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Abstract

The Stroop task is a well-established tool to investigate the influence of competing visual cate-
gories on decision making. Neuroimaging as well as rTMS studies have demonstrated the
involvement of parietal structures, particularly the intraparietal sulcus (IPS), in this task. Given
its reliability, the numerical Stroop task was used to compare the effects of different TMS tar-
geting approaches by Sack and colleagues (Sack AT 2009), who elegantly demonstrated the
superiority of individualized fMRI targeting. We performed the present study to test whether
fMRI-guided rTMS effects on numerical Stroop task performance could still be observed while
using more advanced techniques that have emerged in the last decade (e.g., electrical sham,
robotic coil holder system, etc.). To do so we used a traditional reaction time analysis and we
performed, post-hoc, a more advanced comprehensive drift diffusion modeling approach. Fif-
teen participants performed the numerical Stroop task while active or sham 10 Hz rTMS was
applied over the region of the right intraparietal sulcus (IPS) showing the strongest functional
activation in the Incongruent > Congruent contrast. This target was determined based on indi-
vidualized fMRI data collected during a separate session. Contrary to our assumption, the
classical reaction time analysis did not show any superiority of active rTMS over sham, proba-
bly due to confounds such as potential cumulative rTMS effects, and the effect of practice.
However, the modeling approach revealed a robust effect of rTMS on the drift rate variable,
suggesting differential processing of congruent and incongruent properties in perceptual deci-
sion-making, and more generally, illustrating that more advanced computational analysis of
performance can elucidate the effects of rTMS on the brain where simpler methods may not.

Introduction

The Stroop task is used to investigate the effects of competing visual categories on decision
making. The earliest version of the Stroop task [1] employed words printed in various colors,
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and participants were asked to name the colors of the ink that the words were printed in as
quickly as possible. When the ink was the same color as the word (the congruent case), naming
responses were faster, while when the ink color was different (the incongruent case), responses
were slower. These facilitatory and interference effects in performance are quite reliable in
their general replicability across healthy adults and in their stability in effect size (after a short
initial learning period) within individuals. This reliability has made the Stroop task a useful
tool for investigating the cognitive processes involved with its effects. For example, automatic-
ity in stimulus recognition, processing speed, and selective attention, as well as in neuropsy-
chological testing in patients with deficits in such processing. The reliability of this task has
also enabled neuroimaging investigations into the neural structures underlying Stroop effects,
which have implicated the roles of the parietal cortex and prefrontal regions such as the ante-
rior cingulate cortex [2, 3]. Studies employing online repetitive transcranial magnetic stimula-
tion (rTMS) during task performance have sought to establish causal relationships between
these neural structures thought to subserve Stroop effects.

In one such study, a counting Stroop task was used, in which subjects were asked to count
the number of words shown on a screen, comparing screens using number words (the interfer-
ence condition) and screens using neutral words [4]. Short (4 pulse) trains of rTMS given at 10
Hz starting 200 ms after stimulus onset to the anterior cingulate cortex caused the eradication
of the slowing effect of the interfering words compared to the neutral words, while significant
slowing was shown with stimulation to an active control site in posterior midline cortex.
Another set of studies used a numerical Stroop task [5, 6] in which two digits were concur-
rently shown, and the subject was to identify the larger number in magnitude (i.e., 4>2). To
induce a Stroop effect, the physical size of each number was manipulated. In the neutral condi-
tion, both numbers had the same font size. However, in the congruent condition, the number
larger in magnitude had the larger font size; and in the incongruent condition the number
smaller in magnitude was in larger font. Both studies (performed by the same group), applied
a short rTMS train (3 pulses) at 10 Hz, beginning 220 ms after stimulus onset over the right
intraparietal sulcus (IPS). Both resulted in significant reduction of the Stroop facilitation/inter-
ference effects on reaction time compared to sham stimulation. Overall, there was a consis-
tency across these three studies using rTMS to modify performance in Stroop tasks: in their
application of online rTMS, their effects on Stroop performance, and in the interpretation of
their results. In terms of the latter, in Cohen Kadosh et al. [6] it was suggested that rTMS
reduced the Stroop interference effect by disrupting right parietal automated processing asso-
ciated with the competing but irrelevant stimulus dimension which would normally slow the
decision process involved in completing the task. This suggestion could also apply to Sack
et al. [5] as well as Hayward et al. [4] all of which could be classified under a general mecha-
nism of performance enhancement caused by “addition by subtraction”, where a normally
competing but interfering process is disrupted by rTMS [7].

The primary goal of the Sack et al. [5] study was to provide a direct comparison of four dif-
ferent rTMS targeting approaches used at that time: 1) scalp-based measurement, 2) anatomi-
cal MRI locations, 3) average group coordinates from fMRI activations using the task being
studied, and 4) individualized targeting based on task-related fMRI. The interindividual reli-
ability of the numerical Stroop task they successfully used in Cohen Kadosh et al. [6] made it a
good candidate task for the targeting comparison. Sack et al. [5] concluded that the most effec-
tive approach was individualized targeting based on the task-related fMRI. This was an impor-
tant result for the brain stimulation field in general, as one of the main moderators of rTMS
efficacy is the targeting approach [8]. More than a decade after this elegant demonstration of
the importance of individualized fMRI targeting, experimental TMS methodologies have
advanced, with for example the development of robotic coil holders that allow for more precise
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and stable positioning of the coil relative to the stimulation target, and an electrical sham tech-
nique that mimics the TMS-induced sensations, and thus potentially better blinds subjects to
experimental conditions. In the present study, we tested whether the addition of these tech-
niques combined with individual fMRI-based targeting approach endorsed by Sack and col-
leagues could improve rTMS effect on numerical Stroop performance, with the expectation
based on Cohen Kadosh et al. [6] and Sack et al. [5] that rTMS applied over the right IPS
would decrease the interference of incongruent stimuli and thus lessen of the reaction time in
that condition. Additionally, contrary to the prior study from Sack et al., participants com-
pleted the task multiple times preceding rTMS application (one block of trials before the MRI
session, 4 blocks during MRI, and one block in the TMS session prior to TMS), to stabilize per-
formance and minimize variability due to practice effects. This approach enabled us to probe
the influence of task practice on behavioral performance and fMRI activations.

Finally, we decided post-hoc to perform behavioral modeling approach using a drift diffu-
sion model to assess rTMS effects within a decision-making context. This model, by consider-
ing the distribution of reaction times rather than just central tendencies, offers more insight in
decision making processes. By elucidating the dynamics of evidence accumulation over time,
and by distinguishing between decision and non-decision processes, the model provides a
more nuanced understanding of ongoing cognitive mechanisms. Drift diffusion models have
demonstrated effectiveness in modeling performance data derived from simple tasks with
short reaction times (< 1 s), as in the present case. In addition, they have been linked to neural
behavior on a number of scales, from single cells to large populations (e.g., using EEG and
fMRI) [9]. The drift diffusion models have also been successfully used to investigate the neuro-
nal substrates for numerical representation using TMS [10]. Therefore, it was expected that
this modeling approach would reveal more subtle rTMS effects, as recommended by Hartwig-
senetal. [11].

Material and methods
Participants

Nineteen healthy volunteers (14 female, 5 male) with a mean age of 39 + 14 (SD) years partici-
pated in this 2-day study pre-registered on CT.gov (NCT00024635). All participants were
right-handed and identified as White (n = 10), Black (n = 4), Asian (n = 3), or Hispanic

(n = 2). Participants were recruited from the Washington, DC, metropolitan area via flyers,
listserv emails, advertisements, and the NIH Office of Patient Recruitment. All participants
gave written informed consent approved by the NIMH Institutional Review Board (#18-M-
0015) to be screened with psychiatric, physical, and neurological examinations, urine drug
screens, and pregnancy tests for women of childbearing capacity. Volunteers were excluded if
they had a history of current or past Axis I psychiatric disorders (including substance abuse/
dependence) as determined by the Structured Clinical Interview for DSM-IV Axis I Disorders
(SCID-NP), a history of neurological disease, or seizure risk factors. Participants were com-
pensated for their participation.

Experimental design and numerical Stroop task

Participants came in for two experimental sessions. The first visit included consenting, an ini-
tial numerical Stroop task practice session, and structural and functional neuroimaging in
combination with the Stroop task. The second visit included an additional Stroop task practice
followed by active and sham rTMS, with the order counterbalanced between participants (Fig
1). The numerical Stroop task was coded using the PsychoPy Builder interface [12]. In this
task, two single-digit numbers were presented on the screen (between 1 and 8 numbers apart)
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Fig 1. Consort diagram and experimental design.

https://doi.org/10.1371/journal.pone.0302660.g001

with a center-to-center horizontal visual angle of 7.7 degrees. The numbers varied in physical
size (vertical visual angle of 1.4 degrees for the small numbers or 2.9 for the larger ones). Three
conditions were tested: Congruent, in which the numerically larger digit was also larger in
size; Incongruent, in which the numerically smaller digit was larger in size; Neutral, in which
both digits presented were the same small size. Participants were asked to indicate with a left
or right button press as quickly and accurately as possible the number with the numerically
larger magnitude, irrespective of size. Reaction time and accuracy were collected.

