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Abstract
Belief in a higher power constitutes a core feature of religiousness and spirituality (RS),

two ubiquitous aspects of human experience typically considered impervious to scientific
investigation. Associations between RS and frontoparietal neural activity have been recently
reported. However, much less is known about whether such activity is causally involved in
modulating RS or just epiphenomenal to them. Here we combined two-pulse (10Hz)
transcranial magnetic stimulation (TMS) with a novel, ad-hoc developed RS-related, Implicit
Association Test (IAT) to investigate whether implicit RS representations, although
supposedly rather stable, can be modified by a virtual lesion of inferior parietal lobe (IPL) and
dorsolateral prefrontal cortex (DLPFC). A self-esteem (SE) IAT, focused on self-concepts
nonrelated to RS representations, was developed as control. A specific increase of RS
followed inhibition of IPL demonstrating its causative role in inducing plastic changes of
religiousness/spirituality. In contrast, DLPFC inhibition influences RS only indirectly by

modulating self-related attentional processes.
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Introduction
Religiousness and spirituality (hereinafter RS) are complex multidimensional constructs

reflecting the ultimate concerns of people in relation to unseen realities/supernatural agents,
with only the former inherently linked to institutionalized practices and beliefs (1). While RS
has attracted much interest at the very beginning of scientific psychology (2), only recently
has RS become relevant for cognitive and affective neuroscience (3, 4). The increasing
number of studies concerning the cognitive representation of the body and the self (5, 6)
parallels research on the association between RS and the boundaries between the
representation of the world and of the self in transcendent contexts (7, 8). It has been argued,
for example, that RS experiences imply a sense of detachment of the self from spatiotemporal
contingencies of the physical body or an increase of its connectedness with God, divinity,
nature and other individuals at large (3, 9, 10). Moreover, neuroimaging studies show that a
large cortical network is involved in RS (4, 11,12). More specifically, increased dorsolateral
prefrontal cortex (DLPFC) activity is associated with increased RS experiences, with
activation possibly reflecting the effortful intentional activity involved in most meditative
practices (3, 7, 9, 12).

By contrast, decreased parietal lobe activity tends to be associated with increased RS
experiences (13-15). Such a pattern of results probably reflects an altered sense of awareness
of the self in space. Although very valuable, fMRI studies of RS cannot distinguish whether
changes of brain activity during RS experiences are causally involved or just epiphenomenal
to them.

Crucially, however, only a few studies in brain damaged patients (i.c., cranial trauma or
surgical ablation) (16-18) have thus far addressed the issue of the causal link between specific
neural structures and supposedly stable RS-related feelings and beliefs, as indexed by the
established self-report index of core spiritual experiences (INSPIRIT; 19) or temperament and

character (TCI; 20, 21) questionnaires.
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However, it is relevant here that meditation, prayer, and self-report questionnaires have
been the primary types of experiences considered by scholars when trying to delineate the
neurocognitive bases of RS. Unfortunately, self-report measures are often susceptible to
desirable responding (22, 23) and are clearly subjective in nature. Thus, in the present
research, with the aim of providing an objective measure of RS, we designed a novel, RS
Implicit Association Test (IAT; 24). The IAT is one of the most frequently used implicit tests
to measure the strength of automatic concept-attribute associations, thought to underlie some
aspects of personality (25, 26), among which RS (22). The use of an RS-IAT test allowed us
to measure the strength of automatic associations between two distinct groups of target words
(referring to the concept of self vs. other) and words that were or were not related to RS
dimensions (RS vs. Non-RS). The association was tested in both congruent (self + religious-
spiritual; other + non-religious-non-spiritual} and incongruent (self + non-religious-non-
spiritual; other + religious-spiritual) conditions. An RS-IAT effect (better performance in
congruent than incongruent trials) would mean that a person automatically perceives the self
as more religious-spiritual compared to others (22). As control, we developed a self-esteem-
IAT (SE-IAT) where self- vs. other-referred words were associated to good vs. bad words
(i.e., positive vs. negative valence words, respectively), again in congruent vs. incongruent
conditions (Fig. 1; see Table 1 for a list of the stimulus words employed in the two IATs).
Overall, the larger the RS-IAT effect (or the SE-IAT effect), the stronger the implicit attitude
a participant has in associating the self with religious-spiritual dimensions (or with a high self-
esteem).

