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Abstract: The utilization of non-invasive neurostimulation techniques, such as transcranial mag-
netic stimulation (TMS), is increasingly prevalent in psychiatry due to their efficacy and safety.
Although the precise therapeutic mechanisms remain partially unclear, repetitive TMS, particularly
high-frequency stimulation, may enhance cognitive functions, contributing to therapeutic benefits.
This within-subjects study examined the impact of TMS on cognitive and symptomatic outcomes in
patients with obsessive–compulsive disorder (OCD), substance use disorder (SUD), and major de-
pressive disorder (MDD). A total of 44 patients underwent cognitive tests and symptom assessments
before and after an intensive four-week TMS treatment phase, followed by a four-week mainte-
nance phase. Cognitive assessments included Raven’s matrices, verbal fluency, and digit span tests,
while symptom severity was measured using the Italian version of the SCL-90-R. Decision-making
performance was also evaluated by administering a delay discounting (DD) test. Principal com-
ponent analysis was used to generate a dimensional characterization of subjects along cognitive
and symptom-related axes before and after treatment. The results indicated that TMS significantly
improved symptom scores, but no significant cognitive enhancement was observed. Statistical
analysis based on linear mixed-effects models confirmed these findings, showing a significant fixed
effect of TMS treatment on symptoms but not on cognitive performance. DD metrics remained
unchanged. These findings suggest that while TMS effectively alleviates clinical symptoms, it does
not produce consistent or appreciable enhancement of cognitive functions in these protocols. This
study highlights the need for more personalized and combined therapeutic approaches to maximize
the benefits of TMS, potentially incorporating cognitive enhancement strategies. Future studies will
be useful to explore whether the results we obtained are valid for other pathologies, cognitive tests,
and stimulation protocols.
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1. Introduction

Nowadays, the use of non-invasive neurostimulation techniques is increasingly
widespread in psychiatric clinical centers due to their safety and therapeutic efficacy [1].
However, the precise therapeutic mechanism remains not fully understood. While more
invasive techniques, such as electroconvulsive therapy, can cause cognitive deficits [2],
transcranial magnetic stimulation (TMS) might instead have a cognitive enhancement effect,
particularly when high-frequency stimulation is used [3]. This cognitive enhancement
could contribute to therapeutic benefits and improvements in patients’ everyday lives.
For instance, schizophrenic patients benefit from TMS, likely due to the rehabilitative
effects of the stimulation on cognitive deficits, which are considered core symptoms of
the disorder [4]. Similarly, a TMS protocol applied to depressed adolescents not only
improved symptoms but also memory and delayed verbal recall [5], reinforcing the idea
that symptom improvements follow cognitive improvements. In substance use disorder
(SUD), deficits in memory, attention, executive functions, and decision making are reported,
and cognitive enhancement therapies can play a crucial role in rehabilitation [6]. Simi-
lar deficits have been found in patients with obsessive–compulsive disorder (OCD) [7].
Understanding the causal relationship between cognitive deficits and psychopathologies
is complex. However, TMS stimulation offers an excellent opportunity to explore this
relationship. From a neurophysiological perspective, TMS interacts with synaptic plas-
ticity processes, altering not only neuronal activity but also gene expression [8]. These
mechanisms could lead to cognitive enhancement by both linear and non-linear actions
on neuronal networks [9–11]. Indeed, interventions that improve synaptic plasticity seem
to benefit cognitive performance [12]. Although the cognitive enhancement effect might
be specific to the pathology, stimulation site, protocol, and cognitive domain, to validate
this hypothesis as broadly as possible, we analyzed clinical data from the TMS center (CIP-
TMS Milan), where patients with different pathologies—OCD, SUD, and major depression
(MDD)—were treated using disorder-specific protocols (see the Section 2), considering
both cognitive and symptomatic aspects. Patients at the center underwent cognitive tests
(i.e., digit span, verbal fluency, Raven’s matrices); specifically, the cognitive dimension
in this context can be understood as ‘Cold’ cognition, which refers to the processing of
information devoid of any emotional influence [13], Symptom Checklist-90-R to assess
symptom severity and progression, and delay discounting (DD), a psychological domain
impaired in most psychopathologies [14], and these can be assimilated into ‘Hot’ functions,
i.e., affective/reward-related processes [15]. The data were subsequently analyzed using
first a data-driven approach and then a hypothesis-driven approach.

2. Method
2.1. Study Design

A within-subjects (pretest-posttest) design was employed. The clinical protocol in-
volved administering five TMS sessions per week (Monday to Friday), referred to as the
“intensive phase”, for the initial four weeks. Subsequently, a “maintenance phase” fol-
lowed, consisting of one session per week, lasting an additional 4 weeks. Each participant
underwent testing at two time points: one before treatment and one after the end of the
intensive phase.

2.2. Setting

Treatment and testing were performed from April 2021 to June 2023 by the TMS
operators working at CIP-TMS (Milan).