Visit 1. After consenting to the study, participants completed a first training block of the
numerical Stroop task with 48 trials (24 congruent, 24 incongruent; no neutral trials were
included as they were not used during the fMRI acquisition). Feedback was provided after
each trial with the word “correct” or “oops” on the screen to ensure participants understood
the task, and overall accuracy was provided on the screen at the end of the task. Participants
were then scanned using a 3T gradient echo scanner (General Electrics) equipped with a
32-channel head coil. A structural T1-weighted MP-RAGE image was first acquired
(FOV = 25.6 cm?, voxel dimension = 1 mm isotropic, TE = Min Full echo, TT =1100 ms, band-
width = 25 Hz/Pixel, flip angel = 7 degrees). Four EPI sequences were then acquired with an
oblique orientation defined with the AC-PC axis (FOV = 72*72*52, voxel dimension = 3 mm
isotropic, TE = 30ms, TR = 3000 ms, flip angle = 70 degrees) during which participants per-
formed four more blocks of the Stroop task. Feedback (accuracy and average reaction time)
was provided at the end of each block. Stimuli were back-projected onto a screen located at the
foot of the MRI bed using an LCD projector. Subjects viewed the screen via a mirror system
located in the head coil and the start of each run was electronically synchronized with the MRI
acquisition computer. BOLD signal analyses were then performed (see MRI targeting section)
to identify a target for TMS.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302660 May 6, 2024 4/22


https://doi.org/10.1371/journal.pone.0302660.g001
https://doi.org/10.1371/journal.pone.0302660

PLOS ONE

rTMS and numerical Stroop task

MRI targeting. AFNI (version 22.3.05) [13] was used to process MRI data. First, @SSwar-
per was used for skull stripping and estimating nonlinear alignment (via 3dQwarp; [14]) of the
anatomical image from native space to Montreal Neurological Institute (MNI) stereotaxic
space [15]. Then afni_proc.py was used to setup a full pipeline for the fMRI analysis of each
participant, including the automatic generation of a quality control HTML for evaluating the
data and processing steps [16]. The full afni_proc.py command is provided in GITHUB
(https://github.com/afni/apaper_rtms_fmri_stroop) but we briefly describe the steps here. The
first 2 TRs (6 seconds) to allow stabilization of the magnetic field were discarded from the anal-
ysis. All images were corrected for slice acquisition timing, motion corrected by registration to
the minimum outlier volume, and spatially smoothed with a 4mm full-width-half-maximum
smoothing kernel. EPI-anatomical alignment was performed using the Ipc+ZZ cost function
[17] with local EPI unifizing for additional stability, and these datasets were checked for left-
right consistency [18]. To reduce effects of participant motion, volumes with large motion
(Enorm > 0.3 mm between successive time points) were censored.

A duration modulation regression basis was used, and separate events were modeled for
Congruent and Incongruent trials. The onset for each was defined by the beginning of each
event, and duration for each was defined by the extent of the participant’s reaction times.
Incorrect trials in which participants did not answer correctly (for either Congruent or Incon-
gruent stimuli) were modeled identically but as a separate stimulus class, and missed trials
were not modeled. The contrast between Incongruent > Congruent trial was generated. After
regression modeling, several steps were then performed for QC evaluation using the APQC
HTML, such as: checking the alignment between the anatomical, EPI and the template image;
checking that the stimuli were properly assigned between each stimulus class; checking how
many data points were censored because of motion. One participant was excluded via this QC
evaluation because of motion (with 27.5% of the data censored due to motion); looking at stim-
ulus statistical maps for validity. The final Incongruent > Congruent statistical maps and the
intraparietal sulcus (IPS) mask from Neurosynth (https://neurosynth.org/) were then mapped
back into subject original space; and along with the original T1 these three results were loaded
into the neuronavigation system (BrainSight, Rogue Research, Canada); and the area of the sta-
tistical peak within the right IPS mask for each participant was chosen as the rTMS target.

Visit 2. During visit 2, participants conducted a training block followed by four blocks of
the numerical Stroop task in conjunction with active or sham rTMS. Active and sham stimula-
tion were applied on the same day in random order, counterbalanced between participants
(e.g., 2 blocks of active followed by 2 blocks of sham or vice-versa). Training and stimulation
blocks contained 72 trials (24 congruent, 24 incongruent, and 24 neutral trials, replicating
Sack’s number of stimuli), with feedback (accuracy and average reaction time) provided at the
end of the block.

Stimulation was applied at 10-Hz over the individualized IPS target at 60% maximum stim-
ulator output (MSO) as per Sack et al [5]. During each trial, a triplet of pulses was applied at
220, 320, and 420 ms after the onset of numbers presentation. Sham stimulation was applied
using the same coil in placebo mode, which produced clicking sounds and somatosensory sen-
sations via electrical stimulation with scalp electrodes similar to the active mode, but without a
significant electric-field (E-field) induced in the brain [19]. Each subject was informed that 2
types of stimulation would be applied, and that we needed to define the intensity. For active
r'TMS, resting motor threshold (rMT) was assessed using motor threshold assessment software
tool MTAT [20] over the right motor cortex and used as a potential covariate. For sham stimu-
lation, subjects were asked if they felt each pulse. If not, the sham intensity was increased. If
the pulse was felt, participants were asked if the sensation was tolerable. The lowest tolerable
intensity was chosen for stimulation. An A/P-B65 coil powered by a MagVenture MagPro
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X100 stimulator (MagVenture, Farum Denmark) was used, and coil placement was guided by
a computerized frameless stereotaxic system (Brainsight, Rogue Research, Montreal Canada).
Coil position and orientation was maintained precisely over the target with the Axilum Robot-
ics TMS-Cobot (Axilum Robotics, Schiltigheim, France).

Statistical analysis. The analysis is divided in three sections: the first part relies on classi-
cal analysis of reaction time and accuracy; the second section uses a drift diffusion modeling
approach to test the rTMS effect with a more subtle decision-making context. The final section
is exploratory and seeks to identify potential predictors of the rTMS effect. Analyses of accu-
racy and reaction time of correct trials were performed with JASP (Version 0.17.2, Amsterdam
Netherlands). In the classical analysis, three analyses were performed: the first linear mixed
model investigated the impact of task practice on behavioral performance using Congruency
(congruent, incongruent) and Timepoint (1 block before MRI, 4 separate MRI Blocks, 1 block
before TMS) as fixed effects variables, and Participants as a random effect variable. The second
analysis used a linear mixed model to investigate the rTMS effect on task performance using
participants as a random effect and Stimulation (active, sham), Congruency (congruent,
incongruent, neutral) and Order of stimulation (sham-first, active-first) as fixed effects. Infor-
mation about the pre-processing of behavioral data is provided in the results section. The third
analysis was conducted to replicate Sack et al.’s finding on the size congruency effect (SCE),
the difference between reaction time for Incongruent and Congruent trials, to test whether
active rTMS would decrease the SCE compared to sham stimulation. We also investigated
whether rTMS impacted the facilitatory and inhibitory component of the SCE. For each of
these analyses, we performed an ANOVA with Stimulation (active, sham) as a within-subject
factor, and Order of stimulation (active first, or sham first) as a between-subject factor.

While changes in reaction time and/or accuracy are the most commonly used variables to
investigate rTMS effects on a behavioral task, it has been demonstrated that they only provide
a limited statistical sensitivity, which might not pick up slight changes in response strategies,
for instance conflicting response tendencies in Stroop tasks (see [11] for a review). To over-
come this limitation, the second part of the analysis uses a drift diffusion model [21], in which
the reaction time distributions for correct and incorrect responses were fit into a model com-
prised of the sensitivity to the relevant stimulus (drift rate), the decision threshold (boundary
parameter, i.e., the amount of information needed to trigger the button press), and the non-
decision time (i.e., the duration of information processing before the decision process and the
time taken to execute the motor command). This approach allows assessment of rTMS effects
within a more subtle decision-making context. Drift diffusion models were fit to trial-by-trial
measures of reaction times and response type. The drift rate, boundary separation, and nonde-
cision time parameters were estimated separately across congruency and TMS conditions. 5%
of all trials were assumed to be outliers and modeled under a different process.

Finally, a linear regression model was performed to explore the impact of participant’s age,
stimulation intensity, distance to scalp, fMRI activation at the stimulated target location, dis-
tance to Sack et al.’s group fMRI target, and number of days between the MRI and the TMS
session, as potential predictors of rTMS effect, and to test the potential impact of numerical
distance between stimuli, a factor that is known to strongly impact reaction time.

Results

Four subjects were withdrawn during the protocol due to the time commitment (n = 2), move-
ment during the MRI (n = 1), and hair thickness that was incompatible with accurate electrode
placement (n = 1). Data from one additional subject was excluded due to excessively long reac-
tion times, which were greater than 2 standard deviations above the group mean for four out
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of six conditions. Therefore, analyses were performed on 14 participants. All data below are
presented as mean * standard error.

