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Abstract

Fluid intelligence (gf) represents a crucial component of human cognition, as it correlates with academic achievement,
successful aging, and longevity. However, it has strong resilience against enhancement interventions, making the
identification of gf enhancement approaches a key unmet goal of cognitive neuroscience. Here, we applied a
spike-timing-dependent plasticity (STDP)-inducing brain stimulation protocol, named cortico-cortical paired associative
stimulation (cc-PAS), to modulate gf in 29 healthy young subjects (13 females—mean =+ standard deviation,

25.43 years + 3.69), based on dual-coil transcranial magnetic stimulation (TMS). Pairs of neuronavigated TMS pulses
(10-ms interval) were delivered over two frontoparietal nodes of the gf network, based on individual functional magnetic
resonance imaging data and in accordance with cognitive models of information processing across the prefrontal and
parietal lobe. cc-PAS enhanced accuracy at gf tasks, with parieto-frontal and fronto-parietal stimulation significantly
increasing logical and relational reasoning, respectively. Results suggest the possibility of using SPTD-inducing TMS
protocols to causally validate cognitive models by selectively engaging relevant networks and manipulating inter-regional

temporal dynamics supporting specific cognitive functions.
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Introduction

Daily scenarios constantly challenge our life with tasks requir-
ing much more than a mere access to previously consolidated
knowledge. The ability to extrapolate, filter, and organize new
information constitutes a critical component of human cogni-
tion, commonly referred as fluid intelligence (gf) (Cattell 1963;
Horn and Cattell 1966). Indeed, gf positively correlates with a

vast number of cognitive abilities. It is an important predic-
tor of socioeconomic status, longevity (Gottfredson and Deary
2004), academic and professional success (Neisser et al. 1996;
Gottfredson 2002; Deary et al. 2007; Rohde and Thompson 2007;
te Nijenhuis et al. 2007; Watkins et al. 2007; Ren et al. 2015), as
well as a predictor of brain robustness to lesions (Santarnecchiet
al. 2015). However, individual gf abilities are resilient to external
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manipulation (Haier 2014), making the development of tools and
methods for its enhancement a key unmet goal of contemporary
cognitive neuroscience. Particularly, the possibility of increasing
gf capacity might have relevant impact for both healthy and
pathological brain functioning, potentially affecting learning
abilities (Filickova et al. 2015), cognitive reserve (Stern 2002), and
resilience processes (Santarnecchi et al. 2015).

Several attempts to increase gf have been made over the last
two decades, based on a variety of interventions: cognitive train-
ing (Au et al. 2016), drugs (Stough et al. 2011), meditation (Gard et
al. 2014), physical activity (Reed et al. 2010), videogames (Smith
et al. 2013), diet (Beard et al. 2005), neurofeedback (Staufenbiel
et al. 2014), musical training (Schellenberg 2004), as well as
noninvasive brain stimulation (NIBS) (Pahor and Jausovec 2014;
Santarnecchi et al. 2016). Clearly, such interventions affect brain
functioning in very different ways, ranging from rather focal
(e.g., NIBS) to generalized (e.g., drugs, physical exercise, diet)
effects, which might or might not be directly linked to the
neurofunctional substrate of gf.

In the case of NIBS interventions, previous studies have been
focused on transcranial alternating electrical stimulation of a
single brain region applied in the gamma (i.e., 40 Hz) (Santarnec-
chi et al. 2013, 2016) or theta (i.e., 5 Hz) (Pahor and Jausovec
2014; Neubauer et al. 2017) band, with enhancement observed
during stimulation delivered over the left prefrontal and parietal
regions, respectively. Transient increase in gf levels has also
been observed after repetitive transcranial magnetic stimulation
(TMS; 5 Hz) delivered over the left prefrontal cortex (Boroojerdi
et al. 2001). Despite single region’s activity has been recognized
fundamental for gf-related processing, increasing evidence sug-
gest the relevance of a distributed, bilateral frontoparietal brain
network (for a review see Santarnecchi et al. 2017). Therefore,
techniques allowing to manipulate such interplay with both
high spatial and temporal specificity might represent the opti-
mal approach to engage network dynamics underpinning gf.

In this regard, TMS offers the possibility of stimulating a
small portion of cortical grey matter (i.e., ~ 1 cm?) with high spa-
tial accuracy, especially when coupled with magnetic resonance
imaging (MRI)-guided stereotaxic neuronavigation (Rossini and
Rossi 2007). Repeatitive TMS protocols have been shown to lead
to long-lasting changes in brain function (Guse et al. 2013). For
instance, an increase in the expression of a potent modulator
of synaptic plasticity (e.g., brain-derived neurotrophic factor,
BDNF) has been reported after TMS (Mtiller et al. 2000).

