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Non-invasive brain stimulation (NIBS) techniques induce a mild magnetic or electric field in the brain to modulate behavior

and cortical activation. NIBS comprises of different techniques based on magnetic or electrical stimulation of the scalp:

transcranial magnetic stimulation (TMS) and transcranial electrical stimulation techniques (tES), such as transcranial

direct currect stimulation (tDCS), transcranial alternating current stimulation (tACS) and transcranial random noise

stimulation (tRNS). While TMS directly induces action potentials, tDCS induces modifications in the resting membrane

potentials altering the spontaneous firing rate . tACS allows the entrainment of intrinsic brain oscillations through the

administration of sinusoidal currents at specific frequencies , while tRNS is based on the application of several

frequencies within a normally distributed frequency spectrum .

Despite the great body of literature demonstrating promising results, unexpected or even paradoxical outcomes are

sometimes observed. This might be due either to technical and methodological issues (e.g., stimulation parameters,

stimulated brain area), or to participants’ expectations and beliefs before and during the stimulation sessions.
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1. Mechanisms of Action

NIBS have been extensively applied in clinical and cognitive neuroscience, making a significant contribution to a better

understanding of the neurophysiological correlates of several cognitive functions. NIBS comprises of different techniques

based on magnetic or electrical stimulation of the scalp. TMS consists of a transient magnetic field applied on the scalp

through a coil, inducing in turn a transitory electric current in the brain. The magnetic pulse induces a rapid depolarization

of the cell membranes under the coil , followed by depolarization or hyperpolarization of other neural populations, i.e.,

TMS directly elicits action potentials in the stimulated neurons. TMS is used as a therapeutic aid to treat patients with

neurological or psychiatric disorders , as well as for experimental purposes . TMS can be applied as one

stimulus at a time (single pulse), as trains of stimuli delivered at a fixed frequency, usually of 1–20 Hz (repetitive TMS), or

in trains combining different frequencies (i.e., 50 Hz pulse trains repeated at a rate of 5 Hz), described as theta burst

stimulation (TBS) .

In contrast, tES, such as tDCS, tRNS and tACS, are neuromodulation tools, in which a weak electrical current is applied

on the scalp through two or more electrodes . tDCS induces a subthreshold polarization of cortical neurons and

acts by changing neuronal excitability, by inducing modifications in the resting membrane potentials. tDCS can alter the

spontaneous firing rate, leading to changes in synaptic activity . When the anode is positioned over the cortical

site of interest and the cathode is positioned over a reference point (either cephalic or extra-cephalic), a depolarization of

the resting membrane potential is induced in the stimulated brain area, together with an increase in neuronal excitability

and firing rate. Conversely, when the cathode is positioned over the cortical site of interest and the anode over a reference

point, a hyperpolarization and a decrease in neuronal excitability is induced in the stimulated brain area  [8,9]. The

former approach is known as “anodal stimulation” and the latter as “cathodal stimulation”. The reported polarity-dependent

effects are, however, not consistent, being mainly described in the motor domain and to a lesser extent in cognitive

investigations  .

2. Issues Regarding NIBS

The effects of both TMS and tDCS on the brain and on motor and cognitive functions may depend on a variety of

characteristics, such as position of the coil or electrodes, direction and intensity of the current (and also frequency and

duration in the case of tDCS) , properties of the stimulated brain tissue , demographic variables of the stimulated
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individual (e.g., gender and age) , and the cognitive state of the stimulated brain area . All these conditions

have been proposed as explanations for the inconsistencies in results found across studies. In 2013, Miniussi and

colleagues proposed a unified model which posited that the effects of NIBS are linked to noise induction, which in turn

interacts with several parameters, such as the characteristics of the stimulation and the task performed during the

stimulation . More specifically, the authors reasoned that the final response to a target stimulus does not depend solely

on the strength of the signal induced by the target itself but depends also on the ratio between the signal and other

irrelevant activity, namely, the noise . Thus, successful performance in behavioral tasks depends on the relation

between the signal (i.e., neurons coding for the target in a particular task) and the noise (i.e., neurons whose activity is

non-specific for the task at hand). This hypothesis is strongly linked to so-called state dependency that refers to the state

of the system at the time at which the stimulation is applied (TMS or tDCS). It has been shown that the effects of TMS are

proportional to the level of neuronal activation during the application of the pulses . In the case of tDCS, the stimulation

does not directly induce action potentials, but modulates the neuronal response threshold, facilitating the neural activation

of all neurons, even those not involved in the task. This could result in an increase not only of the signal, but also of the

noise. Consequently, the effect of the stimulation will be highly influenced by the pre-existing state of the system because

its effect depends on the activity of the stimulated area.

3. The Need of Blinding in Sham Protocols

Expectations can be defined as the belief in the likelihood of something happening. The outcome following placebo

administration is not ascribable to the intrinsic therapeutic properties of the (inert) treatment but to verbal suggestions,

rituals, and symbols surrounding the therapy . If “coated with” positive meaning, these elements have been found to

induce positive expectations of symptom improvement, which can lead to an actual clinical amelioration, at both subjective

and objective levels (placebo effect). For example, positive verbal suggestions alone may be sufficient to reduce pain

perception and pain sensation , and modulate motor  and cognitive performance . Furthermore, verbal

suggestions may affect anxiety, which has been shown to worsen symptoms . Indeed, the opposite counterpart of the

placebo effect, i.e., the nocebo effect, refers to a worsening in symptoms following the administration of an inert treatment

along with negative verbal suggestions or cues of symptom worsening .