The TMS stimulation was administered in a quiet dedicated treatment room using a
MagPro R30 device equipped with the Cool-B80 figure-of-eight coil (MagVenture, Falun,
Denmark). Before launching the protocol, the resting motor threshold (rMT) was estimated
through a manual procedure based on observation of contralateral (right) hand twitches
evoked by left primary motor cortex (M1) stimulation with a single TMS pulse. The M1
hotspot was identified by moving in the coronal plane ~5 cm to the left from the vertex.
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The coil was positioned over the presumed M1 region, with the main coil axis forming a
45◦ angle with the head’s midline, and adjusted until a consistent abductor pollicis brevis
response at the lowest stimulator intensity was identified. For subjects with SUD, the
treatment entailed two trains per day of intermittent theta-burst stimulation (iTBS) over
the left dlPFC, each lasting for 3 min, delivered at an intensity equal to 100% of rMT.
The theta-burst stimulation pattern was composed of bursts of 3 biphasic pulses with an
inter-pulse interval of 20 ms, repeated at 5 Hz. We employed a standard iTBS protocol
consisting of 20 stimulation trains, each lasting for 2.0 s (10 bursts, 30 pulses), with an
inter-train interval of 8.0 s [16]. A total of 1200 pulses per visit were administered across
the two sessions. Turning to MDD patients, the treatment included a daily session of iTBS
over the left dlPFC, lasting for 17 min, delivered at an intensity equal to 120% of rMT. This
iTBS stimulation pattern was composed of bursts of 2 biphasic pulses with an inter-pulse
interval of 10 ms, repeated at 10 Hz. We employed a custom iTBS protocol consisting of
75 stimulation trains, each lasting for 2.0 s (40 bursts, 80 pulses), with an inter-train interval
of 11.0 s. A total of 6000 pulses per visit were administered. For subjects suffering from
OCD, the treatment comprised six sessions of cTBS over the pre-supplementary motor area
(pre-SMA), each lasting for 10 min, delivered at an intensity equal to 110% of rMT. The
theta-burst stimulation pattern was composed of bursts of 2 biphasic pulses with an inter-
pulse interval of 20 ms, repeated at 1 Hz. We employed a standard cTBS protocol consisting
of 6 uninterrupted stimulation trains, each lasting for 40.0 s (100 bursts, 200 pulses) [16]. A
total of 7200 pulses per visit were administered across the six stimulation trains.

The dlPFC stimulation site was identified on the scalp by moving 5 cm rostrally from
the M1 hotspot towards the pupil, whereas pre-SMA was localized 2 cm anterior to the
vertex [17]. Figure 1a illustrates the specific placement of the stimulation, confined to the
left dlPFC, as well as a smooth approximation of the electromagnetic filed induced by TMS.
Similarly, Figure 1b depicts the precise location of the stimulation, limited to the pre-SMA,
along with a smooth representation of the electromagnetic field generated by TMS.
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running the simulation. The 10–20 system was used as a reference for positioning. The coil was 
placed over the F3 site to simulate electrical field distribution generated by TMS stimulation over 
dlPFC, for SUD and MDD (a). Conversely, the coil was positioned over FCz to simulate electrical 
field distribution generated by TMS stimulation over pre-SMA, for OCD (b). 
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4 weeks) or no treatment. Exclusion criteria were as follows: (1) presence of any metallic 
object or implant in the brain, skull, scalp, or neck (e.g., screws or clips from surgery), (2) 
presence of implantable devices (e.g., cardiac pacemaker or defibrillators), (3) unstable 
medical conditions, including serious heart disease or serious brain injury due to stroke 
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currently pregnant or lactating [20].  

2.4. Ethical Consideration 
The study adhered to the ethical principles outlined in the Declaration of Helsinki 
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Figure 1. Simulation of the electrical field distribution generated by TMS stimulation. SimNIBS
4.1.0 (https://simnibs.github.io/simnibs/build/html/index.html, accessed on 12 June 2021 ) was
used in order to estimate the normalized electric field (normE) induced by TMS [18]. Among the
validated coil models currently available [19], a MagVenture MC-B80 figure-of-eight coil was chosen
for running the simulation. The 10–20 system was used as a reference for positioning. The coil was
placed over the F3 site to simulate electrical field distribution generated by TMS stimulation over
dlPFC, for SUD and MDD (a). Conversely, the coil was positioned over FCz to simulate electrical
field distribution generated by TMS stimulation over pre-SMA, for OCD (b).
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2.3. Participants

Forty-four subjects, encompassing 29 males and 15 females with a mean age of
43.02 ± 11.34 years, were involved in the study. The participants were already clinically
diagnosed by other professionals or clinical centers, representing a population resistant to
conventional treatments. Patient recruitment included a cognitive/neuropsychologic and
psychiatric evaluation to assess their suitability for participation. Most of the participants
(n = 21) had a high school diploma, while the remaining ones possessed either a middle
school diploma (n = 9) or a bachelor’s degree (n = 14). These individuals voluntarily sought
outpatient treatment for SUD (n = 26), OCD (n = 8), or MDD (n = 10). Subjects were eligible
for inclusion if they met the following criteria: (1) age greater than 18 and less than 70 years
and (2) taking a stable psychoactive medication (i.e., with no change in the preceding
4 weeks) or no treatment. Exclusion criteria were as follows: (1) presence of any metallic
object or implant in the brain, skull, scalp, or neck (e.g., screws or clips from surgery),
(2) presence of implantable devices (e.g., cardiac pacemaker or defibrillators), (3) unstable
medical conditions, including serious heart disease or serious brain injury due to stroke or
trauma, (4) history of epileptic seizures or other neurological disorders; and (5) currently
pregnant or lactating [20].

2.4. Ethical Consideration

The study adhered to the ethical principles outlined in the Declaration of Helsinki and
received approval from the Ethics Board of the Faculty of Psychotherapy Science and the Fac-
ulty of Psychology at Sigmund Freud University (protocol number: JBWXE8CIAVWD788416).
All subjects involved signed an informed consent form.