When applied in the form of paired pulses delivered at
predetermined intervals over two cortical regions (i.e., cortico-
cortical paired associative stimulation—cc-PAS hereafter), TMS
is thought of inducing spike-timing-dependent plasticity (STDP),
by strengthening synaptic coupling between the two target
neuronal populations (Stefan et al. 2000, 2002; Wolters et al.
2003). From a neurophysiological perspective, the interstimulus
interval (ISI) represents the timing of interregional information
transfer, that is, the time for the spikes induced by the first
TMS pulse on Region A to reach neurons in Region B. When
an appropriate ISI is chosen and stimulation is repeated over
time (e.g., 200 pairs of pulses on A and B on the premotor and
motor cortices), cc-PAS enhances A-B synaptic strength, leading
to neurophysiologically measurable changes (e.g., increase of
motor evoked potentials [MEPs], recorded from Region B) and a
rearrangement of network-to-network dynamics (Santarnecchi
et al. 2018). Importantly, the order of TMS pulses (A — Bvs.B —
A) has been shown to affect the direction of induced plasticity
changes (Santarnecchi et al. 2018). Cc-PAS is therefore foreseen
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as a promising candidate for the modulation of cognitive
processes, when specific cortical correlates are available and
hypotheses about the direction of information processing can be
drawn.

Based on such rationale, we tailored a cc-PAS protocol to
modulate individual gf levels by inducing STDP between a net-
work of brain regions responsible for gf-related problem solving
(Fig. 1), aiming at increasing within-network connectivity. Partic-
ipants performed a baseline visit in which functional magnetic
resonance imaging (fMRI) and cognitive data were collected to
guide subsequent stimulations and possibly identify predictors
of response to cc-PAS (Fig. 1A). Specifically, the most positively
correlated nodes of a recently published quantitative task-fMRI
meta-analysis representing brain activity during gf problem
solving (Santarnecchi et al. 2017) were identified for each partic-
ipant and used as targets for neuro navigated double-coil TMS
(Fig. 2).

We aimed to assess gf abilities at multiple time points
before/after ccPAS, as well as investigate the impact of different
cc-PAS conditions. Therefore, a gf task allowing for multiple,
balanced parallel versions was used (Matzen et al. 2010). The
(Sandia Matrices) task included both logical and relational
problems, administered in a randomized order. Logical stimuli
load mostly on prefrontal brain structures (Prado et al. 2010)
and require the ability to solve problems such as “if P then Q”
(operationalized in the Sandia task as, for example, “if there is a
circle then there is a triangle. There is not a triangle. Therefore,
there is not a circle.”) Differently, relational problems engage
mostly parietal activity (Prado et al. 2010) and require to make
inference about riddles, such as “P is to the left of Q; Q is
to the left of R” (operationalized in the Sandia task as “The
circle is to the left of the triangle. The triangle is to the left of
the square. Therefore, the circle is to the left of the square.”)
Besides such regional specificity of gf-related brain activity, a
parietofrontal information processing gradient supports the
solution of logical tasks (Houdé et al. 2000), while feedback
projections from prefrontal to parietal regions support relational
reasoning. By testing the impact of cc-PAS delivered following
a parietofrontal (P — F, ISI=+10 ms) or a frontoparietal (F — P,
ISI=—10 ms) associative direction, we designed a study possibly
looking at direction-specific modulation of gf abilities (Fig. 1C).
Additionally, control conditions investigating the effect of (1)
nonassociative cc-PAS delivered simultaneously over frontal
and parietal regions (i.e., Simultaneous-TMS, ISI=0 ms) and (2)
TMS targeting only the prefrontal lobe were also included (i.e.,
Prefrontal-TMS). Furthermore, to account for learning effects
due to tasks repetition despite randomization of conditions,
gf assessment was also tested (3) while participants received
no stimulation, as a third control condition (i.e., no stimulation
[NoStim], placebo “sham” TMS). Finally, control tasks addressing
near (inhibition, via the Letter No-Go task [LNG]) and far (selec-
tive attention, via a visual search [VS] task) cognitive transfer
were also administered before and after each stimulation
session.

Overall, we aimed at testing the following hypotheses: (1)
STDP-inducing cc-PAS protocols (i.e., P - F, F — P) will induce
a change in gf-related cognitive performance as compared
to nonassociative cc-PAS (Simultaneous-TMS), single region
(Prefrontal-TMS), and NoStim conditions; (2) cc-PAS will affect gf
performance depending on interregional stimulation direction,
with a beneficial effect on logical reasoning for P — F TMS
and on relational reasoning for F — P TMS, specifically. Finally,
resting state fMRI data collected at baseline were used to predict
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Figure 1. Experimental design. (A) Baseline assessment included a set of neuropsychological tests and resting state fMRI acquisition. A high degree of variability in
functional connectivity of prefrontal and parietal TMS targets was present. (B) Pre-cc-PAS evaluation consisted of two gf assessments (Baseline gf 1 and Baseline gf 2)
interleaved with a LNG task (near transfer) and VS task (far transfer). TMS parameters were based on individual RMT collected at the beginning of each session. (C)
Different TMS conditions were tested on different days: (i) left IPL TMS pulse either preceding (P — F, ISI=+10 ms), (ii) following (F — P, ISI=—10 ms), or (iii) delivered
simultaneously (Simultaneous-TMS, ISI=0 ms) to the TMS pulse over the MFG. Additionally, a (iv) “Prefrontal-TMS” condition was performed by delivering real TMS
over MFG and Sham TMS over IPL, while (v) spontaneous learning was tested by longitudinally assessing cognition without stimulation (“NoStim” condition). (D)
Post-cc-PAS assessment included two gf evaluations (Post TMS gf 1, Post TMS gf 2), interleaved with an LNG (near transfer) and VS task (far transfer) administrated in

reverse order with respect to pre-cc-PAS.