Classically, participants’ thoughts, beliefs, and expectations about NIBS have been conceptualized as confounding factors

to be controlled for in order to unravel the effect of active stimulation.  Hence, the development of NIBS techniques has

required the implementation of effective control procedures, to rule out any non-specific effects due to acoustic or tactile

sensations experienced by the participants during the stimulation, and to avoid unblinding. To achieve these aims, sham

stimulation protocols have been developed to mimic the sensations experienced by participants during active stimulation,

without substantially stimulating the brain. It should be noted that whereas these procedures could control for participants’

specific beliefs on the type of stimulation received, they do not necessarily control for more general prior beliefs or

expectations about the effects of the stimulation on the brain and on performance.

Sham procedures are crucial for demonstrating the effects of real stimulation in experimental and clinical domains.

However, recent work has suggested that the specific effects of rTMS may be blurred by placebo effects, whereby active

and sham rTMS induce the same effects on symptom relief . Inconsistencies in the literature are present regarding

tDCS , reporting paradoxical effects or lack of modulation, which could be due to issues related to sham blinding rather

than to failure in active tDCS protocols. Concerning other tES, tACS induces less side effects, such as muscle twitching,

discomfort, and nausea 36], thus minimizing subjective sensations that could undermine blinding. Similarly, tRNS induces

less noticeable skin sensations than tDCS, thus allowing for good blinding control  .

4. Toward a Systematic Assessment of Participants’ Expectations in NIBS
Studies

Literature suggests that the outcomes of NIBS can be affected by participants’ beliefs about the type of stimulation

received and by the expectations and prior beliefs about the effects of the stimulation, for TMS  and

tDCS . These observations emphasize the importance of systematically assessing subjective

expectation and beliefs in NIBS trials. For instance, between-groups designs present the important problem of whether

the groups are balanced for expectation. If positive expectations about the effects of stimulation on performance are

present in the sham group, but not in the active stimulation group, it is possible to find no advantage of the active

stimulation over the sham, which could somehow “mask” the real effect of the stimulation. On the other hand, the

presence of positive expectations in the active stimulation group, but not in the sham group, might result in a significant

difference between groups due only to the different expectation levels and not to the intervention itself. In this framework,

ensuring similar expectations in the two groups could allow the drawing of more definitive conclusions about the
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effectiveness of the treatment. An even more complex issue arises if consider the interaction between positive and

negative expectations and activating versus inhibiting stimulation protocols. This is particularly true if we assume a

polarity-dependent effect of tDCS, whereby anodal tDCS is understood to enhance brain activity and cathodal tDCS is

taken to reduce it . Within this reference frame, when the protocol administered is thought to enhance the neural

activation (e.g., through anodal tDCS), but the subjective expectations are low, it is possible to observe no modulation or

even improved performance after sham. Conversely, when the protocol administered is thought to inhibit the activation

(e.g., though cathodal tDCS), but the subjective expectations are high, might observe improved performance, despite the

type of stimulation administered. Finally, when expectations are consistent with the type of stimulation to be administered

(e.g., anodal tDCS and high expectations, cathodal tDCS and low expectations), better or worse performance might be

due to the combination of expectations and stimulation, and not only to the stimulation itself.

In within-subjects designs the critical issue is the possibility that participants could “guess” the stimulation applied by

comparing the sensations felt on the skin during the stimulation sessions. However, it is possible, even in this case, that

different expectations are present in the same subject during different stimulation sessions, depending on the participant’s

emotions and mood at that moment, or in interaction with the researchers.

The implications related to the assessment of participants’ expectations are twofold. First, the possibility that participants

“guess” the stimulation type is critical for the blinding procedure and might have crucial consequences in the interpretation

of the collected data. In particular, the presence of positive expectations about the effects of stimulation during sham, but

not active stimulation, might induce a failure in detecting a significant difference between the protocols, blurring the effect

of real stimulation. Conversely, positive expectations about active stimulation, but not sham stimulation, might influence

the results in the opposite way, with a possible greater enhancement after active stimulation due only to expectations, and

not to the real stimulation per se. In these cases, expectations might act as an uncontrolled, confounding factor. This

possibility is corroborated by experimental evidence: it was demonstrated that blinding issues are present both in sham

TMS and in sham tDCS, with participants “guessing” the type of stimulation administered based on the different

perceptual sensations experienced during the stimulation . This is particularly problematic in within-subjects designs or

when participants have already taken part in NIBS experiments. Moreover, it was demonstrated that participants’

expectations might be influenced by the mere act of positioning the coil or the electrodes on the scalp , thus making

sham stimulation suitable for studying placebo effects in different domains. Another issue raised in recent investigations is

the possible neurophysiological effects of weak intensity current in those sham protocols which apply mild but continuous

stimulation . This problem is present in both tDCS and TMS research, because some sham modalities, such as those

consisting of active stimulation applied on cortical areas considered not involved in the modulation to be achieved, can still

induce uncontrolled neurophysiological effects.

Second, the literature provides convincing evidence that it is possible to directly induce expectations in participants

through active manipulation. Interestingly, some researchers have found an interaction between tDCS and the

expectations that are experimentally induced , although investigations in this direction are still lacking. Shedding new

light on these mechanisms might be crucial also in clinical applications and in experiments seeking to enhance the effects

of brain stimulation. It remains to be investigated whether NIBS coupled with the induction of positive expectations about

the interventions might result in a greater enhancement of cognitive functions or clinical outcomes, potentially making this

manipulation an optimal strategy to achieve better results.
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