2.5. Variables

Treatment effect was examined with regard to both cognitive functions: decision-
making domain and severity of psychological symptoms.

2.5.1. Cognition

The following cognitive domains were explored: non-verbal intelligence, i.e., thinking
and problem-solving skills that do not require verbal language production and compre-
hension [21]; language, specifically lexical access ability, i.e., the capacity to retrieve words
from the mental lexicon, both in recognition and in production ability [22]; short-term
verbal memory, i.e., the capacity for temporarily maintaining verbal information when the
external stimulus is no longer available to the sensory systems [23]; and working mem-
ory, considered as a multi-component system that holds and manipulates information in
short-term verbal memory [24].

2.5.2. Delay Discounting

The following decision-making domains were explored: delay discounting (DD), i.e.,
the decline in the present value of a reward with delay to its receipt [25].

2.5.3. Psychological Symptoms

Turing to psychological distress, the following clusters of symptoms were evaluated:
somatization (SOM), which reflects disorders arising from the perception of bodily dys-
functions; obsessive–compulsive (OBS), i.e., thoughts, impulses, or actions experienced as
incoercible and unwanted by the individual; interpersonal sensitivity (INT), i.e., feelings of
inadequacy and inferiority towards other people; depression (DEP), i.e., the spectrum of
symptoms concomitant with a depressive syndrome; anxiety (ANX), considered as the set
of symptoms and behaviors related to high levels of overt anxiety (e.g., tremor, sweating,
palpitations); hostility (HOS), comprising thoughts, feelings, and actions characteristic
of a state of anger, irritability, or resentment; phobic anxiety (PHOB), i.e., a persistent
irrational and disproportionate fear response towards specific stimuli, leading to avoidance
behaviors; paranoid ideation (PAR), meant as thought disorders characterized by suspicion,
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fear of loss of autonomy mixed with hostility, and ideas of reference; psychoticism (PSY),
i.e., a continuous dimension of human experience characterized by withdrawal, isolation,
and schizoid tendencies; and sleep disorders (SLEEP), consisting of insomnia and disturbed
sleep, as well as early awakening episodes [26].

2.6. Measurement

A repeated battery of neuropsychological tests was used to assess the different cognitive
domains, whereas a unique screening tool was administered to measure psychological distress.

2.6.1. Cognition

Non-verbal intelligence was measured using Raven’s Standard Progressive Matrices
(SPM; [27]). All 5 sets, i.e., A, B, C, D, and E, were administered, and subjects’ performance
was scored as the sum of the absolute number of correct responses in each set.

Lexical access ability was assessed through the verbal fluency test [28]. Here, par-
ticipants were given 1 minute to produce as many unique words as possible within a
designated semantic category (i.e., semantic fluency) or starting with a given letter (i.e.,
phonemic fluency). Subjects’ raw scores in each task were computed as the absolute number
of unique correct words.

The digit span test evaluated participants’ memory capacity [29]. In particular, short-
term verbal memory was appraised through the digits forward component, whereas
working memory was estimated through the digits backward component of the task [30].
In each case, digit sequences were presented beginning with a length of two digits, and
two trials were presented at each increasing list length. Testing ceased when the subject
failed to accurately report either both trials at one sequence length or when the maximal
list length was reached. The total number of lists reported correctly by the participants was
used to produce two separate raw scores, i.e., one for the forward component and the other
for the backward component of the task.

2.6.2. Delay Discounting

DD was assessed through a computerized custom-made monetary intertemporal
choice task (MICT) developed in jsPsych (www.jspsych.org, accessed on 15 January 2024).
This task determined the subjective value/indifference point for two reward values (i.e.,
EUR 500 and EUR 10,000) across six temporal delays (i.e., 1, 6, 12, 24, 60, and 120 months).
Participants were given choices between an immediate but adjusted reward and a maximal
but delayed reward at each task step.

2.6.3. Psychological Symptoms

Psychological symptoms and psychological distress severity were gauged with the
Italian version of Symptom Checklist-90-R (SCL-90; [31]), a self-report symptom inven-
tory consisting of 90 items on a 5-point Likert scale, ranging from 0 (‘not at all’) to 4
(‘extremely’). Elevated scores are indicative of heightened psychological distress, whereas
diminished scores reflect lower levels of psychological distress. The nine primary symptom
dimensions of the SCL-90 were computed for each subject, namely SOM, OBS, INT, DEP,
ANX, HOS, PHOB, PAR, PSY, and SLEEP. Moreover, the global severity index (GSI), i.e.,
the average score of all items, was considered as a global quantification of participants’
psychological distress.

2.7. Statistical Methods

Indifference points (IPs) obtained from each subject/session using the MICT were
utilized to conduct the DD analysis. A hyperbolic function IP = A/(1 + k · Delay) [32]
was fitted to the IPs using a nonlinear least-mean squares method, with A representing
either EUR 10,000 or EUR 500 depending on the subtask, and Delay standing for the
temporal delays of 1, 6, 12, 24, 60, and 120 months. Estimates of the devaluation coefficient
k (measured in 1/days) were obtained by curve fitting. Once all variables were computed,

www.jspsych.org
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the original dataset was subdivided into two data frames, i.e., one containing the pre-
treatment data and the other enclosing the post-treatment data. Principal component
analysis (PCA) was conducted on pre-treatment data, and the loadings of the first two
principal components were extracted. Such loadings were then applied to pre- and post-
treatment data and merged in a unique data frame. Finally, we fitted a linear mixed-
effects model (LME) to these data, including the two principal components as dependent
variables and different fixed and random effect factors as detailed in the Section 3, followed
by ANOVA. The normality of the two principal component distributions and the LME
residuals were evaluated graphically using qqplots and histograms. All analyses were
conducted using custom algorithms developed in R (Version 4.4.0; https://www.r-project.
org/, accessed on 15 January 2024).