. Individual Stimulation Targets Resting State Network (Yeo et al.,, 2011)
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Figure 2. TMS targets based on fMRI data. (A) A meta-analytic map of gf fMRI activation patterns (Santarnecchi et al. 2017) used to derive individual FC maps. (B)
Overlap between individual TMS targets of the current study and gf network. (C) Overlap between TMS targets and known resting state networks parcellations.

the response to cc-PAS, by looking at seed-based functional connectivity between the nodes of the gf network targeted by
connectivity (Biswal et al. 2010; Sporns 2014) of TMS targets. TMS will benefit less from cc-PAS, due to the already high level
We hypothesized that individuals with stronger functional of synchronicity among the stimulated sites.
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Materials and Methods
Participants

Thirty healthy individuals (13 females) (mean + standard devi-
ation [SD], 25.43 years +3.69) were recruited through flyers at
the University of Siena School of Medicine (Italy). On average,
participants carried out a total amount of five visits (Fig. 1). A
comprehensive cognitive assessment and MRI acquisition were
performed at a baseline assessment visit (Fig. 1A). In each of the
following TMS visits, participants solved four parallel versions
of a validated gf task (Sandia matrices, see dedicated paragraph
below), before and after neuronavigated cc-PAS. To evaluate the
specificity of cc-PAS effects on gf problem solving, as well as to
exclude possible effects due to generalized increase in arousal,
an inhibition and an attentional task were administered before
(Fig. 1B) and after (Fig. 1D) each TMS session.

The experiment consisted of five conditions (Fig.1C),
addressing the impact of cc-PAS with different delays between
the first and second TMS pulse (conditions with ISI = +10 ms,
ie, P - F and —10 ms, F — P), as well as three control
conditions: (1) a nonassociative TMS condition, with ISI=0 ms
(Simultaneous-TMS); (2) stimulation over one single gf region
(Prefrontal-TMS) previously reported as associated with cog-
nitive enhancement induced by brain stimulation (Boroojerdi
et al. 2001; Santarnecchi et al. 2013); and (3) repeated gf
assessment following the same experimental design but with no
TMS (NoStim), to assess the impact of spontaneous gf-related
learning induced by repeated cognitive testing in healthy young
adults. To avoid learning effects across sessions as well as
excessive fatigue due to the length of each cc-PAS session (~3 h),
TMS sessions were separated by at least 3 days. The study was
approved by the Ethical Committee of the University of Siena. An
informed consent was obtained from all participants according
to the Declaration of Helsinki. Participants were given 30€ for
the entire study.

Baseline Visit

MRI Session

Structural and functional MRI sequences were acquired to derive
individualized stimulation targets for TMS a few days prior to the
TMS sessions, together with an extensive cognitive evaluation
(see next paragraph and Fig. 1A). MRI session lasted approxi-
mately 1 h. Details about the MRI sequences (i.e., T1-weighted,
T2-FLAIR, and T2-blood oxygen level-dependent [BOLD] resting
state fMRI) and image preprocessing are included as part of the
Supplementary Materials.

Cognitive Evaluation

A comprehensive cognitive profile was obtained via 10 cog-
nitive tasks measuring flexibility (Global-Local features task
abilities) (Navon 1977), switching (Preparing to Overcome Prepo-
tency task) (Rosano et al. 2005), inhibition (LNG) (Thorell et al.
2009), attention (VS) (Treisman and Gelade 1980), verbal (Digit
Span) (Wechsler 1981) and visuospatial (Change Localization)
(Luck and Vogel 1997) working-memory, gf (Raven’s Advanced
Progressive Matrices [RPM)]) (Raven et al. 1998), premorbid intel-
ligence quotient (Test di Intelligenza Breve) (Sartori et al. 1997),
and frontal lobe functioning (Cognitive Estimation Task) (Della
Sala et al. 2003). The tasks were presented using E-Prime 2.0
Professional (Psychology Software Tools; www.pstnet.com) on
a 19-inch screen located 80 cm away from the participants.
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See Supplementary Material for a detailed description of each
task.