Classical analysis

Practice effect. To investigate the impact of practice on task performance, we applied a
linear mixed effect model to analyze correct reaction time (Fig 2A). Before performing the
analyses, outliers and missed trials were removed from the data. First, missed trials, in
which participants did not respond, were removed from both for reaction time and accu-
racy data (4.2% of the trials). Next, for the analysis of reaction time only, incorrect trials, in
which participants answered incorrectly were removed (1.9%); then trials with reaction
times larger than 2.5 standard deviations above the mean were removed (2.3%). We did not
run any model on the accuracy data, as there was not enough variability in the data because
accuracy was near ceiling at all timepoint (overall group accuracy was 98.1 + 0.3%, see Fig
2B for accuracy values and change across sessions). Results below focus on correct reaction
time.

We assessed the effects of Congruency and Timepoint on correct reaction times during
practice using a linear mixed model with Congruency and Timepoint as fixed effect variables,
and Participant as random effect. The linear mixed model did not show any interaction
between Congruency and Timepoint, however we found the expected main effect of Congru-
ency (F(1,12.58) = 94.698, p < .001) with congruent trials yielding faster reaction times
(533 + 16 ms) than incongruent trials (607 ms + 14 ms). A main effect of Timepoint (F(5,
14.68) = 23.830, p < 0.001) was also observed; and post-hoc contrasts (Bonferroni corrected)
revealed that while performance in the pre-MRI practice block was not significantly different
from the first MRI block (p > 0.05); reaction times at each of the timepoints thereafter were
faster than the initial reaction time collected before the MRI (p < 0.05 for all pair-wise com-
parisons). Reaction times at all timepoints after MRI block 1 were also significantly faster than
for MRI block 1 (p < 0.05 for all pair-wise comparisons). No significant pairwise differences
in RT between other blocks were observed (Fig 2A).

A B

750+ 1007 e

-o— Congruent
Incongruent 98

650
96

941
550+

Reaction time (ms)
=
Accuracy (%)

\+ . 92

450 I BIIkW ; é 411 ) 90 l B\IH é é 411 )
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Fig 2. Behavioral performance in the scanner: A) reaction times and B) accuracy in the six training blocks, for congruent trials in blue and
incongruent trials in yellow.

https://doi.org/10.1371/journal.pone.0302660.9002
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In addition, as our group of participants was older (39 years old on average) than the partic-
ipants in Sack’s study (24 years old on average), we investigated whether there was any correla-
tion between age and reaction times in Congruent and Incongruent trials collapsed across the
six practice blocks. Results did not reveal any significant correlations between them (Congru-
ent trials: r = 0.26; p = 0.40; Incongruent trials: r = 0.45, p = 0.13), suggesting that age did not
impact performance.

rTMS effect. The same cleaning approach was performed on the rTMS data except that an
additional first step was added—the trials in which the TMS coil was far away from target (>=
3mm, often due to participant movement) were removed from the data (2.1% of trials). Then, tri-
als in which participants did not answer were excluded (1.3% of remaining trials). Finally, for
reaction time analysis, trials in which participants did not answer correctly (12%) and trials with
reaction times larger than 2.5 standard deviations above the mean (3% of remaining trials) were
removed. The overall group accuracy was 88%, however since no main effects or interaction
were found between the three variables, the results below focus on reaction times only. A linear
mixed model was performed with participants as a random effect, and Stimulation, Congruency
and Order as fixed effects. The model revealed a main effect of Congruency (F(2, 25.30) = 47.56,
p < 0.001), with incongruent trials slowing down participants (492 + 15 ms) compared to con-
gruent (439 + 12 ms) and neutral trials (457 ms + 12 ms) (p < 0.01 for each pair-wise compari-
son). The model also revealed a significant interaction with Stimulation, Congruency and Order
(F(2, 44.43) = 3.68; p = 0.03). However, decomposition of this interaction with post-hoc Bonfer-
roni-corrected contrasts did not reveal any significant difference between active and sham rTMS.

Size congruency effect (SCE). To replicate the findings of Sack et al. [5], we calculated the
SCE by measuring the reaction time (RT) difference between congruent and incongruent trials
[SCE = RT (incongruent)—RT (congruent)]. We excluded data from an additional participant
whose size congruency values exceeded 2.5 standard deviations above the group mean, analy-
ses were therefore performed on 13 participants. Contrary to expectation, the repeated mea-
sures ANOVA did not reveal a main effect of Stimulation (F(1,11) < 1, p = 0.40:

Active =51 £ 16 ms; Sham = 46 + 9 ms), Order (F(1,11) < 1, p = 0.58) or interaction between
Order and Stimulation (F(1,11) < 1, p = 0.58), suggesting that contrary to Sack et al., rTMS in
our study did not impact the size congruency effect (Fig 3).
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Fig 3. rTMS effect of size congruency effect and its components. A) Size Congruency effect, B) Facilitatory component and C) Interference component
showing a significant interaction between Stimulation and Order of stimulation.

https://doi.org/10.1371/journal.pone.0302660.g003
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Following the methodology employed by Sack et al., we also calculated the facilitatory com-
ponent as [RT (neutral) —RT (congruent)] and the interference component computed as [RT
(incongruent)—RT (neutral)]. For the facilitatory component, neither the interaction between
Stimulation and Order, nor the main effects reached statistical significance. However, for the
interference component, a significant interaction between Stimulation and Order was
observed (F(1, 11) =9.39; p = 0.011, 1* = 0.21). However, post hoc analysis did not reveal any
significant differences among pairwise comparisons (Active-first group: Active = 47 + 26 ms,
Sham = 21 + 16 ms; Sham-first group: Active = 24 £+ 17 ms, Sham = 36 + 17 ms). The absence
of broader significant findings may be attributable to an insufficient sample size, which could
diminish the power of our analysis.

Computational analysis of rTMS effects with a drift diffusion model

The drift diffusion model revealed a significant interaction between Congruency and Stimula-
tion (F(2,70)=10.9, p<.001, Fig 4). Post hoc comparisons revealed that while no difference
were observed for incongruent (t(14)=0.90, p=.39) and neutral trials (t(14)=0.89, p=.39), the
drift rate was significantly higher with active rTMS compared to sham stimulation for the con-
gruent trials (t(14)=6.5, p<.001). While we would have expected rTMS to the right IPS to
increase the drift rate for both congruent and incongruent trials, given its role in automatic
spatial magnitude processing; the current finding suggests that within the decision process, at
least in a well-practiced state, the mechanism underlying the integration of congruent proper-
ties differs and can be more easily distinguished from that underlying the integration of incon-
gruent properties.
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Fig 4. Mean drift rate for each congruency and each stimulation condition.

https://doi.org/10.1371/journal.pone.0302660.g004
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Exploratory analyses

In the first analysis, we performed a linear regression analysis with a backward selection
method to test the impact of several covariates that could impact rTMS effect (participant’s
age, functional activations at the stimulated target, scalp-to-cortex distance, distance to Sack’s
targets, stimulation intensity expressed as a percentage of the resting motor threshold, and
number of days between MRI acquisition and TMS session) on rTMS effect for calculated as
follow:

ReactionTimewithActiverTMS — ReactionTimewithShamrTMS y

100
ReactionTimewithShamrTMS

rTMSeffect(%) =

This method allowed to iteratively remove non-significant variables from the model, and
thus to identify the most relevant predictors of rTMS effect while controlling for potential con-
founding variables. The final model showed that only stimulation intensity predicted the
rTMS effect (F(1,13) = 13.09, p = 0.004, adjusted R* = 48.2%). This suggests that participants
who received the strongest stimulation intensity where the ones benefitting the most from
r'TMS (showing the fastest reaction times with active rTMS). We note that on average, in our
sample, an intensity of 60% MSO led to a strong variability in stimulation intensity, which ran-
ged from 94% to 188% rMT (mean = 128.9 + 5.7% rMT, see S1 Table for individual partici-
pants data). None of the other variables: participant’s age, scalp-to-cortex distance, distance to
Sack’s target, and number of days between fMRI acquisition and TMS session, or fMRI activa-
tion at the stimulated target predicted the rTMS effect. Contrary to our assumption analysis of
the fMRI activation at the group level, did not show the expected right IPS activation. Instead,
the analyses of BOLD signal revealed a cluster of activation (t > 2.10, with 23 voxels) in the left
IPS and in subcortical structures such as the bilateral corpus callosum, and the left cingulum
(see Fig 5A and S2 Table for the list of clusters and their overlap with the Glasser atlas, gener-
ated by the AFNI whereami function).