3. Results

The primary objective of this study was to understand whether the improvement in
cognitive performance was a fundamental step in the therapeutic process of TMS. Therefore,
we measured cognitive and clinical symptom variables before starting the treatment and
at the end of the “intensive” period across three different pathologies and three different
stimulation protocols (Figure 1). Obtaining a synthetic index of such a diverse set of
cognitive assessment data can be problematic, so we decided to use a custom data-driven
approach based on PCA. The scree plot of the PCA results applied to the data obtained
during the first visit indicates that two components sufficiently describe the dataset. In fact,
these two axes explain more than 50% of the variance. The biplot of these two principal
components shows that variables related to clinical symptoms (all SCL-90 subscales) align
along the first axis (PC1), whereas those related to demographic (education) and cognitive
measures (SPM, verbal fluency, forward and backward digit span) align along the second
axis (PC2) (Figure 2). To observe the effect of the TMS protocols on these two axes, we
applied the same loadings of the two principal components to the same variables measured
after the “intensive” period. Thus, we obtained a full set of pre- and post-treatment data in
terms of PC1 and PC2 components. To determine whether the treatment, diagnosis, or an
interaction between these two variables caused alterations in the two axes, two different
LMEs (one for each principal component) were fitted to these data using the following
formula (Wilkinson notation):

Y ∼ 1 + TMS + Diagnosis + TMS · Diagnosis + (1|subject)

where Y is PC1 or PC2. Among the fixed effects, TMS is a dichotomous pre/post treatment
variable, Diagnosis is the categorical variable of the three treated pathologies (i.e., SUD,
MDD, and OCD), and TMS · Diagnosis is the interaction of the two. Finally, a random
effect of the subject was included. In the first LME (i.e., where Y = PC1), the TMS variable
was the only significant factor (χ2 = 13.5034, p < 0.001, Figure 3a), while in the second LME
(i.e., where Y = PC2), only the Diagnosis variable was significant (χ2 = 7.3725, p = 0.025,
Figure 3b). These analyses, therefore, support the effectiveness of TMS treatment on clinical
symptoms but refute the original hypothesis that this improvement was preceded by
cognitive enhancement. Indeed, PC2 does not change after the treatment.

Since DD represents a transdiagnostic factor belonging to the hot psychological do-
mains [15], to determine whether there were effects related to diagnosis or treatment, two
additional linear mixed-effects models were performed as follows (specifically considering
the devaluation coefficient k, as performed in other studies [33]): one for low rewards, i.e.,
DD Low, and the other for high rewards, i.e., DD High. This was carried out using the
following formula (Wilkinson notation):

Y ∼ 1 + TMS + Diagnosis + TMS · Diagnosis + (1|subject)

where Y is DD Low and DD High. Among the fixed effects, TMS is a dichotomous pre/post
treatment variable, Diagnosis is the categorical variable of the three treated pathologies

https://www.r-project.org/
https://www.r-project.org/


Appl. Sci. 2024, 14, 6178 7 of 12

(SUD, MDD, and OCD), and TMS · Diagnosis is the interaction of the two. Finally, a random
effect of the subject was included. However, no variable was significant, indicating that
DD is not modified by any of the TMS protocols (Figure 4).
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coefficient k of DD when the reward is EUR 500 before (PRE) and after (POST) TMS treatment
(Chi-sq1: 1.1765, p = 0.278). (b) The boxplot shows the values of the subjects’ devaluation coefficient k
of DD when the reward is EUR 10,000 before and after TMS treatment (Chi-sq1: 0.1639, p = 0.685).
(Red dots are SUD subjects, blue dots are MDD subjects, green dots are OCD subjects; ns p > 0.05).