Longitudinal gf Assessment

The gf measures were based on the Sandia matrices (Matzen
et al. 2010) (Fig. 1), an abstract reasoning task originally cre-
ated to mimic the gold standard gf test (RPM), while offering
the possibility for repeated gf assessments via a large set of
alternative stimuli (~3000). Each matrix is composed of a 3 x
3 grid, with each cell in the grid containing a set of shapes. A
blank cell in position 3-3 of the grid (bottom right) is present.
Participants are required to complete the matrix by selecting
one of eight alternative solutions. In the present experiment,
participants responded by pressing the corresponding key on
a PC numerical keyboard (1-8). A maximum response time of
60 s was allowed for each matrix, after which the next matrix
appeared. Differently from the original RPM, where the progres-
sion of the stimuli is fixed and the stimuli do not reflect a
specific reasoning subprocess, the Sandia stimuli were created
with a fine characterization of each stimuli features, including
the type and number of operations required (e.g., subtraction
of color, matching of stimuli dimension, no spatial rotation).
This allowed to create balanced, parallel versions of the task
that can be used for longitudinal assessment. Moreover, stimuli
can be divided into two main categories, reflecting relational
and logical reasoning. Relational matrices can be solved by
capturing variations in the features of shapes across cells in
the grid (i.e., color, size, orientation, number, shape), with some
features remaining constant while others vary. Only the highest
difficulty trials were used, with variations in three of the five fea-
tures, referred to as “three-relation” matrices. Conversely, logic
matrices required participants to perform logical operations
across the matrix (i.e., conjunction, disjunction, or exclusive
disjunction, known as AND, OR, and XOR boolean functions,
respectively). Each gf assessment was composed by 21 trials of
Relational and Logical trials (42 matrices total, time limit for
each matrix=60 s), presented in a randomized order. At each
visit, participants performed four parallel versions of Sandia
matrices (Baseline gf 1, Baseline gf 2, Post TMS gf 1, Post TMS
gf 2). Before Baseline gf 1, participants performed an additional
short training to familiarize with the stimuli and reduce novelty
effects.

Experimental Visits

Each TMS visit lasted ~ 3 h. First, participants performed a first
set of trials of the Sandia task, which served as a within-session
baseline measure (Baseline gf 1, Fig. 1B). Then, they performed
the near- and far-transfer tasks (see dedicated section below) to
evaluate inhibition and attentional levels before cc-PAS. Subse-
quently, resting motor threshold (RMT) was identified for each
participant, targeting the left motor cortex (M1) (see below). RMT
was used to define TMS intensity for each participant according
to international TMS guidelines (Rossi et al. 2009). Participants
were given a short break (~10 min) before being tested with
the Sandia task again right before cc-PAS (Baseline gf 2), which
was then applied continuously for 15 min. During stimulation,
subjects were seated on a comfortable reclining chair with both
arms relaxed and with their eyes open. Immediately after cc-
PAS, participants performed a third version of the Sandia to
evaluate acute TMS-induced effects (Post TMS gf 1, Fig. 1D). After
a 25- to 35-min break (around 1 h after the end of cc-PAS),
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the last assessment with Sandia matrices was carried out (Post
TMS gf 2). Moreover, two additional tasks (VS and LNG) were
administrated twice (before and after cc-PAS, in reverse order) to
evaluate near- and far-transfer effects. TMS conditions and tasks
order were counterbalanced across subjects. Further details on
TMS, neuronavigation, targets definition, and cognitive tasks are
reported in dedicated sections.

Transfer Measures

Both inhibition (LNG) and selective attention (VS) were evaluated
to investigate near and far transfer, respectively (Barnett and
Ceci 2002). For more information on the cognitive tasks see the
paragraphs below.

Visual Search

VS is considered an index of attentional and perceptual
resources, involving the ability to scan the visual field for a
particular target among distractors (Treisman and Gelade 1980).
The screen is divided into four quadrants filled with an array of
randomly placed “T” letters with only one “L” letter. Participants
were asked to indicate the quadrant including the “L” as quickly
and accurate as possible, by pressing the corresponding key on
the laptop keyboard. At the beginning of each trial, a fixation
cross was shown at the center of the screen for 2000 ms.
The “L” letter randomly occurred 18 times for each quadrant
(72 trials total). Participants were given 2 s to respond before the
following trial started. Reaction times (RTs) and Accuracy (ACC)
measures were recorded.

Letter No-Go

The task assessed executive functions, specifically response
inhibition. Four parallel version trials were created in order to
reduce learning and practice effect. In each version, the “No-
Go” stimuli were changed. A stream of random letters was
presented at the center of the screen, including the No-Go letter
(depending on task version: “X,” “K,” “W,” “Z”). Participants were
instructed to press the arrow down key anytime a “Go” letter
was presented (“Go” trials; e.g., A...C..F...N...) and to suppress
their response when No-Go trials occur (“No-Go” trials). Twenty-
five Go letters were randomly used as Go stimuli. Each Go letter
was presented 4 times, while the No-Go letter appeared 28 time.
Participants completed a total of 128 trials. RTs and ACC were
recorded.

