumulative effects, this
within-train pattern did not vary as a function of task block (Hamidi et al. 2010). For this
study we performed an additional, confirmatory analysis with a 2-Way (Electrode x Task
Block) ANOVA comparing vector-normalized potentials across blocks (McCarthy and
Wood 1985), and this analysis revealed no significant topographic changes across task
blocks (Fig. 8).

DISCUSSION

The past two decades have witnessed rapid technical and methodological developments with
TMS, such that its use has become commonplace in all corners of human neuroscience
research. Nonetheless, several fundamental questions about the physiological effects of
TMS and rTMS remain unknown. In the present report we have addressed an assumption
that, implicitly or explicitly, underlies many applications of rTMS: the assumption of
transience. The validity of this assumption, at least under certain conditions, is critical if one
is to exploit the temporal precision with which rTMS can be delivered.

The tasks whose data we reanalyzed here are delayed-recognition tasks, in which
theoretically dissociable cognitive processes are engaged serially, and in a temporally
dependent manner (i.e., stimulus perception and encoding precedes retention, which
precedes probe perception and evaluation, which precedes the motor response). In our
experiments we delivered high-frequency (10 Hz) rTMS during the length of the 3 sec-long
delay period, intending to influence retention-related processes while leaving unperturbed
those that preceded and followed them. The results of the present analyses suggest that the
transience assumption held up in these experiments, and that we were therefore justified in
interpreting our results as reflecting the influence of rTMS on retention-related processes.
More specifically, analysis of the probe-evoked ERP revealed no differences when the probe
was preceded by rTMS than when it was not, indicating no immediate effects of the delay-
period rTMS train “spilling over” into the memory probe portion of the trial. This outcome
is particularly intriguing in view of the fact that immediate effects have been observed in
extracellular responses evoked by visual stimuli that followed a train of rTMS (Pasley et al.
2009), as well as in EEG responses to individual pulses embedded within the very same
trains of rTMS that were reanalyzed in this report (Hamidi et al. 2010). Thus, with regard to
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immediate effects of rTMS, the role of such factors as stimulation parameters and type of
neural processes that follow the rTMS train are clearly in need of further study.

The second time scale over which we assessed the transience assumption was that of the
experimental session, and the possibility of a cumulative effect that might build across the
experimental session as a result of experiencing an increasing number of pulses and/or trains
of pulses over time. For these analyses, too, the transience assumption was supported:
Across 69 subjects and five brain areas tested, our analyses yielded little evidence of
cumulative effects of rTMS on behavior, and across 15 subjects and two brain areas tested,
we found no evidence of cumulative effects of rTMS on task-related EEG. These findings
are from sessions that delivered a total of either 720 or 2880 pulses per brain area in a single
session, depending on the study.

There are several caveats that must be considered along with our conclusions. The first that
we will consider is the fact that, to a first order of approximation, our results amount to a
series of null findings. With regard to the null findings of the immediate-effect analysis of
the rTMS-EEG data, one might question whether, with 15 subjects, we had the sensitivity to
detect possible subtle differences. Although we cannot rule out Type |1 error, it bears noting
that this same data set produced clear evidence of immediate effects on the response evoked
by individual pulses within each rTMS train, in that the magnitude of the response evoked
by a given pulse within each 30-pulse train was dependent on that pulse’s position in the
train (Hamidi et al. 2010). With regard to the lack of significant cumulative effects of rTMS
on behavior, there were nonetheless some nonspecific trends suggesting that, though weak,
some cumulative effects may in fact be present. For example, when the right SPL was
targeted, there was a greater decrease in accuracy in later blocks of the study. Furthermore,
when the right dIPFC was targeted, there was a decrease in RT in later blocks. The regional
specificity of these effects precludes fatigue, learning, strategy, or other global effects as the
factor behind the trends. Another possibility could be accumulating discomfort with
regionally-specific scalp sensations or muscle contractions. This possibility would be most
prominent in prefrontal areas, because they underlie the frontalis muscle. Indeed, we see
evidence of long-term effects when the dIPFC is targeted. However, that these effects were
limited to the right dIPFC, and that the possibility of long-term effects was also observed
when the SPL was targeted, argues against discomfort being an important factor.
Additionally, discomfort would most likely result in slowing down of the response, whereas
the trend we observed with right dIPFC rTMS was towards speeding up. Thus, the origin of
these effects is unclear.