To evaluate whether the lack of rTMS effect may have been due to targeting issues resulting
from a change in fMRI activation across blocks, which may have resulted from practice, learn-
ing, and/or fatigue, we investigated how activations differed between the first and last pairs of
blocks. Our results showed that while activation in the bilateral IPS was strong during the first
two blocks, IPS activity vanished during the last two blocks (Fig 6). Given that these changes
were observed while accuracy remained quite high and constant across all blocks, and while
reaction time continued to improve (Fig 2A). We suspect this change is due to a learning effect
and hypothesize two potential mechanisms: 1) the IPS was highly involved in the earlier learn-
ing stages of the task and became less necessary with practice, with possible activity shifts to
other regions; 2) the number of IPS neurons necessary for task performance decreased with
the optimization caused by practice, with subsequent diminishment of signal. If correct, these
hypotheses indicate the need for a better understanding of the local and network changes asso-
ciated with task practice and learning effects to estimate the best targeting parameters. In the
present case we potentially would have seen stronger rTMS effects if we only acquired two
blocks of fMRI, and this may have served as a better target for rTMS if the latter of the two rea-
sons stated above for the activation decrease was true.

The second analysis investigated the effect of numerical distance between stimuli. Indeed, it
has been demonstrated in the literature that performance in the Stroop task is inversely corre-
lated with numerical distance; more precisely, if the distance between two numbers is large
(e.g. between 1 and 9: distance of 8) reaction times are faster than if the distance is small (e.g.,
between 2 and 3: distance of 1) [23]. Since our study was not designed to test this effect, the dis-
tribution of the trials in each distance prevented us from testing the effect of each distance on
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Fig 5. fMRI results, TMS targets, and correlations. A) Group fMRI activation in the Incongruent > Congruent contrast.
Colors show the effect estimate value. Each voxel is thresholded by its t-stat values and the transparent thresholding was
applied [22] (Threshold: t = 2.11, bi-sided; p < .05) on a coronal and an axial view and on a 3D rendering (left is subject left).
B) TMS target for each individual on an MNI brain, and C) correlation between stimulation intensity and rTMS effect.

https://doi.org/10.1371/journal.pone.0302660.9g005

performance. Therefore, we decided to categorize trials into small distance (from 1-3 digits)
and large distance (from 4-8 digits) groups and performed an ANOVA with Numerical Dis-
tance (Small and Large), Stimulation (Active and Sham). The analysis revealed the expected
main effect of Numerical Distance F(1,13) = 51.83, p < 0.001) with faster reaction times for
large (448 + 12 ms) compared to small distances (471 + 13 ms). The main effect of Simulation
Type was not significant (F(1,13) = 3.46; p = 0.09), and interestingly no interaction was found
between Stimulation Type and Numerical Distance (F(1,13) = 1.14; p = 0.31), suggesting that
while Numerical Distance had a strong impact on reaction time, the effects of rTMS were not
impacted by it.

Discussion

Cohen Kadosh et al. [6] and Sack et al. [5] reported that using short bursts of 10 Hz rTMS to
right IPS during the performance of a numerical Stroop task caused a significant decrease in
the difference between incongruent and congruent RTs. We were not able to replicate these
findings with a larger sample size, seeing no main effect of rTMS on RT or on the SCE. As dis-
cussed below, this failure to replicate may have to do with methodological differences between
their studies and ours. However, we did observe a significant effect of right parietal rTMS on
task performance, with thirteen of fourteen subjects showing an increase with active stimula-
tion to the drift rate variable in a drift diffusion model of the RT data.
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Fig 6. fMRI activation in the Incongruent > Congruent contrast in the first pair and last pairs of fMRI acquisition. Colors show the effect estimate
value for: a) Last blocks > First blocks, b) the First blocks only, and ¢) the Last blocks only. Each voxel is thresholded by its t-stat values and the transparent
thresholding was applied [22] (Threshold: t = 2.16, bi-sided; p < .05) on a sagittal view.

https://doi.org/10.1371/journal.pone.0302660.g006

Use of more sophisticated approaches to modeling performance data stands a much greater
chance of revealing effects of rTMS on behavior [11]. In the present case, rather than just look-
ing at mean RT effects, use of a drift diffusion model incorporates the full RT distributions of
both correct and incorrect responses, accommodating speed/accuracy trade-offs and bias
effects, and by assuming that information accumulates at a constant rate, is able to estimate
that rate [9]. This drift rate can be thought of as an estimate of the signal-to-noise ratio in the
perceptual decision process.

Drift diffusion modeling has previously been used successfully with rTMS. For example, 1
Hz rTMS to dorsolateral prefrontal cortex, which might be expected to disrupt ongoing deci-
sion processing occurring there, was reported to decrease the drift rate found modeling data
from the performance of an object discrimination task [24]. In the context of numerical Stroop
task performance, rTMS to right IPL might be expected to increase the drift rate for both con-
gruent and incongruent trials. This is based on the role of right parietal cortex in automatic
spatial magnitude processing (in the case of the numerical Stroop task, a comparison of physi-
cal sizes) that Cohen-Kadosh et al. [6] posited to explain their TMS findings. Right IPL rTMS
should disrupt the automatic processing of number font size, leading to the subtracting out of
its irrelevant contribution to the ongoing decision process. The decision process, having one
less channel of useless information (i.e., noise) to integrate, is thus made more efficient, which
should be reflected in an increased drift rate. In this interpretation for the cause of a change in
drift rate with rTMS, the congruency condition should not matter. However, here only the
congruent trials, but not the incongruent, showed this effect. In the context of numerical
Stroop task performance, rTMS to right IPL might be expected to increase the drift rate for
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both congruent and incongruent trials. This is based on the role of right parietal cortex in auto-
matic spatial magnitude processing (in the case of the numerical Stroop task, a comparison of
physical sizes) that Cohen-Kadosh et al. [6] posited to explain their TMS findings. Right IPL
r'TMS should disrupt the automatic processing of number font size, leading to the subtracting
out of its irrelevant contribution to the ongoing decision process. The decision process, having
one less channel of useless information (i.e., noise) to integrate, is thus made more efficient,
which should be reflected in an increased drift rate. In this interpretation for the cause of a
change in drift rate with rTMS, the congruency condition should not matter. However, here
only the congruent trials, but not the incongruent, showed this effect. A primary methodologi-
cal difference between the Sack et al. [5] and Cohen-Kadosh et al. [6] studies and the present
one is that subjects were relatively unpracticed on the task in the former but well-practiced in
the latter, and the main difference in results was that an rTMS effect was seen directly in the
RT data of the former studies but not the latter. In terms of the present drift rate finding, these
differences suggest that within the decision process, at least in a well-practiced state, the mech-
anism underlying the integration of congruent properties differs and can be more easily distin-
guished from that underlying the integration of incongruent properties. With practice, the
effect of right parietal rTMS on automatic processing seen in the earlier studies may change
such that it only occurs in the congruent state, while the decision process in the incongruent
condition may rely more heavily on other brain regions, such as anterior cingulate cortex. A
further study comparing the effects of rTMS on subjects that are task-naive vs. practiced
would be needed to verify this. Moreover, the diffusion model results and speculations based
on them result need to be taken cautiously as the analysis was done post hoc and the study was
not designed optimally to evaluate the drift. For example, it only included 48 trials per condi-
tion, while it has been demonstrated that about hundred trials are needed to estimate this
parameter robustly [25]. In addition, other models might be tested: for example, the drift diffu-
sion model used here fits performance data to a single processing stage, while a dual-stage
model, involving an early evidence accumulation phase followed by a later decision phase
might exhibit a more robust fit to the data than a single-stage model [26]. Future studies might
also want to conduct a drift modeling approach on single trial fMRI to delineate the neurocir-
cuitry associated with practice and congruency effects.

A primary methodological difference between the Sack et al. [5] and Cohen-Kadosh et al.
[6] studies and the present one is that subjects were relatively unpracticed on the task in the
former but well-practiced in the latter, and the main difference in results was that an rTMS
effect was seen directly in the RT data of the former studies but not the latter. In terms of the
present drift rate finding, these differences suggest that within the decision process, at least in
a well-practiced state, the mechanism underlying the integration of congruent properties dif-
fers and can be more easily distinguished from that underlying the integration of incongruent
properties. A further study comparing the effects of rTMS on subjects that are task-naive vs.
practiced would be needed to verify this. Success in such a study would result in a toolbox of
manipulations involving states of practice, active and sham TMS applied at sites involved in
task processing (e.g., left and right IPL, DLPFC), congruent and incongruent visual properties,
and use of drift diffusion modeling. Use of this toolbox could provide the means for a more
extensive investigation into the neural mechanisms of perceptual decision making.

On replicating an rTMS effect observed in earlier studies

In this study, we tested whether fMRI-guided rTMS effects on numerical Stroop task found in
Cohen Kadosh et al. [6] and Sack et al [5] could still be observed while using more advanced
techniques that have emerged in the last decade. In general, we adhered to their reported
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methods, and when possible, we substituted procedures that corresponded to more recent
experimental standards (for example by employing electrical sham stimulation). We expected
that the substitution for some of the older techniques used in the earlier papers would poten-
tially improve the effect size they obtained. However, contrary to these expectations, we did
not find better results, and instead failed to show any superiority of active rTMS overs sham
stimulation. While it is clear that reproducing an experiment and its outcome in a different lab
is never simple or even necessarily straight-forward, it is a useful exercise to examine the rea-
sons that the replication of rTMS effect might not have occurred. Below we provide a list of the
changes we made compared to the original studies and their possible consequences on the out-
come of this study, as well as considerations for future rTMS studies using the numerical
Stroop task to improve rigor and reproducibility. These are grouped into features involving
the task itself, the study design, and rTMS delivery.