fMRI-Guided TMS Targeting

While scalp landmarks based on the 10-20 International
EEG system might be suitable for studies aimed at modu-
lating large brain regions (Herwig et al. 2003), modulation
of resting state fMRI networks requires further optimization
to ensure precise targeting and to account for individual
differences in fMRI patterns (Fox et al. 2012). In recent years,
few studies have used intrinsic connectivity to identify TMS
targets (Hoffman et al. 2007; Eldaief et al. 2011) (for a review,
see Fox et al. 2012), promoting the value of individualized
stimulation protocols over those based on anatomical land-
marks. As shown in Figure 2A and B, a left-lateralized fron-
toparietal network based on a task-fMRI meta-analysis map of
gf activation during matrix-like reasoning tasks (Santarnecchi
et al. 2017) (www.tmslab.org/santalab-fluid.php) was identified
as target for the present study. Each participant’s fMRI data
collected during baseline visit was then used to derive individual

seed-based functional connectivity maps of the gf network. Two
targets were identified, approximately corresponding to the left
inferior parietal lobule (IPL) and left middle frontal gyrus (MFG),
as the most positively correlated nodes in the gf network. Two
independent investigators (ES, DM) checked both functional
connectivity maps and structural MRI data (i.e., T1-weighted
images) in order to identify individual hotspots satisfying the
following criteria: stimulation sites should (1) be as close as
possible to the local maxima of the IPL/MFG clusters; (2) be on
the top of a cortical gyrus (avoiding sulci); and (3) represent the
shortest perpendicular path connecting the stimulating TMS
coil on the scalp and the cortex. High individual variability in
TMS targets was evident, with individual nodes showing high
heterogeneity across participants (Fig. 2C). To stimulate IPL, the
coil was positioned with a 15° angle with respect to the midline,
inducing a posterior-anterior current direction (Koch et al. 2007).
The coil was positioned with a 45° angle for MFG stimulation
(Boschin et al. 2017). Once optimal stimulation nodes were
identified, target sites were loaded into the neuronavigation
software (see dedicated paragraph).

cc-PAS Protocol

cc-PAS intervention consisted of 180 paired TMS pulses over the
left hemisphere that were continuously delivered every 5 s (2 Hz)
over a total period of 15 min. The conditioning (first TMS pulse)
stimulus was set at an intensity of 90% of RMT, while the test
stimulus (second TMS pulse) was applied at an intensity of 120%
of the ipsilateral RMT.

The experiment consisted of two active cc-PAS conditions
(P - F and F — P). Depending on the condition, left IPL
stimulation could precede (P — F, ISI=+10 ms) or follow (F — B,
ISI=—10 ms) the TMS pulse on MFG. The 10 ms ISI was picked
based on intracortical facilitation TMS protocol, which has
been shown to induce STDP in the posterior parietal cortex-
M1 connection when cc-PAS was delivered within a temporal
window of 5-20 ms (Stefan et al. 2000; Koch et al. 2013; Casula
et al. 2016). The same 10-ms protocol has been recently used to
modulate TMS-EEG activity of a frontoparietal network, showing
its efficacy in modulating long-range connections (Casula
et al. 2016), as well as in an fMRI study aimed at modulating
connectivity between resting state networks (Santarnecchi
et al. 2018). Three additional control conditions were included
(1) a cc-PAS condition with both pulses on MFG and IPL
delivered at the same time (Simultaneous-TMS, ISI=0 ms), (2)
a TMS condition with active stimulation over MFG and sham
stimulation over IPL (Prefrontal-TMS hereafter), and (3) a no
stimulation (NoStim) condition aimed at evaluating sponta-
neous learning during repeated gf testing. During Prefrontal-
TMS, stimulation was performed delivering real TMS over MFG
and sham TMS over IPL (achieved by tilting the coil 90°). The
NoStim condition was carried out by tilting both TMS coils
by 90°.

Electromyography and Resting Motor
Threshold Procedures

TMS was applied using a custom-made STM9000 magnetic
stimulator (Ates-EBNeuro) connected to two independent 70-
mm figure-8 coils. At the beginning of each visit, RMT was
determined for the left M1 “hot spot,” corresponding to the
scalp location where TMS intensity was sufficient to evoke a
motor response (~ 50 uV) in the right first dorsal interosseous
(FDI) muscle in at least 50% of the trials. Electromyographic
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activity was recorded with the active electrode positioned over
the belly of the FDI muscle, while the reference electrode
was placed over the metacarpophalangeal joint of the index
finger. To stimulate left M1, the TMS coil was positioned at an
angle of ~45° with respect to the midline. RMT was used as a
corticospinal excitability index and used to set individual cc-PAS
intensity for both TMS coils at each visit.

Neuronavigation

Two independent neuronavigation softwares (BrainNET, EBneuro
Ltd) with infrared cameras (Polaris Vicra, NDI) were used to
simultaneously control the two TMS coils. The T1-weighted
and fMRI images of each participant were uploaded on the
neuronavigation software, and a coregistration procedure was
performed using scalp landmarks (nasion, vertex, and the two
preauricular points). The coils were calibrated using an in-house
algorithm based on five landmarks specific for the device. Dur-
ing cc-PAS, the software provided online auditory and/or visual
feedbacks about coil displacement, allowing the investigators to
keep the desired coil orientation/rotation/distance during the
entire stimulation session.