A broader caveat has to do with the generalizeability of the findings reported here to other
rTMS protocols. As noted in the Introduction, the procedure that we used in these studies
features longer rTMS trains, and consequently longer intertrain intervals, than is typical of
designs using concurrent rTMS. And independent of how “typical” the design might be, the
results presented here were derived from just one type of task (spatial delayed recognition)
during which rTMS was delivered at just one frequency (10 Hz). With regard to the factor of
stimulation frequency, for example, it is known that the behavioral effects of rTMS can be
highly dependent on the frequency at which it is delivered (Klimesch et al. 2003; Luber et
al. 2007). Additionally, long periods of low-frequency rTMS are well known to have long-
term effects post-stimulation (Gerschlager et al. 2001; Romero et al. 2002), and even some
high-frequency rTMS protocols have produced effects (Esser et al. 2006; Brignani et al.
2008; Fuggetta et al. 2008) that endure beyond the period of stimulation.

A final question that we will consider is the seeming discrepancy between the apparent
validity of the transience assumption in the analyses that we have presented, and the fact that
the vast majority of studies that have looked for them have found EEG evidence for post-
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session aftereffects. Indeed, even more striking is that our rTMS-EEG study delivered a
relatively large number of pulses in each session (2880), and a recent comprehensive review
of TMS aftereffects concluded that the magnitude of the aftereffect size is positively related
to the number of pulses delivered during the session in question (Thut and Pascual-Leone
2010). One possible explanation is the procedural differences between our study and the
majority of those reviewed by Thut and Pascual-Leone (2010). A second is that, as
demonstrated in our analyses of immediate effects, it can happen that the same rTMS
protocol can demonstrate aftereffects with one measure (e.g., the sensitivity of the
magnitude of the pulse-evoked response to that pulses position within a high-frequency
train) but no aftereffects with another (e.g., the probe-evoked response). Thus, it may be that
there are, indeed, cumulative effects in our data, but we simply have not used measures that
are sensitive to these effects.

In conclusion, although our analyses have produced some support for the transience
assumption across two different time scales, they have also highlighted many questions
about the physiological consequences of rTMS that remain unresolved. If nothing else, we
hope that this report conveys the importance of explicitly questioning and, when possible,
testing assumptions about the physiological consequences of one’s rTMS protocols.
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Figure 1.

A.gSchematic diagram of the task used in Study 1. In half the trials, rTMS (10 Hz, 110%
MT, corrected) was delivered throughout the entire 3-sec delay period (marked by the red
bar). Task procedures were the same in both Experiment 1 and Experiment 2. B. Diagram of
the task used in the rTMS-EEG study. For each brain area targeted (SPL and S1), subjects
performed 192 memory trials (96 location memory and 96 object memory, randomly
interleaved). On half the trials, orthogonal to the factor of memory task and randomly
distributed, a 3-sec train of 10-Hz rTMS (30 pulses) coincided with the onset of the delay
period.
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Figure 2.

A. Topography of probe-evoked ERP in SPL rTMSpyesent Versus rTMSgpsent trials for the
location-memory condition. B. rTMSpresent Versus rTMSgpsent Probe-evoked ERPs recorded
from electrode POz.
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Figure 3.

Accuracy and RT during rTMSgpeen: trials for TMS-only, Group 1 (SPL and dIPFC). Dark
line indicates performance averaged across all three brain areas targeted. Shaded areas
represent the within-subject 95% confidence interval for the averaged performance.
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Figure 4.

Accuracy and RT during rTMSgpeent trials for TMS-only, Group 2 (IPS and FEF). Dark line
indicates performance averaged across all three brain areas targeted. Shaded areas represent
the within-subject 95% confidence interval for the averaged performance.
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Figure 5.

Accuracy and RT during rTMSgpeent trials in location- and object-memory trials of the
rTMS-EEG study. Dark line indicates performance averaged across both brain areas
targeted. Shaded areas represent the within-subject 95% confidence interval for the averaged
performance.
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Figure 6.

Mean delay-period GFP for S1/rTMS psent trials as a function of task block for both object-
(A) and location-memory (B) conditions. Different marker types indicate mean GFP across
blocks for each subject, whereas the black line represents average GFP across subjects.
Scalp maps show the topography of group-averaged delay-period potentials for each block.
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Figure 7.

Mean delay-period GFP for SPL/rTMS psent trials as a function of task block for both
object- (A) and location-memory (B) conditions. Different marker types show mean GFP
across blocks for each subject, whereas the black line represents average GFP across
subjects. Scalp maps show the topography of group-averaged delay-period potentials for
each block.
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Topography of each peak of the TMS-related ERP across the eight task blocks.

Figure 8.
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