Issues concerning handling of the Stroop task in experimental procedures

Practice effect. After a brief introductory period, the difference in RT between congruent
and incongruent conditions is maintained in the numerical Stroop task, even after extensive
training (see, for example, Fig 1), which makes the task a good candidate for use in a repeated
measures design in rTMS experiments looking at stimulation effects across congruency condi-
tions. However, first subjects must be introduced to and practice the task. In this study, we
trained participants with one block of 48 task trials before the MRI (followed by performance
of 4 blocks of the task while in the scanner), and then a full block of 72 practice trials in the sec-
ond session, prior to rTMS, which led to a relatively stabilized reaction time for the experimen-
tal conditions. In contrast, Sack et al. [5] only familiarized participants with the task for a few
trials until it was clear the participants understood the task instructions. This difference in
practice may have contributed to the differences seen in the effects of TMS between the stud-
ies. It should be noted, however, that the fMRI-targeted condition in Sack et al. received more
practice on the task (because of performing additional blocks of the task while in the scanner)
than their other targeting methods. This discrepancy in the degree of practice on the task
across targeting conditions in Sack et al. calls into question whether there is definitive evidence
that individualized fMRI-guidance is the most effective way to target rTMS to modulate per-
formance on the numerical Stroop. To make such a definitive statement, it would be important
to equate the degree of practice on the task across the targeting conditions.

It may very well be that a brain in an unpracticed state, while it is still optimizing the pro-
cessing needed to carry out the task, is more vulnerable to external stimulation than a brain in
a practiced state, where the task processing is more stable and set and resilient to disruption.
Further, our interpretation of the Sack et al. [5] and Cohen Kadosh et al. [6] rTMS effect on
the numerical Stroop task performance was related to an addition-by-subtraction mechanism,
where performance enhancement occurred because rTMS disrupted the interference of the
irrelevant stimulus dimension (font size) in the decision process. However, our study using
well-practiced subjects found that the application of rTMS did not lead to significant improve-
ments in RT in the incongruent condition, suggesting that there may be a ceiling effect in
terms of the potential benefits of rTMS to right IPS in enhancing RT in that condition of the
Stroop task. Future studies examining the effect of rTMS on the numerical Stroop task in both
practiced and unpracticed states may be warranted and could examine whether the locus of
the effect shifts in practiced subjects to another location in the prefrontal-parietal executive
network involved in the task.

Our findings, and their contrast with the previous studies using the numerical Stroop, also
highlight the importance of considering individual performance levels, training protocols, and
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potential ceiling effects when investigating the effects of TMS in cognitive tasks such as the
numerical Stroop task. Further research is needed to explore the optimal conditions and target
populations where rTMS interventions may have the greatest impact on task performance.
Incorporating a staircase procedure in future studies may offer a viable solution to mitigate the
confounding effects of training [27]. By dynamically adjusting the task difficulty based on indi-
vidual performance, a staircase approach can help maintain a consistent level of challenge and
control for potential learning effects. This can enhance the accuracy and reliability of assessing
the impact of TMS on task performance and provide valuable insights into the underlying
mechanisms of cognitive processes. Further research is needed to explore the feasibility and
effectiveness of implementing a staircase procedure in this context.

Use of performance feedback. One specific manipulation we implemented in our task
presentation was to provide the participants with feedback regarding their performance,
which was not employed in the earlier studies. In our study, we decided to provide trial-by-
trial feedback for the two practice blocks to facilitate learning, and feedback on average perfor-
mance over a whole block of trials for each of the MRI and TMS blocks. Our decision was
informed by Liu et al. [28] who used a Hebbian reweighting model to demonstrate that both
types of feedback induce significant, equal learning.

Accounting for the numerical distance between the digit stimuli. Neither the present
study nor Sack et al. [5] or Cohen Kadosh et al. [6] considered the interaction of the congru-
ent/incongruent Stroop effect and the varying effect on performance caused by the “distance
effect” in the contrast between the cardinality of the two stimulus digits presented in a given
trial of the task, which potentially can add to variability in performance across individuals and
work to obscure the sought after rTMS effect. Generally, the “distance effect” has been found
to be an inverse relationship of RT and the cardinality difference between two numbers. For
example, Moyer & Landauer (1967) [23]observed that participants were faster when the dis-
tance between numbers was greater (e.g., 2 and 7 versus 2 and 4), and that larger numbers
(e.g., 8) were statistically more likely to be correct answers due to fewer single digits being
greater than that number (e.g., 1-7 < 8<9). Methods to control for the distance effect include
using number pairs with a set numerical ratio of 0.3 (e.g., 6, 2) [29], and presenting set pairs
with differences of 1 (e.g., 3-4) and 5 (e.g., 4-9) to control the difference and number of times
each digit was presented [30]. However, these controls limit the variability of trials and may
lead to artificially low reaction times. While not accounted for in our study, the distance
between the digit pairs used as stimuli should be balanced such that these effects are expected
to be similar between active and sham conditions. Future studies using the numerical Stroop
task should consider these limitations.

Issues involving experimental design

A possible cumulative rTMS effect. The five subjects in the group using individualized
fMRI targeting in Sack et al. [5] received sham and active rTMS conditions in the same session,
and as a group showed a significant active-sham difference in numerical Stroop performance.
In contrast, in the present study the participants who first received active rTMS followed by
sham rTMS did not show the significant reaction time improvement in incongruent trials that
was seen in the group that began with sham rTMS (in post hoc testing following a Stimulation
x Congruency x Order interaction). While this could be an accident of sampling in groups
with small sample size, it may reflect, instead, a potential carryover effect of rTMS. Online
stimulation is expected to modulate neural activity in an acute fashion, providing insight into
the timing of neural processing that underlies behavior, and there is an underlying assumption
of independence between trials in the effect of rTMS. However, very few studies have tested
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whether these short-term effects could accumulate over time. To our knowledge only two stud-
ies, including one from our group, have tested this assumption and concluded there is a lack of
evidence for such cumulative rTMS effects [31, 32]. However, the stimulation parameters were
different between each of these studies (10Hz during 3 seconds at 110% rMT over the DLPFC
and superior parietal lobule; 5Hz during 4 seconds at 120% rMT over the DLPFC). These dif-
ferences prevent direct comparison with each other or with this specific protocol. A potential
way to assess this effect would be to interleave trials with and without stimulation. Overall, in
terms of experimental design, we would recommend performing active and sham stimulation
with sufficient time between the two conditions (e.g., perform them on different days) to miti-
gate any potential confound with accumulating effects.

Electrical sham. Sack etal. [5] used a placebo coil for sham stimulation, in which the
sound of the TMS pulse and the pressure of the coil on the head are reproduced, but the sensa-
tion of the pulse is not. We used an electrical sham approach that uses electrodes applied to the
participant’s head underneath the TMS coil, that delivers a weak electrical current that mimics
the somatosensory stimulation induced by active rTMS. We used a titration approach where
we asked participants to report whether the sensation was tolerable. While this approach
appears to be an improvement, it is also associated with disadvantages. For example, because
of hair thickness on the parietal cortex, it was sometimes difficult to keeping sham electrodes
firmly adhered to the scalp, resulting in sham TMS pulses not felt by some participants, even at
the maximum stimulation intensity. It is also possible that the residual E-fields induced in the
brain by sham electrodes lead to potential neuromodulatory effects on behavioral performance
[19]. Further, to protect subject blinding, we followed the recommendations from Smith, &
Peterchev (2018) and told the participants that two types of stimulation would be applied.
However, since our study did not include any blinding questionnaire, we cannot conclude on
whether participants felt any difference. To address these limitations, future studies could
include post TMS questions on this topic. Since Sack et al. [5], did not use this sham methodol-
ogy, potential differences in performance caused by the addition of electrical stimulation could
be another reason contributing towards the failed replication.

Issues involving TMS delivery

Target selection. In selecting a TMS target through the use an individual fMRI, the indi-
vidual’s peak activation in a contrast of interest within a circumscribed cortical region is cho-
sen. But the actual size of that region is somewhat challenging to delimit a priori, as it is
generally based on previous coordinates in a group analysis but should also consider spatial
variability across individuals. We chose to follow the description given in Sack et al. [5]: the
individual location within the right IPS exhibiting the strongest BOLD-signal contrast for the
SCE. To select the TMS target, we used the IPS mask from the Neurosynth website (https://
neurosynth.org/), within which we estimated the location the peak activation for each partici-
pant. However, the size of this mask was quite large and the choice of target within this mask
suffers from a large variability across subjects in the location of the target selected, probably
due to the lack of additional anatomical constraints in our mask (Fig 2B). We also constrained
our choice to be the most active location situated on superficial cortex, to induce the strongest
E-field and potentially lead to the strongest TMS efficacy. This clearly differed from Sack et al.,
who did not introduce such a constraint, and in fact chose targets that were deeper in cortex
(but, it turned out, grouped closer together). While Sack et al. did not describe the coil orienta-
tion chosen for each target, in the present study the coil orientation was chosen such that the
second phase of the induced E-field was perpendicular and directed into the nearest sulcal wall
for each individual subject. This was done visually rather than through E-field modeling and
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could have suffered some variability as a result. Overall, while there is general agreement in the
field that, as concluded by Sack et al. [5], the use of individual fMRI activations for TMS targets
is the best method for TMS target selection, given the low signal-to-noise levels in individual
fMRI measures, there is still room for improvement.