Behavioral Data Analysis

ACC and RTs were evaluated using the Statistical Package for
the Social Sciences (SPSS) software, version 20 (IBM Corp 2011).
Data were filtered for outliers (mean +2 SD and subjects having
ACC > 95% at Baseline gf 1). Analysis of RTs was based on RTs
for correct trials. Sandia gains (ARTs and AACC) were computed
by subtracting the poststimulation average (mean of Post TMS
gf 1 and Post TMS gf 2) with respect to performance at Baseline
gf 2, in order to compare longitudinal changes in gf “across
participants.” The critical P value was adjusted using Bonferroni
correction for multiple comparisons. We conducted a repeated
measure analysis of variance comparing the behavioral perfor-
mance after the five different TMS conditions (within-subject
factor “STIMULATION?”; 5 levels: P — F,F — P, Simultaneous-TMS,
Prefrontal-TMS, and NoStim) and different reasoning processes
(within-subject factor “REASONING”; two levels: logical and rela-
tional). Mean standard error and P values for each contrast are
summarized in Supplementary Table 1.

Connectivity-Based Predictors of Response
to cc-PAS Stimulation

Given the identification of the TMS targets based on the
functional connectivity data, we hypothesized that base-
line individual fMRI patterns might predict the response
to network stimulation. A multiple regression analysis was
implemented using CONN-fMRI functional connectivity toolbox
v17f (Whitfield-Gabrieli and Nieto-Castanon 2012), looking at
the predictive power of seed-based connectivity maps based on
the gf network over individual changes in performance after
cc-PAS, calculated both for logical and relational reasoning.
The gf gains in performance (AACC) were entered as second-
level covariates of interest for those TMS conditions showing a
significant modulation after cc-PAS (logical reasoning P — F and
relational reasoning F — P). The model resulted in voxel-wise
maps showing regions whose positive or negative connectivity
with the gf network at baseline predicted the response to cc-
PAS. Statistical thresholds were as follows: P value <0.001
with false discovery correction (at voxel level) and P value
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<0.001 uncorrected (at cluster level). Analyses were performed
in MNI space. The results of the multiple regression analysis
are reported as Supplementary Materials (see Supplementary
Fig. 1).

Behavioral Predictors of Response to cc-PAS

Specific links between baseline cognitive profile variables and
gf gains after cc-PAS were further tested. Specifically, we con-
ducted two separated multiple regression analysis (Fisher 1922)
entering gf gains (i.e., increase in ACC) after F — P and P — F cc-
PAS as dependent variables, while cognitive tasks where consid-
ered independent variables.

Activation Likelihood Estimation Meta-Analysis Maps

To interpret the results of the cognitive transfer analysis, ad hoc
meta-analytic fMRI maps for the LNG and VS tasks were created.
We conducted a literature search through PubMed and Google
Scholar to identify neuroimaging studies implementing LNG or
VS (for the list of included studies, see Supplementary Table 2).
We analyzed the activation coordinates using a random-effects
meta-analysis implemented using GingerALE 2.3.6 software (UT
Health Science Center Research Imaging Institute) (Laird et al.
2005; Eickhoff et al. 2009, 2012; Turkeltaub et al. 2012). The result-
ing maps were used for a quantitative overlap analysis (using
DICE overlap coefficient) (Dice 1945) between inhibition/atten-
tion task-fMRI patterns and the gf network, possibly explaining
the likelihood of transfer across functions. For additional details
on the activation likelihood estimation method, inclusion/exclu-
sion criteria, and results of the analysis, please see Supplemen-
tary Information (Supplementary Tables 2 and 4).

RESULTS
Behavioral Changes

Accuracy

A significant interaction REASONING x STIMULATION was
found (F(y,28)=6.11, P <0.0001). Moreover, a significant main
effect of STIMULATION was found (F(;28)=3.84, P =0.006),
while no significant main effect of REASONING was found
(F(1,28)=0.13, P =0.71).

As for logical reasoning (Fig. 3A), stimulation of the fron-
toparietal network following a posterior to anterior gradient
was hypothesized to be more effective. As expected, behavioral
responses after P — F stimulation were significantly more
accurate compared to Simultaneous-TMS (mean difference =8%,
P =0.002), F — P stimulation (mean difference = 13%, P < 0.0001),
Prefrontal-TMS (mean difference=9%, P <0.0001), and NoStim
(mean difference=6%, P =0.05). Participants were less accu-
rate during F — P condition with respect to Simultaneous-
TMS (mean difference=—4%, P =0.04), Prefrontal-TMS (mean
difference = —4%, P =0.01), and NoStim (mean difference=-7%,
P =0.02).

As for relational reasoning (Fig. 3B), frontoparietal network
stimulation with anterior to posterior associative direction was
supposed to enhance individual gf performance. According to
the hypothesis, pairwise comparison revealed a significantly
higher ACC for F — P stimulation with respect to Simultaneous-
TMS (mean difference=6%, P =0.01), Prefrontal-TMS (mean
difference =4%, P =0.006), and NoStim (mean difference=6%,
P =0.002) conditions.
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Figure 3. Effects on gf performance. Significant changes in logical reasoning performance (i.e., pre- and post-delta ACC) were observed after P — F cc-PAS (A), whereas
a significant enhancement in relational reasoning was found after F — P cc-PAS (B). All ACC values were normalized to baseline. Error bars represent +1 standard error
of the mean (SEM). For cc-PAS effects on RTs, please refer to the Supplementary Materials. Note: * = P <0.05; ** = P <0.01; *** = P <0.001.