4. Discussion

Here, we investigated the effects of clinical rTMS treatments applied to different
psychiatric conditions, both on clinical symptomatology and cognitive domains. Our
results suggest that these specific brain stimulations produced amelioration of clinical
symptomatology but did not induce any appreciable enhancement of cognitive functioning
as a simple effect or in interaction with the diagnosis. Notably, the use of a custom
data-driven approach for the statistical analysis allowed us to produce a dimensional
characterization of the subjects’ profile and to parallelly test the effect of TMS protocols on
clinical outcomes and cognitive functioning. Thus, our results do not support the “global”
hypothesis that TMS protocols lead to symptomatic improvements only through cognitive
domain enhancements. This does not necessarily imply that TMS of the areas we stimulated
does not produce effects on cognitive domains (as reported by several studies, e.g., [34,35]),
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but rather that these effects do not remain stable over time in the clinical subjects we
considered. Important limitations of our study relate to the absence of a sham group, the
fact that some subjects were concurrently undergoing psychotherapy and pharmacological
treatments, and a possible learning effect due to the repeated administration of tests.
However, given that no general cognitive enhancement effect was found, we can affirm
that these TMS protocols did not impact the cognitive domain in a broad sense. Regarding
MDD, most studies investigating the effect of TMS stimulation on cognitive performance
in subjects with major depression did not find cognitive improvements [36], supporting
our analysis results. As for TMS clinical pathways in subjects with OCD and SUD, we
found no literature references to cognitive enhancement. One hypothesis could be that,
by facilitating TMS-induced plasticity phenomena, cognitive remediation interventions
should be incorporated into the clinical pathway. For Alzheimer’s disease, it has been
observed that cognitive enhancement is greater when compared to TMS [35]. In the future,
combining TMS and cognitive training could “boost” the therapeutic effect of TMS more
effectively. It remains uncertain which factors TMS acted on in our protocols to improve
clinical symptomatology in a general and nonspecific manner. Considering less “cold”
psychological domains [15], such as DD, a transdiagnostic factor was impaired in all three
pathologies and can be modulated by non-invasive brain stimulation [37]. Other limitations
concern the sample size. However, it is possible to find articles in the literature with a
similar or even smaller sample size [38–42]. Furthermore, the statistical analyses are still
capable of detecting effects, as in the case of the treatment effect on PC1 and the diagnosis
effect on PC2.

We can conclude by hypothesizing that cognitive improvement may not be strictly
necessary for symptom improvement. It is important to emphasize that our results do not
exclude the possibility that cognitive enhancement could be a valid therapeutic strategy for
the conditions we treated, but this was not observed in the clinical pathway we analyzed.
To create more personalized and effective therapeutic pathways, it is useful to identify the
factors and psychological domains on which different stimulation protocols act. In the
future, it would be useful to evaluate such a dichotomy between symptoms and cognitive
functioning in relation to other pathologies and stimulation protocols and also to consider
other psychological domains, such as the metacognitive domain, which is impaired in
many pathologies, particularly for these specific clinical protocols [43]. In this context,
other neuromodulation techniques such as transcranial electrical stimulation might act
differently [44], since their range of action might include subcortical areas as well, such as
the visual thalamus [45], a structure involved in the therapeutic effects of eye movement
desensitization and reprocessing.

Author Contributions: A.S.M., D.S., M.F., A.V. and J.L. conceptualized the experiments; A.S.M.
and D.S. performed the experiments; A.S.M., D.S. and S.G. analyzed data; A.S.M. was involved in
writing—original draft preparation; A.S.M. and J.L. were involved in writing—review and editing;
G.M.R., R.G.G., N.P., S.C., M.F., S.S. (Simona Scainiand), S.S. (Sandra Sassaroli), J.L. and A.M. were
involved in supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study adhered to the ethical principles outlined in
the Declaration of Helsinki and received approval from the Ethics Board of the Faculty of Psy-
chotherapy Science and the Faculty of Psychology at Sigmund Freud University (protocol number:
JBWXE8CIAVWD788416).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Due to ethical restrictions, the datasets generated and/or analyzed
during the current study are available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no competing interests.



Appl. Sci. 2024, 14, 6178 11 of 12

References
1. Brunoni, A.R.; Sampaio-Junior, B.; Moffa, A.H.; Aparício, L.V.; Gordon, P.; Klein, I.; Rios, R.M.; Razza, L.B.; Loo, C.; Padberg, F.;

et al. Noninvasive Brain Stimulation in Psychiatric Disorders: A Primer. Rev. Bras. Psiquiatr. 2019, 41, 70–81. [CrossRef] [PubMed]
2. Prudic, J. Strategies to Minimize Cognitive Side Effects with ECT: Aspects of ECT Technique. J. ECT 2008, 24, 46–51. [CrossRef]

[PubMed]
3. Guse, B.; Falkai, P.; Wobrock, T. Cognitive Effects of High-Frequency Repetitive Transcranial Magnetic Stimulation: A Systematic

Review. J. Neural Transm. 2010, 117, 105–122. [CrossRef] [PubMed]
4. Levkovitz, Y.; Rabany, L.; Harel, E.V.; Zangen, A. Deep Transcranial Magnetic Stimulation Add-on for Treatment of Negative

Symptoms and Cognitive Deficits of Schizophrenia: A Feasibility Study. Int. J. Neuropsychopharmacol. 2011, 14, 991–996. [CrossRef]
[PubMed]

5. Wall, C.A.; Croarkin, P.; McClintock, S.; Murphy, L.L.; Bandel, L.A.; Sim, L.A.; Sampson, S.M. Neurocognitive Effects of Repetitive
Transcranial Magnetic Stimulation in Adolescents with Major Depressive Disorder. Front. Psychiatry 2013, 4, 165. [CrossRef]
[PubMed]

6. Verdejo-Garcia, A.; Garcia-Fernandez, G.; Dom, G. Cognition and Addiction. Dialogues Clin. Neurosci. 2019, 21, 281–290.
[CrossRef] [PubMed]

7. Benzina, N.; Mallet, L.; Burguière, E.; N’Diaye, K.; Pelissolo, A. Cognitive Dysfunction in Obsessive-Compulsive Disorder. Curr.
Psychiatry Rep. 2016, 18, 80. [CrossRef] [PubMed]

8. Ferro, M.; Lamanna, J.; Spadini, S.; Nespoli, A.; Sulpizio, S.; Malgaroli, A. Synaptic Plasticity Mechanisms behind TMS Efficacy:
Insights from Its Application to Animal Models. J. Neural Transm. 2022, 129, 25–36. [CrossRef] [PubMed]