A potential approach to overcome these limitations could be to rely on information from
causally derived targets beyond the causal evidence provided by earlier TMS studies [5, 6]. For
instance, studies have demonstrated that selecting targets from brain lesions or deep brain
stimulation studies could potentially serve as effective TMS targets (see [33] for a review).
While most causal targets have been derived from psychiatric symptoms such as depression or
anxiety, examining behavioral deficits associated with focal brain injuries or deep brain stimu-
lation can help selecting a TMS target for this specific executive function.

Regarding the group fMRI results, contrary to our expectations, while we were able to find
significantly activated voxels for most of our participants (64%), our results at the group level
do not indicate any significant activations in the right IPS in the Incongruent>Congruent con-
trast. Instead, we found some small clusters in the left IPS, and some larger clusters in subcorti-
cal structures such as the corpus callosum, and the cingulate cortex, the latter regions involved
in conflict monitoring [34]. However, the lack of a group activation in the right IPS does not
necessarily imply that it was not a good target. Indeed, it has been demonstrated that fMRI
group analysis might not always detect the brain regions that are necessary at the individual
level, and instead consider the individual topographic variability as noise [35] and that apply-
ing rTMS on subject-specific regions, even though variable, can lead to a significant rTMS
effect while stimulating the group fMRI activation site does not [35].

A potential way to improve rTMS effects in this task might be to investigate the role of the
left IPS during the Stroop task. To our knowledge, only two studies have tried this location
and demonstrated either a stronger effect by applying TMS on the left IPS than the right IPS
[36] or an effect only for the right hemisphere [6]. Another approach could be to conduct a
connectivity analysis and to stimulate the superficial region showing the strongest connectivity
with the corpus callosum. This has not been tested with this region and with this task, but this
connectivity-based technique has previously demonstrated strong effects when rTMS was
applied over the parietal cortex, to indirectly modulate the hippocampus during an episodic
memory task [37] and it may be useful in the present context.

Stimulation intensity. We used the same dosing strategy of applying a fixed intensity
across subjects that was used in the original Sack et al. study (60% maximum stimulator out-
put). However, while the stimulators used in their study and the present one were the same
models, the TMS coil we used (A/P-B65) was not the one used by Sack et al (B-70). The electric
field generated by those two coils are slightly different [38], and that, combined with the more
superficial location of our TMS targets compared to Sack et al., could also be a potential con-
found explaining the difference in outcomes. Further, individual differences in anatomy are
something that should be taken into account when choosing intensity, given the correlation
we found between the intensity expressed in relation to each individual’s motor threshold and
the size of the rTMS effect observed. The correlation suggests that using higher intensity might
increase the rTMS effect.

Number of pulses and stimulation timing. Like Sack et al. [5], we delivered three pulses
of 10Hz rTMS at 220, 320, and 420 ms post-stimulus onset. This timing was based on past
event-related potentials (ERPs) studies that found ERP components correlating perceptual
processing of congruity and numerical distance over the parietal electrodes between 300-480
ms [39]. Szucs and colleagues sought to determine whether the facilitation and interference
effects of relevant/irrelevant information occurred during perceptual or response processing
stages of the numerical Stroop task. To do so, they had participants conduct two sub-tasks,
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either selecting the value greater in numeric value or physical size. Citing early work discussing
the bidirectional congruency effects in the numerical Stroop task [40] and finding similar early
ERP timing in both sub-tasks, they concluded that numerical and size dimensions of the task
were processed in parallel regardless of relevance. With faster responses in the size task, they
identified the facilitation and interference of the physical size on the numerical value determi-
nation. More recently, Huang et al. [41], investigated the interaction between task-relevant
and irrelevant features on task performance, and found results contradicting Szucs & Soltez
[38]. Huang et al. (2020) evaluated a temporally longer range of ERPs including the late posi-
tive complex (LPC). They found more positive responses in congruent than incongruent in
early (320-520 ms) and late (520-720 ms) LPCs, with early also showing more positive
responses in congruent vs neutral trials. Therefore, it is possible that the 220-420 ms was not
the optimal timing for this task, and future studies might want to investigate different timing
or add more pulses to cover a larger section of the neural processing.

Summary of replication findings. In the present study, we tried to reproduce the rTMS effect
on numerical Stroop found in Sack et al. [5] and Cohen Kadosh et al. [6], with some newer
methods that are now available in the field, such as robotic coil holder and electrical sham,
hoping to find a similar or even stronger rTMS effect by combining those approaches with a
larger sample size. In designing our experiment, we did not initially perform a power analysis
on the optimal number of participants needed to observe significant difference between active
and sham rTMS, relying on the findings of Cohen-Kadosh et al., and Sack et al., who each
found a significant rTMS effect with 5 participants. While we tried to emulate their methods,
the changes we did make in the experimental design may have potentially lowered the effect
size, and we may have needed to employ a larger sample. There were some differences in the
procedures used in the earlier and present studies. In terms of the numerical Stroop task, we
practiced our subjects to a greater degree, additionally using feedback to accelerate their learn-
ing. While we succeeded in removing the confound of learning, we may have altered the neural
processing involved, changing the sensitivity of right IPS to rTMS in the context of the Stroop
task. Regarding experimental design, we differed in the addition of electrical stimulation to the
sham condition, and we may also have found a cumulative effect of active/sham condition
order that may have masked the performance effect we sought. Additionally, there were differ-
ences in how targeting choices using subject-specific fMRI data were handled that may have
had profound effects on our results. We further identified several issues that were common to
all the studies, involving stimulus choices, unbalanced distances between the digit stimuli pre-
sented, and choices of rTMS parameters such as intensity and stimulus timing, which could
impact rTMS effects on the numerical Stroop task.

Conclusions

In two earlier studies the use of rTMS to right IPS during performance of a numerical Stroop
task resulted in strong RT changes reflecting a diminishment of the interference of irrelevant
but automatically processed visual properties [5, 6]. While we did not directly replicate those
findings, application of a drift diffusion model to performance data demonstrated a strong
effect of rTMS on the drift rate variable in the decision process. This analysis revealed possible
differences in how congruent and incongruent properties are integrated during perceptual
decision making. To compare rTMS targeting methods during a cognitive task, we first must
be able to validate and replicate the rTMS effect on the task. Our results show that replicating
r'TMS effects remains challenging and we highlight steps that can be taken to improve the
rigor and reproducibility in rTMS studies of cognition. For example, the differences and issues
in replicating rTMS studies that we discussed point to the need for more extensive
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experimental planning and piloting, as well as more documentation of methodology (such as
degree of practice on the task). Moreover, the sensitivity to changes of the effect of rTMS on
the numerical Stroop task and its resistance to replication calls into question conclusions that
can be drawn from it, and thus indirectly, conclusions on the best method for rTMS targeting.
This calls for further work establishing best methods for TMS targeting. It also suggests more
generally the need for further development of procedures to establish what constitutes a brain/
behavior “IMS effect”, both in terms of the modeling of performance data and on the cogni-
tive processes involved, as well as engagement of brain networks supporting that performance.
The application of more sophisticated behavioral performance analysis such as drift diffusion
modeling may help parse out more subtle effects of rTMS on brain networks involved in the
task.

Supporting information
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(DOCX)

S2 Table. Overlap between activated clusters in the Incongruent > Congruent contrast
and their overlap with the Glasser atlas.
(DOCX)

Acknowledgments

We would like to thank Dr. Eudora Jones, Dr. Fahad Mukhtar, and Dr. William Regenold for
providing medical coverage for each session; as well as Cristina Abboud, Megan Hynd, Elyssa
Feuer, Paul Rohde, and Pei Robbins for their help with participants’ screening.

This work utilized the computational resources of the NTH HPC Biowulf cluster (http://
hpc.nih.gov).

Author Contributions
Conceptualization: Lysianne Beynel, Zhi-De Deng, Bruce Luber, Sarah H. Lisanby.
Data curation: Lysianne Beynel, Hannah Gura, Zeynab Rezaee, Ekaete C. Ekpo.

Formal analysis: Lysianne Beynel, Hannah Gura, Zeynab Rezaee, Ekaete C. Ekpo, Zhi-De
Deng.