B simultaneous-TMS B r-p Bl Prefrontal-TMS [ ] NoStim

Response Times while no significant effect of REASONING was found (F3 2g) = 0.78,
A significant interaction REASONING x STIMULATION was P =0.83).
found (F(1,2¢) =6.78, P <0.0001). Moreover, a significant main Pairwise post hoc comparisons for logical reasoning revealed

effect of STIMULATION was reported (Fj g =3.43, P =0.007), that, after receiving P — F cc-PAS, participants were significantly
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faster as compared to F — P (mean difference = —943 ms, P =0.02),
Simultaneous-TMS (mean difference =—-904 ms, P =0.001), and
Prefrontal-TMS (mean difference=-790, P <0.0001). Moreover,
RTs in the NoStim condition were faster than P — F (mean
difference=—-1181 ms, P =0.02), Simultaneous-TMS (mean dif-
ference = —1142 ms, P =0.002), and Prefrontal-TMS (mean differ-
ence=-1029 ms, P =0.001).

Post hoc comparisons for relational reasoning showed faster
responses for F — P as compared to Simultaneous-TMS (mean
difference=-1044 ms, P <0.0001) and Prefrontal-TMS (mean
difference = —799 ms, P < 0.0001). Additionally, after NoStim, par-
ticipants were faster as compared to Simultaneous-TMS (mean
difference=—-1160 ms, P =0.002) and Prefrontal-TMS (mean
difference=—-915 ms, P =0.003). For further details, see
Supplementary Table 1.

Transfer Effects

Quantitative spatial overlap analysis (DICE coefficient) (Dice
1945) revealed little overlap between LNG/VS activation patterns
and the gf network. As shown in Figure 4, LNG displays a right-
lateralized BOLD activation pattern (Garavan et al. 1999), with
greater activity over the right MFG and IPL. A cluster in the left
hemisphere was also present, marginally overlapping (8.36%)
with a gf-associated region. As for VS, a prevalent activation
in the left inferior frontal gyrus, left MFG, and right superior
parietal lobule was found. A slightly higher overlap with the gf
network was present (22.49%) as compared to LNG, especially in
the left MFG.

Accordingly to the low degree of overlap between LNG/VS
fMRI activation patterns and TMS targets/gf network, no signif-
icant main effects of STIMULATION were found for both ACC
(F(4,112) = 208, P =008) and RTs (F(4,112) =1.44,P= 022) of LNG. As
for VS, no significant main effect of STIMULATION was reported
for ACC (Fia119) =1.70, P =0.15) and RTs (F(g119) =1.19, P =0.31).
For further details, see Supplementary Table 3.

Behavioral Predictors of Response to cc-PAS

We also looked at the predictive power of individual differences
in age, gender, and baseline cognitive performance over the
response to cc-PAS (for details on the cognitive tasks, see the
Materials and Methods section). Overall, no significant predic-
tors were identified. Further details regarding the behavioral
multiple regression analysis results are provided in the Supple-
mentary Materials.

Discussion

Previous studies have shown how cc-PAS might induce STDP
between interconnected regions, modulating their spontaneous
connectivity and corresponding behavior in the motor and
visual systems (Koch et al. 2013; Romei et al. 2016), with few
evidences in high-order cognitive domain (Kohl et al. 2018;
Nord et al. 2019). Current results showed how a relatively brief
cc-PAS protocol over associative cortical regions might be able
to increase cognitive abilities such as logical and relational
reasoning in humans.

Increase of gf performance were evident for both experimen-
tal conditions (P — F and F — P). The observed effects with
ISI=10 ms compared to the other stimulation conditions (i.e.,
Simultaneous-TMS, Prefrontal-TMS) well match previous stud-
ies demonstrating STDP effects within a time window between
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5 and 20 ms for both interhemispheric (Rizzo et al. 2009) and
intrahemispheric connections (Koch et al. 2013) in humans.
Specifically, 10 ms ISI has been associated with induction of
changes in the spectral coherence between the left posterior
parietal cortex and ipsilateral M1 (Veniero et al. 2013), while a
recent TMS-EEG study has demonstrated changes in the spectral
oscillatory power of the dorsolateral PFC following cc-PAS over
two frontoparietal sites similar to those adopted in the present
study (Casula et al. 2016).

By tailoring the TMS intervention on individual functional
connectivity patterns, current results represent the first evi-
dence of a transient behavioral change in gf following a TMS cc-
PAS protocol. Moreover, the boosting effect is dependent by the
direction of stimulation (and presumably of the induced associa-
tive plasticity), with a better performance after P — F for logical
trials and after F — P for relational trials. Results are somewhat
consistent with previous notions that logical reasoning requires
more prefrontal engagement, while relational processing mostly
load on parietal structures (Prado et al. 2010). Both feedforward
and feedback flow of cognitive processing during intelligence-
related problem solving have been proposed within the widely
accepted parietofrontal integration theory of intelligence (Jung
and Haier 2007), suggesting cc-PAS as an effective tool to causally
validate cognitive models in humans.