9. Lamanna, J.; Malgaroli, A.; Cerutti, S.; Signorini, M.G. Detection of Fractal Behavior in Temporal Series of Synaptic Quantal
Release Events: A Feasibility Study. Comput. Intell. Neurosci. 2012, 2012, 704673. [CrossRef]

10. Lamanna, J.; Signorini, M.G.; Cerutti, S.; Malgaroli, A. A Pre-Docking Source for the Power-Law Behavior of Spontaneous Quantal
Release: Application to the Analysis of LTP. Front. Cell. Neurosci. 2015, 9, 44. [CrossRef]

11. Schulte, C.; Lamanna, J.; Moro, A.S.; Piazzoni, C.; Borghi, F.; Chighizola, M.; Ortoleva, S.; Racchetti, G.; Lenardi, C.; Podestà, A.;
et al. Neuronal Cells Confinement by Micropatterned Cluster-Assembled Dots with Mechanotransductive Nanotopography. ACS
Biomater. Sci. Eng. 2018, 4, 4062–4075. [CrossRef] [PubMed]

12. Drigas, A.S.; Karyotaki, M.; Skianis, C. An Integrated Approach to Neuro-Development, Neuroplasticity and Cognitive Improve-
ment. Int. J. Recent Contrib. Eng. Sci. IT iJES 2018, 6, 4–18. [CrossRef]

13. Roiser, J.P.; Sahakian, B.J. Hot and Cold Cognition in Depression. CNS Spectr. 2013, 18, 139–149. [CrossRef] [PubMed]
14. Moro, A.S.; Saccenti, D.; Ferro, M.; Scaini, S.; Malgaroli, A.; Lamanna, J. Neural Correlates of Delay Discounting in the Light of

Brain Imaging and Non-Invasive Brain Stimulation: What We Know and What Is Missed. Brain Sci. 2023, 13, 403. [CrossRef]
[PubMed]

15. Nejati, V.; Salehinejad, M.A.; Nitsche, M.A. Interaction of the Left Dorsolateral Prefrontal Cortex (l-DLPFC) and Right Orbitofrontal
Cortex (OFC) in Hot and Cold Executive Functions: Evidence from Transcranial Direct Current Stimulation (tDCS). Neuroscience
2018, 369, 109–123. [CrossRef] [PubMed]

16. Huang, Y.-Z.; Edwards, M.J.; Rounis, E.; Bhatia, K.P.; Rothwell, J.C. Theta Burst Stimulation of the Human Motor Cortex. Neuron
2005, 45, 201–206. [CrossRef] [PubMed]

17. Herwig, U.; Padberg, F.; Unger, J.; Spitzer, M.; Schönfeldt-Lecuona, C. Transcranial Magnetic Stimulation in Therapy Studies:
Examination of the Reliability of “Standard” Coil Positioning by Neuronavigation. Biol. Psychiatry 2001, 50, 58–61. [CrossRef]
[PubMed]

18. Thielscher, A.; Antunes, A.; Saturnino, G.B. Field Modeling for Transcranial Magnetic Stimulation: A Useful Tool to Understand
the Physiological Effects of TMS? In Proceedings of the 2015 37th Annual International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC), Milan, Italy, 25–29 August 2015; pp. 222–225.

19. Drakaki, M.; Mathiesen, C.; Siebner, H.R.; Madsen, K.; Thielscher, A. Database of 25 Validated Coil Models for Electric Field
Simulations for TMS. Brain Stimul. Basic Transl. Clin. Res. Neuromodul. 2022, 15, 697–706. [CrossRef] [PubMed]

20. Rossi, S.; Antal, A.; Bestmann, S.; Bikson, M.; Brewer, C.; Brockmöller, J.; Carpenter, L.L.; Cincotta, M.; Chen, R.; Daskalakis, J.D.;
et al. Safety and Recommendations for TMS Use in Healthy Subjects and Patient Populations, with Updates on Training, Ethical
and Regulatory Issues: Expert Guidelines. Clin. Neurophysiol. 2021, 132, 269–306. [CrossRef]

21. Kuschner, E.S. Nonverbal Intelligence. In Encyclopedia of Autism Spectrum Disorders; Volkmar, F.R., Ed.; Springer: New York, NY,
USA, 2013; pp. 2037–2041, ISBN 978-1-4419-1698-3.

22. Levelt, W.J.M.; Roelofs, A.; Meyer, A.S. A Theory of Lexical Access in Speech Production. Behav. Brain Sci. 1999, 22, 1–38.
[CrossRef]

23. Atkinson, R.C.; Shiffrin, R.M. Human Memory: A Proposed System and Its Control Processes. In The Psychology of Learning and
Motivation; Spence, K.W., Spence, J.T., Eds.; Academic Press: Stanford, CA, USA, 1968; Volume 2, pp. 89–195.