Funding acquisition: Zhi-De Deng, Bruce Luber, Sarah H. Lisanby.
Investigation: Hannah Gura, Zeynab Rezaee, Ekaete C. Ekpo, Janet O. Joseph.
Methodology: Lysianne Beynel, Janet O. Joseph, Bruce Luber.

Project administration: Bruce Luber.

Software: Hannah Gura, Paul Taylor.

Supervision: Lysianne Beynel, Bruce Luber, Sarah H. Lisanby.

Validation: Bruce Luber.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302660 May 6, 2024 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302660.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302660.s002
http://hpc.nih.gov/
http://hpc.nih.gov/
https://doi.org/10.1371/journal.pone.0302660

PLOS ONE

rTMS and numerical Stroop task

Visualization: Zhi-De Deng, Paul Taylor.

Writing - original draft: Lysianne Beynel, Hannah Gura, Zeynab Rezaee, Ekaete C. Ekpo,

Bruce Luber.

Writing - review & editing: Zhi-De Deng, Janet O. Joseph, Paul Taylor, Sarah H. Lisanby.

References

10.

11.

12

13.

14.

15.

16.

17.

Stroop RJ. Studies of Interference In Serial Verbal Reactions. J Exp Psychol. 1935.

Milham MP, Banich MT. Anterior cingulate cortex: An fMRI analysis of conflict specificity and functional
differentiation. Hum Brain Mapp. 2005; 25: 328—335. https://doi.org/10.1002/hbm.20110 PMID:
15834861

Kaufmann L, Koppelstaetter F, Delazer M, Siedentopf C, Rhomberg P, Golaszewski S, et al. Neural
correlates of distance and congruity effects in a numerical Stroop task: An event-related fMRI study.
Neuroimage. 2005; 25: 888—898. https://doi.org/10.1016/j.neuroimage.2004.12.041 PMID:
15808989

Hayward G, Goodwin GM, Harmer CJ. The role of the anterior cingulate cortex in the counting Stroop
task. Exp Brain Res. 2004; 154: 355—-358. https://doi.org/10.1007/s00221-003-1665-4 PMID:
14666393

Sack AT, Kadosh RC, Schuhmann T, Moerel M, Walsh V, Goebel R. Optimizing functional accuracy of
TMS in cognitive studies: A comparison of methods. J Cogn Neurosci. 2009; 21: 207-221. https://doi.
org/10.1162/jocn.2009.21126 PMID: 18823235

Cohen Kadosh R, Cohen Kadosh K, Schuhmann T, Kaas A, Goebel R, Henik A, et al. Virtual Dyscalcu-
lia Induced by Parietal-Lobe TMS Impairs Automatic Magnitude Processing. Current Biology. 2007; 17:
689-693. https://doi.org/10.1016/j.cub.2007.02.056 PMID: 17379521

Luber B, Lisanby SH. Neurolmage Enhancement of human cognitive performance using transcranial
magnetic stimulation (TMS). Neuroimage. 2014; 85: 961-970. https://doi.org/10.1016/j.neuroimage.
2013.06.007 PMID: 23770409

Beynel L, Appelbaum LG, Luber B, Crowell CA, Hilbig SA, Lim W, et al. Effects of online repetitive tran-
scranial magnetic stimulation (rTMS) on cognitive processing: A meta-analysis and recommendations
for future studies. Neurosci Biobehav Rev. 2019; 107: 47-58. https://doi.org/10.1016/j.neubiorev.2019.
08.018 PMID: 31473301

Ratcliff R, Smith PL, Brown SD, McKoon G. Diffusion Decision Model: Current Issues and History.
Trends Cogn Sci. 2016; 20: 260-281. https://doi.org/10.1016/j.tics.2016.01.007 PMID: 26952739

Kadosh RC, Muggleton N, Silvanto J, Walsh V. Double dissociation of format-dependent and number-
specific neurons in human parietal cortex. Cerebral Cortex. 2010; 20: 2166—2171. https://doi.org/10.
1093/cercor/bhp273 PMID: 20051361

Hartwigsen G, Bergmann TO, Herz DM, Angstmann S, Karabanov A, Raffin E, et al. Modeling the
effects of noninvasive transcranial brain stimulation at the biophysical, network, and cognitive Level.
Progress in Brain Research. Elsevier B.V.; 2015. pp. 261-287. https://doi.org/10.1016/bs.pbr.2015.06.
014 PMID: 26541384

Peirce J, Gray JR, Simpson S, MacAskill M, Héchenberger R, Sogo H, et al. PsychoPy2: Experiments
in behavior made easy. Behav Res Methods. 2019; 51: 195-203. https://doi.org/10.3758/s13428-018-
01193-y PMID: 30734206

Cox RW. AFNI: Software for Analysis and Visualization of Functional Magnetic Resonance Neuroi-
mages. COMPUTERS AND BIOMEDICAL RESEARCH. 1996. https://doi.org/10.1006/cbmr.1996.
0014 PMID: 8812068

Cox RW, Glen DR. Nonlinear warping in AFNI. Poster presented at the 19th Annual Meeting of the
Organization for Human Brain Mapping. 2013.

Fonov V, Evans AC, Botteron K, Almli CR, McKinstry RC, Collins DL. Unbiased average age-appropri-
ate atlases for pediatric studies. Neuroimage. 2011; 54: 313-327. https://doi.org/10.1016/j.neuroimage.
2010.07.033 PMID: 20656036

Reynolds RC, Taylor PA, Glen DR. Quality control practices in FMRI analysis: Philosophy, methods
and examples using AFNI. Front Neurosci. 2023; 16. https://doi.org/10.3389/fnins.2022.1073800
PMID: 36793774

Saad ZS, Glen DR, Chen G, Beauchamp MS, Desai R, Cox RW. A new method for improving func-
tional-to-structural MRI alignment using local Pearson correlation. Neuroimage. 2009; 44: 839-848.
https://doi.org/10.1016/j.neuroimage.2008.09.037 PMID: 18976717

PLOS ONE | https://doi.org/10.1371/journal.pone.0302660 May 6, 2024 20/22


https://doi.org/10.1002/hbm.20110
http://www.ncbi.nlm.nih.gov/pubmed/15834861
https://doi.org/10.1016/j.neuroimage.2004.12.041
http://www.ncbi.nlm.nih.gov/pubmed/15808989
https://doi.org/10.1007/s00221-003-1665-4
http://www.ncbi.nlm.nih.gov/pubmed/14666393
https://doi.org/10.1162/jocn.2009.21126
https://doi.org/10.1162/jocn.2009.21126
http://www.ncbi.nlm.nih.gov/pubmed/18823235
https://doi.org/10.1016/j.cub.2007.02.056
http://www.ncbi.nlm.nih.gov/pubmed/17379521
https://doi.org/10.1016/j.neuroimage.2013.06.007
https://doi.org/10.1016/j.neuroimage.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23770409
https://doi.org/10.1016/j.neubiorev.2019.08.018
https://doi.org/10.1016/j.neubiorev.2019.08.018
http://www.ncbi.nlm.nih.gov/pubmed/31473301
https://doi.org/10.1016/j.tics.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26952739
https://doi.org/10.1093/cercor/bhp273
https://doi.org/10.1093/cercor/bhp273
http://www.ncbi.nlm.nih.gov/pubmed/20051361
https://doi.org/10.1016/bs.pbr.2015.06.014
https://doi.org/10.1016/bs.pbr.2015.06.014
http://www.ncbi.nlm.nih.gov/pubmed/26541384
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.3758/s13428-018-01193-y
http://www.ncbi.nlm.nih.gov/pubmed/30734206
https://doi.org/10.1006/cbmr.1996.0014
https://doi.org/10.1006/cbmr.1996.0014
http://www.ncbi.nlm.nih.gov/pubmed/8812068
https://doi.org/10.1016/j.neuroimage.2010.07.033
https://doi.org/10.1016/j.neuroimage.2010.07.033
http://www.ncbi.nlm.nih.gov/pubmed/20656036
https://doi.org/10.3389/fnins.2022.1073800
http://www.ncbi.nlm.nih.gov/pubmed/36793774
https://doi.org/10.1016/j.neuroimage.2008.09.037
http://www.ncbi.nlm.nih.gov/pubmed/18976717
https://doi.org/10.1371/journal.pone.0302660

PLOS ONE

rTMS and numerical Stroop task

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Glen DR, Taylor PA, Buchsbaum BR, Cox RW, Reynolds RC. Beware (Surprisingly Common) Left-
Right Flips in Your MRI Data: An Efficient and Robust Method to Check MRI Dataset Consistency Using
AFNI. Front Neuroinform. 2020; 14. https://doi.org/10.3389/fninf.2020.00018 PMID: 32528270

Smith JE, Peterchev V A. Electric field measurement of two commercial active/sham coils for transcra-
nial magnetic stimulation. J Neural Eng. 2018; 15. https://doi.org/10.1088/1741-2552/aace89 PMID:
29932429

Chapter Awiszus F. 2 TMS and threshold hunting. Supplements to Clinical Neurophysiology. Elsevier
B.V.; 2003. https://doi.org/10.1016/S1567-424X(09)70205-3 PMID: 14677378

Wagenmakers E-J, Van Der Maas HLJ, Grasman RPPP. THEORETICAL AND REVIEW ARTICLES
An EZ-diffusion model for response time and accuracy. Psychon Bull Rev. 2007.