The two IATs were administered during application of dual-pulse Transcranial Magnetic
Stimulation (TMS) over IPL or DLPFC and during a control stimulation condition in which
TMS was applied over the vertex. The dual-pulse TMS train (10 Hz) was delivered at the

appearance of each stimulus word in the congruent and incongruent blocks of the two IATs
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(Fig. 1). Half of the participants received stimulation of the left hemisphere, while the other
half received stimulation of the right hemisphere. Thus, the experimental factorial design
involved the within-subject variables of [AT (RS-IAT, SE-IAT), Condition {(congruent,
incongruent), and TMS stimulation site (IPL, DLPFC, Vertex) and the between-subject
variable of Hemisphere (left, right).

Combining interferential dual-pulse TMS with the implicit measure of RS we sought to
determine, for the first time in healthy adults, the causal role of specific brain regions (IPL and
DLPFC; Fig. 2) in determining short-term functional reorganization and plasticity of self-
referential RS representations as indexed by an objective index of performance.

We predict that TMS over the IPL should increase the RS-IAT effect, via either improved
performance in congruent trials or reduced performance in incongruent trials. Conversely,
considering the role of DLPFC in sustaining RS experiences, we predict that targeting it with
TMS should reduce the RS-IAT effect. On the other hand, since the DLPFC seems to operate
in the IAT performance to solve the conflict between a task-appropriate response and a
stronger, incompatible automatic association (27-29), we could expect that DLPFC-TMS
induces a general increase of both RS- and SE-1ATs effects, mostly due to reduced

performance in incongruent trials.

Results
To test the effects of rTMS on the implicit association of the self to RS and SE attributes,

the accuracy (proportion of correct responses) and RTs data of the two IATs were entered in
separate 2 (JAT: RS-IAT, SE-IAT) x 2 (Condition: congruent, incongruent) x 3 (TMS
stimulation site: DLPFC, IPL, Vertex) x 2 {(Hemisphere: left, right} mixed-model Analyses of

Variance (ANOVAs).
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Accuracy data

The ANOVA on the proportion of correct responses showed significant main effects of
IAT (SE-IAT better than RS-IAT; M = 91.03% vs. 89.79% of correct responses, respectively)
(F(1,21)=16.48, p < 0.001, an = 0.439), Condition (IAT effect: congruent better than
incongruent; M = 92.38% vs. 88.44%, respectively) (F (1, 21) =44.85, p <0.001, np* =
0.681), and TMS site (F (2, 42) = 13.55, p < 0.001, np® = 0.392) but not of Hemisphere (F (1,
21) =3.55, p = 0.073, np” = 0.144). Post hoc tests performed for the TMS site factor showed
that accuracy was higher in the Vertex- than in both the DLPFC- (M = 91.9% vs. M = 88.7%,
respectively, p < 0.001) and IPL-TMS conditions (M = 90.5%, p < 0.03). Moreover,
participants’ error rates were higher in the DLPFC- than in the [PL-TMS condition (p < 0.01).

The TMS effects, however, were different for the two IATs and for the two Conditions.
Indeed, the ANOVA also showed a two-factor interaction between IAT and Condition (F (1,
21) = 9.96, p < 0.005, np® = 0.321) which was further qualified by two three-way interactions
involving the last two factors and, respectively, the factor Hemisphere (F (1, 21)=20.95,p <
0.001, np2 = 0.499) and the factor TMS site (F (2, 42) = 3.75, p < 0.04, np> = 0.151). The
interaction of IAT, Condition, and Hemisphere indicated that, although both IAT effects were
significant in both groups of participants (all ps < 0.02), a greater SE-IAT than RS-IAT effect
was found in the left- (5.39% vs. 1.58%, respectively; p < 0.001) but not in the right-
hemisphere group (3.91% vs. 4.95%, respectively; p = 0.327). RS-IAT effects were larger
after right than left hemisphere stimulation. Crucially, however, TMS had the same effects in
both groups as documented by the significant 3-way interaction between IAT, Condition and
TMS site (Fig. 3A) with a non-significant 4-way interaction involving the factor Hemisphere
(F(2,42)=1.16, p = 0.325, 'qp2 = 0.052; see Table 2 for the raw RTs and accuracy values for

each condition).
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Post hoc tests performed for the interaction between IAT, Condition and TMS Site, showed
that error rates were higher in the DLPFC-TMS than in the Vertex-TMS condition for all of
the four types of trials (congruent/incongruent; SE-IAT/RS-IAT) (all ps < 0.04). By contrast,
participants made more errors in the IPL-TMS than in the Vertex-TMS condition only in the
incongruent trials of the RS-IAT (p < 0.001; all other ps > 0.08). In this condition, error rates
were similar for the DLPFC-TMS and the [PL-TMS conditions (p = 0.97).