24. Baddeley, A. Working Memory: Looking Back and Looking Forward. Nat. Rev. Neurosci. 2003, 4, 829–839. [CrossRef] [PubMed]
25. Odum, A.L. Delay Discounting: I’m a k, You’re a k. J. Exp. Anal. Behav. 2011, 96, 427–439. [CrossRef] [PubMed]
26. Derogatis, L.R.; Unger, R. Symptom Checklist-90-Revised. In The Corsini Encyclopedia of Psychology; Weiner, I.B., Craighead, W.E.,

Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2010; pp. 255–318, ISBN 978-0-470-47921-6.
27. Raven, J.C. Standardization of Progressive Matrices, 1938. Br. J. Med. Psychol. 1941, 19, 137–150. [CrossRef]

https://doi.org/10.1590/1516-4446-2017-0018
https://www.ncbi.nlm.nih.gov/pubmed/30328957
https://doi.org/10.1097/YCT.0b013e31815ef238
https://www.ncbi.nlm.nih.gov/pubmed/18379335
https://doi.org/10.1007/s00702-009-0333-7
https://www.ncbi.nlm.nih.gov/pubmed/19859782
https://doi.org/10.1017/S1461145711000642
https://www.ncbi.nlm.nih.gov/pubmed/21524336
https://doi.org/10.3389/fpsyt.2013.00165
https://www.ncbi.nlm.nih.gov/pubmed/24376426
https://doi.org/10.31887/DCNS.2019.21.3/gdom
https://www.ncbi.nlm.nih.gov/pubmed/31749652
https://doi.org/10.1007/s11920-016-0720-3
https://www.ncbi.nlm.nih.gov/pubmed/27423459
https://doi.org/10.1007/s00702-021-02436-7
https://www.ncbi.nlm.nih.gov/pubmed/34783902
https://doi.org/10.1155/2012/704673
https://doi.org/10.3389/fncel.2015.00044
https://doi.org/10.1021/acsbiomaterials.8b00916
https://www.ncbi.nlm.nih.gov/pubmed/33418806
https://doi.org/10.3991/ijes.v6i3.9034
https://doi.org/10.1017/S1092852913000072
https://www.ncbi.nlm.nih.gov/pubmed/23481353
https://doi.org/10.3390/brainsci13030403
https://www.ncbi.nlm.nih.gov/pubmed/36979213
https://doi.org/10.1016/j.neuroscience.2017.10.042
https://www.ncbi.nlm.nih.gov/pubmed/29113929
https://doi.org/10.1016/j.neuron.2004.12.033
https://www.ncbi.nlm.nih.gov/pubmed/15664172
https://doi.org/10.1016/S0006-3223(01)01153-2
https://www.ncbi.nlm.nih.gov/pubmed/11457424
https://doi.org/10.1016/j.brs.2022.04.017
https://www.ncbi.nlm.nih.gov/pubmed/35490970
https://doi.org/10.1016/j.clinph.2020.10.003
https://doi.org/10.1017/S0140525X99001776
https://doi.org/10.1038/nrn1201
https://www.ncbi.nlm.nih.gov/pubmed/14523382
https://doi.org/10.1901/jeab.2011.96-423
https://www.ncbi.nlm.nih.gov/pubmed/22084499
https://doi.org/10.1111/j.2044-8341.1941.tb00316.x


Appl. Sci. 2024, 14, 6178 12 of 12

28. Novelli, C.; Papagno, C.; Capitani, E.; Laiacona, M.; Vallar, G.; Cappa, S. Tre Test Clinici Di Ricerca e Produzione Lessicale:
Taratura Su Soggetti Normali. Arch. Psicol. Neurol. Psichiatr. 1986, 47, 477–506.

29. Orsini, A.; Grossi, D.; Capitani, E.; Laiacona, M.; Papagno, C.; Vallar, G. Verbal and Spatial Immediate Memory Span: Normative
Data from 1355 Adults and 1112 Children. Ital. J. Neurol. Sci. 1987, 8, 539–548. [CrossRef] [PubMed]

30. Richardson, J.T.E. Measures of Short-Term Memory: A Historical Review. Cortex 2007, 43, 635–650. [CrossRef] [PubMed]
31. Prunas, A.; Sarno, I.; Preti, E.; Madeddu, F.; Perugini, M. Psychometric Properties of the Italian Version of the SCL-90-R: A Study

on a Large Community Sample. Eur. Psychiatry 2012, 27, 591–597. [CrossRef] [PubMed]
32. Mazur, J.E. An Adjusting Procedure for Studying Delayed Reinforcement. In The Effect of Delay and of Intervening Events on

Reinforcement Value; Psychology Press: New York, NY, USA, 1987; pp. 55–73.
33. Moro, A.S.; Saccenti, D.; Vergallito, A.; Scaini, S.; Malgaroli, A.; Ferro, M.; Lamanna, J. Transcranial Direct Current Stimulation

(tDCS) over the Orbitofrontal Cortex Reduces Delay Discounting. Front. Behav. Neurosci. 2023, 17, 1239463. [CrossRef] [PubMed]
34. Turriziani, P.; Smirni, D.; Zappalà, G.; Mangano, G.R.; Oliveri, M.; Cipolotti, L. Enhancing Memory Performance with rTMS in

Healthy Subjects and Individuals with Mild Cognitive Impairment: The Role of the Right Dorsolateral Prefrontal Cortex. Front.
Hum. Neurosci. 2012, 6, 62. [CrossRef]

35. Webler, R.D.; Fox, J.; McTeague, L.M.; Burton, P.C.; Dowdle, L.; Short, E.B.; Borckardt, J.J.; Li, X.; George, M.S.; Nahas, Z. DLPFC
Stimulation Alters Working Memory Related Activations and Performance: An Interleaved TMS-fMRI Study. Brain Stimul. Basic
Transl. Clin. Res. Neuromodul. 2022, 15, 823–832. [CrossRef]