Remarkably, a decrease in gf performance was reported
specifically for logical reasoning when stimulation was applied
following an anterior to posterior direction (F — P). The observed
effects match previous evidences demonstrating a posterior to
anterior processing flow during abstract reasoning tasks (Li
et al. 2015; Siegel et al. 2015). Since logical reasoning seems
to load mostly on prefrontal brain structures (Prado et al.
2010), reinforcing interregional brain dynamics in the opposite
direction might have been detrimental.

Apart from network effects involving associative plasticity
between stimulated regions, our results could also reflect the
modulation of local activity in one of the two targets. This
hypothesis would fit with previous cc-PAS evidence in the motor
(Koch et al. 2013) and visual systems (Romei et al. 2016) reporting
a modulation of neurophysiological responses (i.e., EEG spectral
power), mostly involving the receiving end of the two stimulated
regions (i.e. A — B, effect on B; B — A, effect on A) (Casula et al.
2016). According to this model, P — F stimulation would mainly
benefit local processing of prefrontal sites, while F — P would
affect parietal lobe function. Interestingly, and as observed in
our data, P — F cc-PAS over IPL — MFG would translate into
enhancement of MFG activity, which has been linked to log-
ical reasoning both in neuroimaging (Prado et al. 2010) and
brain stimulation studies (Santarnecchi et al. 2013; Pahor and
Jausovec 2014; Neubauer et al. 2017). Conversely, F — P (MFG
— IPL) would show effects on IPL/relational reasoning process.
However, in the present study, stimulation of prefrontal sites
alone (i.e., slow frequency TMS, one pair of pulses every 4-5 sec-
onds, ~0.2 Hz) did not elicit modulation of logical reasoning,
therefore suggesting the associative nature of cc-PAS being the
key principle behind the observed cognitive effects. Moreover, a
recent study has tested the impact of cc-PAS over two cortical
sites while looking at changes in functional connectivity using
fMRI, reporting no local effects in face of a specific modulation
of the connectivity between stimulated network nodes (San-
tarnecchi et al. 2018), supporting the associative nature of cc-PAS
effects.

As for cognitive transfer, stimulation over gf-related regions
did not induce any transfer of cognitive abilities in our sample.
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We originally hypothesized that abilities related to gf, such
as inhibition and attention (Woolgar et al. 2010), would also
benefit from cc-PAS. However, no significant modulation of per-
formance was found, except for a generalized decrease in RTs
after cc-PAS (but not after Prefrontal-TMS), likely due to greater
arousal generated by the TMS setup and dual-site stimulation.
We also performed an original meta-analysis of fMRI activa-
tions specific for the two transfer tasks adopted in the study
(i.e., LNG, VS), looking at the overlap between stimulated brain
regions and fMRI activations typically reported for “transfer”
cognitive functions. TMS stimulation sites and fMRI activation

maps showed relatively little spatial overlap, suggesting this as
a potential reason for the lack of transfer. Future studies should
select cognitive tasks with different degrees of overlap with
the cognitive function targeted by cc-PAS, systematically testing
the possibility of inducing transfer when targeting common
connectivity pathways.

Limitations of the Study

The relatively small sample requires additional work to confirm
the present results. Moreover, even though the study suggests
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the feasibility of modulating specific interregional brain dynam-
ics in a timing-dependent manner, the observed changes in gf
scores possibly reflect (among other interpretations) problem-
solving strategy refinement (Hayes et al. 2015), nonspecific
effects of TMS (Luber and Lisanby 2014), changes in functional
connectivity or cerebral blood flow (Strafella and Paus 2001).
The understanding of the neurophysiological substrates of cc-
PAS effects requires more in-depth investigations based on,
for example, TMS-EEG (Komssi and Kahkonen 2006), arterial
spin labeling (Alsop et al. 2015), positron emission tomography
(Bailey et al. 2005), and diffusion tensor imaging (DTI) (Basser et
al. 2000). Follow-up studies should also investigate the potential
cumulative impact of repeated cc-PAS sessions.

As for the specificity of the 10 ms ISI, we cannot exclude that
slightly longer (e.g., 20 ms) or shorter (e.g., 5 ms) ISIs could induce
similar STDP effects within the gf network (or even amplify it),
as observed for the motor system (Weise et al. 2006). Indeed, it
could be speculated that the relatively large distance between
the two nodes (i.e., MFG and IPL) might lead to a gradual shift
of the proper timing required to induce long-term potentiation
or long-term depression compared to the conventional Hebbian
rule (Froemke et al. 2010). Further experiments guided by a
quantification of ISI based on brain oscillations (by means of
combined TMS-EEG approaches) or white matter connectivity
(via DTI) should be considered in order to estimate proper con-
duction times within the network of interest.

Conclusion

Current results reveal the feasibility of modulating specific
interregional brain dynamics in a timing and direction-
dependent manner, within the Hebbian plasticity framework. If
validated and optimized, cc-PAS might translate into a valuable
tool for cognitive enhancement in healthy subjects, as well as
a therapeutic tool for neurological and psychiatric populations
with known specific connectivity alterations linked to cognitive
deficits.

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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