Taylor PA, Reynolds RC, Calhoun V, Gonzalez-Castillo J, Handwerker DA, Bandettini PA, et al. High-
light results, don’t hide them: Enhance interpretation, reduce biases and improve reproducibility. Neuro-
image. 2023; 274. https://doi.org/10.1016/j.neuroimage.2023.120138 PMID: 37116766

Moyer RS, Landauer TK. Time required for Judgements of Numerical Inequality. Nature. 1967; 215:
1519-1520. https://doi.org/10.1038/2151519a0 PMID: 6052760

Philiastides MG, Auksztulewicz R, Heekeren HR, Blankenburg F. Causal role of dorsolateral prefrontal
cortex in human perceptual decision making. Current Biology. 2011; 21: 980-983. https://doi.org/10.
1016/j.cub.2011.04.034 PMID: 21620706

Lerche V, Voss A, Nagler M. How many trials are required for parameter estimation in diffusion model-
ing? A comparison of different optimization criteria. Behav Res Methods. 2017; 49: 513-537. https://
doi.org/10.3758/s13428-016-0740-2 PMID: 27287445

Huabner R, Steinhauser M, Lehle C. A dual-stage two-phase model of selective attention. Psychol Rev.
2010; 117: 759-784. https://doi.org/10.1037/a0019471 PMID: 20658852

Beynel L, Davis SW, Crowell CA, Hilbig SA, Lim W, Nguyen D, et al. Online repetitive transcranial mag-
netic stimulation during working memory in younger and older adults: A randomized within-subject com-
parison. PLoS One. 2019; 14. https://doi.org/10.1371/journal.pone.0213707 PMID: 30901345

Liu J, Dosher B, Lu ZL. Modeling trial by trial and block feedback in perceptual learning. Vision Res.
2014; 99: 46-56. https://doi.org/10.1016/j.visres.2014.01.001 PMID: 24423783

Leibovich T, Diesendruck L, Rubinsten O, Henik A, Libertus M, Hopkins J. The importance of being rele-
vant : modulation of magnitude representations. Front Psychol. 2013; 4: 1-10. https://doi.org/10.3389/
fpsyg.2013.00369 PMID: 23805117

Kadosh RC, Kadosh KC, Henik A. When brightness counts: The neuronal correlate of numerical-lumi-
nance interference. Cerebral Cortex. 2008; 18: 337-343. https://doi.org/10.1093/cercor/bhm058 PMID:
17556772

Hamidi M, Johson JS, Feredoes E, Postle BR. Does high-frequency repetitive transcranial magnetic
stimulation produce residual and/or cumulative effects within an experimental session? Brain Topogr.
2011; 23: 355-367. https://doi.org/10.1007/s10548-010-0153-y PMID: 20623171

Beynel L, Powers JP, Appelbaum LG. Effects of repetitive transcranial magnetic stimulation on resting-
state connectivity: A systematic review. Neuroimage. 2020; 211. https://doi.org/10.1016/j.neuroimage.
2020.116596 PMID: 32014552

Siddigi SH, Fox MD. Targeting symptom-specific networks with TMS. Biol Psychiatry. 2023. https://doi.
org/10.1016/j.biopsych.2023.11.011 PMID: 37979642

Botvinick MM, Braver TS, Barch DM, Carter CS, Cohen JD. Conflict Monitoring and Cognitive Control

Despite the importance of these efforts to characterize the func-tion of cognitive control, most of them

share an important limita-tion in scope. Most current theories focus nearly exclusively on the. Cohen &
Servan-Schreiber. 2001; 108: 624—-652.

Feredoes E, Tononi G, Postle BR. The neural bases of the short-term storage of verbal information are
anatomically variable across individuals. Journal of Neuroscience. 2007; 27: 11003—11008. https://doi.
org/10.1523/JNEUROSCI.1573-07.2007 PMID: 17928441

Cappelletti M, Muggleton N, Walsh V. Quantity without numbers and numbers without quantity in the
parietal cortex. Neuroimage. 2009; 46: 522-529. https://doi.org/10.1016/j.neuroimage.2009.02.016
PMID: 19236924

Wang JX, Rogers LM, Gross EZ, Ryals AJ, Dokucu ME, Brandstatt KL, et al. Targeted enhancement of
cortical-hippocampal brain networks and associative memory. Science (1979). 2014; 345: 1054—1057.
https://doi.org/10.1126/science.1252900 PMID: 25170153

Deng Z De Lisanby SH, Peterchev A V. Electric field depth-focality tradeoff in transcranial magnetic
stimulation: Simulation comparison of 50 coil designs. Brain Stimul. 2013; 6: 1-13. https://doi.org/10.
1016/j.brs.2012.02.005 PMID: 22483681

PLOS ONE | https://doi.org/10.1371/journal.pone.0302660 May 6, 2024 21/22


https://doi.org/10.3389/fninf.2020.00018
http://www.ncbi.nlm.nih.gov/pubmed/32528270
https://doi.org/10.1088/1741-2552/aace89
http://www.ncbi.nlm.nih.gov/pubmed/29932429
https://doi.org/10.1016/S1567-424X%2809%2970205-3
http://www.ncbi.nlm.nih.gov/pubmed/14677378
https://doi.org/10.1016/j.neuroimage.2023.120138
http://www.ncbi.nlm.nih.gov/pubmed/37116766
https://doi.org/10.1038/2151519a0
http://www.ncbi.nlm.nih.gov/pubmed/6052760
https://doi.org/10.1016/j.cub.2011.04.034
https://doi.org/10.1016/j.cub.2011.04.034
http://www.ncbi.nlm.nih.gov/pubmed/21620706
https://doi.org/10.3758/s13428-016-0740-2
https://doi.org/10.3758/s13428-016-0740-2
http://www.ncbi.nlm.nih.gov/pubmed/27287445
https://doi.org/10.1037/a0019471
http://www.ncbi.nlm.nih.gov/pubmed/20658852
https://doi.org/10.1371/journal.pone.0213707
http://www.ncbi.nlm.nih.gov/pubmed/30901345
https://doi.org/10.1016/j.visres.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24423783
https://doi.org/10.3389/fpsyg.2013.00369
https://doi.org/10.3389/fpsyg.2013.00369
http://www.ncbi.nlm.nih.gov/pubmed/23805117
https://doi.org/10.1093/cercor/bhm058
http://www.ncbi.nlm.nih.gov/pubmed/17556772
https://doi.org/10.1007/s10548-010-0153-y
http://www.ncbi.nlm.nih.gov/pubmed/20623171
https://doi.org/10.1016/j.neuroimage.2020.116596
https://doi.org/10.1016/j.neuroimage.2020.116596
http://www.ncbi.nlm.nih.gov/pubmed/32014552
https://doi.org/10.1016/j.biopsych.2023.11.011
https://doi.org/10.1016/j.biopsych.2023.11.011
http://www.ncbi.nlm.nih.gov/pubmed/37979642
https://doi.org/10.1523/JNEUROSCI.1573-07.2007
https://doi.org/10.1523/JNEUROSCI.1573-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17928441
https://doi.org/10.1016/j.neuroimage.2009.02.016
http://www.ncbi.nlm.nih.gov/pubmed/19236924
https://doi.org/10.1126/science.1252900
http://www.ncbi.nlm.nih.gov/pubmed/25170153
https://doi.org/10.1016/j.brs.2012.02.005
https://doi.org/10.1016/j.brs.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22483681
https://doi.org/10.1371/journal.pone.0302660

PLOS ONE rTMS and numerical Stroop task

39. Szucs D, Soltez F. Event-related potentials dissociate facilitation and interference effects in the numeri-
cal Stroop paradigm. Neuropsychologia. 2007; 45: 3190-3202. https://doi.org/10.1016/j.
neuropsychologia.2007.06.013 PMID: 17675108

40. Macleod CM. Haifa Century of Research on the Stroop Effect: An Integrative Review. Psychol Bull.
1991.

41. Huang HW, Nascimben M, Wang YY, Fong DY, Tzeng OJL, Huang CM. Which digit is larger? Brain
responses to number and size interactions in a numerical Stroop task. Psychophysiology. 2020; 58: 1—
13. https://doi.org/10.1111/psyp.13744 PMID: 33314155

PLOS ONE | https://doi.org/10.1371/journal.pone.0302660 May 6, 2024 22/22


https://doi.org/10.1016/j.neuropsychologia.2007.06.013
https://doi.org/10.1016/j.neuropsychologia.2007.06.013
http://www.ncbi.nlm.nih.gov/pubmed/17675108
https://doi.org/10.1111/psyp.13744
http://www.ncbi.nlm.nih.gov/pubmed/33314155
https://doi.org/10.1371/journal.pone.0302660