36. Demirtas-Tatlidede, A.; Vahabzadeh-Hagh, A.M.; Pascual-Leone, A. Can Noninvasive Brain Stimulation Enhance Cognition in
Neuropsychiatric Disorders? Cogn. Enhanc. Mol. Mech. Minds 2013, 64, 566–578. [CrossRef] [PubMed]

37. Sabbagh, M.; Sadowsky, C.; Tousi, B.; Agronin, M.E.; Alva, G.; Armon, C.; Bernick, C.; Keegan, A.P.; Karantzoulis, S.; Baror,
E.; et al. Effects of a Combined Transcranial Magnetic Stimulation (TMS) and Cognitive Training Intervention in Patients with
Alzheimer’s Disease. Alzheimer’s Dement. 2020, 16, 641–650. [CrossRef]

38. Nahas, Z.; Kozel, F.A.; Li, X.; Anderson, B.; George, M.S. Left Prefrontal Transcranial Magnetic Stimulation (TMS) Treatment of
Depression in Bipolar Affective Disorder: A Pilot Study of Acute Safety and Efficacy. Bipolar Disord. 2003, 5, 40–47. [CrossRef]

39. Boes, A.D.; Uitermarkt, B.D.; Albazron, F.M.; Lan, M.J.; Liston, C.; Pascual-Leone, A.; Dubin, M.J.; Fox, M.D. Rostral Anterior
Cingulate Cortex Is a Structural Correlate of Repetitive TMS Treatment Response in Depression. Brain Stimulat. 2018, 11, 575–581.
[CrossRef]

40. Pridmore, S.; Erger, S.; Rybak, M.; Kelly, E.; May, T. Early Relapse (ER) Transcranial Magnetic Stimulation (TMS) in Treatment
Resistant Major Depression. Brain Stimulat. 2018, 11, 1098–1102. [CrossRef] [PubMed]

41. Steele, V.R.; Maxwell, A.M.; Ross, T.J.; Stein, E.A.; Salmeron, B.J. Accelerated Intermittent Theta-Burst Stimulation as a Treatment
for Cocaine Use Disorder: A Proof-of-Concept Study. Front. Neurosci. 2019, 13, 1147. [CrossRef]

42. Myczkowski, M.L.; Fernandes, A.; Moreno, M.; Valiengo, L.; Lafer, B.; Moreno, R.A.; Padberg, F.; Gattaz, W.; Brunoni, A.R.
Cognitive Outcomes of TMS Treatment in Bipolar Depression: Safety Data from a Randomized Controlled Trial. J. Affect. Disord.
2018, 235, 20–26. [CrossRef] [PubMed]

43. Sun, X.; Zhu, C.; So, S. Dysfunctional Metacognition across Psychopathologies: A Meta-Analytic Review. Eur. Psychiatry 2017, 45,
139–153. [CrossRef]

44. Chan, M.M.Y.; Yau, S.S.Y.; Han, Y.M.Y. The Neurobiology of Prefrontal Transcranial Direct Current Stimulation (tDCS) in
Promoting Brain Plasticity: A Systematic Review and Meta-Analyses of Human and Rodent Studies. Neurosci. Biobehav. Rev. 2021,
125, 392–416. [CrossRef]

45. Montesano, G.; Belfiore, M.; Ripamonti, M.; Arena, A.; Lamanna, J.; Ferro, M.; Zimarino, V.; Ambrosi, A.; Malgaroli, A. Effects
of the Concomitant Activation of ON and OFF Retinal Ganglion Cells on the Visual Thalamus: Evidence for an Enhanced
Recruitment of GABAergic Cells. Front. Neural Circuits 2015, 9, 77. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/BF02333660
https://www.ncbi.nlm.nih.gov/pubmed/3429213
https://doi.org/10.1016/S0010-9452(08)70493-3
https://www.ncbi.nlm.nih.gov/pubmed/17715798
https://doi.org/10.1016/j.eurpsy.2010.12.006
https://www.ncbi.nlm.nih.gov/pubmed/21334861
https://doi.org/10.3389/fnbeh.2023.1239463
https://www.ncbi.nlm.nih.gov/pubmed/37693283
https://doi.org/10.3389/fnhum.2012.00062
https://doi.org/10.1016/j.brs.2022.05.014
https://doi.org/10.1016/j.neuropharm.2012.06.020
https://www.ncbi.nlm.nih.gov/pubmed/22749945
https://doi.org/10.1016/j.jalz.2019.08.197
https://doi.org/10.1034/j.1399-5618.2003.00011.x
https://doi.org/10.1016/j.brs.2018.01.029
https://doi.org/10.1016/j.brs.2018.05.013
https://www.ncbi.nlm.nih.gov/pubmed/29805096
https://doi.org/10.3389/fnins.2019.01147
https://doi.org/10.1016/j.jad.2018.04.022
https://www.ncbi.nlm.nih.gov/pubmed/29631203
https://doi.org/10.1016/j.eurpsy.2017.05.029
https://doi.org/10.1016/j.neubiorev.2021.02.035
https://doi.org/10.3389/fncir.2015.00077

	Introduction 
	Method 
	Study Design 
	Setting 
	Participants 
	Ethical Consideration 
	Variables 
	Cognition 
	Delay Discounting 
	Psychological Symptoms 

	Measurement 
	Cognition 
	Delay Discounting 
	Psychological Symptoms 

	Statistical Methods 

	Results 
	Discussion 
	References