When accuracy in the two [ATs was considered separately for each TMS site, post hoc
tests yielded a different pattern of results for the IPL-TMS than the Vertex-TMS (and the
DLPFC-TMS) condition. Indeed, for the Vertex-TMS condition (and the DLPFC-TMS),
differences in accuracy between the two IATs were found in congruent trials (SE-IAT better
than RS-1AT; p < 0.03 for both Vertex- and DLPFC-TMS conditions) but not in incongruent
trials (both p > 0.50). On the other hand, for the IPL-TMS condition the performance was
comparable in the congruent trials of the SE-IAT and RS-IAT (p = 0.21), but worse in the
latter than the former IAT in incongruent trials (p < 0.04). Finally, post hoc tests also showed
significant SE-IAT and RS-IAT effects in each TMS stimulation condition (all p < 0.02),
except for a non-significant RS-IAT effect in the Vertex-TMS condition (p = 0.24). All the
other interactions related to the 2 x 2 x 3 x 2 ANOVA did not reach significance (all Fs <
1.64; ps > 0.20; np° < 0.073).

To directly test whether the magnitude of the two IAT effects changed across the three
stimulated regions (as suggested by the significant IAT, Condition and TMS Site interaction),
we calculated the SE-IAT and RS-IAT effects for each of the three TMS sites and performed a
2 (IAT: SE-IAT, RS-IAT) x 3 (TMS site: DLPFC, IPL, Vertex) repeated measure ANOVA.
The ANOVA showed the significance of IAT effect (SE-IAT effect larger than RS-IAT
effect: F (1, 22) =5.91, p <0.03, np*> = 0.211) and, critically, of the two-factor interaction (F

(2, 44) = 3.64, p < 0.04, np* = 0.142) (Fig. 3B). Post hoc tests showed a larger RS-IAT effect
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in the IPL-TMS condition than in the Vertex-TMS condition (p < 0.006), a marginally larger
effect in the [PL-TMS than the DLPFC-TMS condition (p = 0.071) and no difference between
the DLPFC-TMS and Vertex-TMS conditions (p = 0.24). Conversely, SE-IAT effects were of
the same magnitude in the three TMS conditions (all p > 0.57). Thus, the supplementary
analysis confirmed that delivering TMS over the IPL increased the RS-IAT effect relative to

the control condition.

Response time data

The 2 x 2 x 3 x 2 ANOVA carried out for the RT data showed main effects of IAT (SE-
TAT faster than RS-IAT; M = 647 vs. 682 ms, respectively) (F (1, 21) = 7.54, p < 0.02, np* =
0.264) and Condition (IAT effect: faster RT in congruent than incongruent blocks; M = 624
vs. 706 ms, respectively) (F (1, 21) = 40.88, p < 0.001, np’ = 0.660), but not those of TMS site
(F (2, 42) = 0.47, p = 0.62, np’ = 0.022) and Hemisphere (F (1, 21) = 3.96, p = 0.060, np* =
0.158). Like for the accuracy data, there was then a significant [AT X Condition two-way
interaction (F (1, 21) = 5.49, p <0.03, 11p2 =(.207). Post hoc tests showed that the two IATs
differed in congruent (SE-1AT faster than RS-IAT: 595 vs. 652 ms, respectively, p < 0.001)
but not in incongruent trials (699 vs. 712 ms, respectively, p = 0.57). In other terms, IAT
effects were larger for the SE-IAT (104 ms, p <0.001) than the RS-IAT (60 ms, p < 0.002).
These effects mirrored those obtained on accuracy data after Vertex- and DLPFC-TMS.
However, unlike in the analysis on the accuracy data, the 3-way interaction between IAT,
Condition and TMS site was not significant (F (2, 42) = 0.74, p = 0.48, np’ = 0.034). Thus, the
magnitude of the SE-IAT or RS-IAT effects did not change across the three main TMS
stimulation sites, suggesting that the change of the IATs accuracy effects after TMS cannot be

ascribed to speed-accuracy trade-off confounds (Fig. 4).
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Of importance, there was a significant three-way interaction between IAT, TMS site, and
Hemisphere (F (2, 42) = 7.76, p < 0.002, np* = 0.269). The interaction is reported in Fig. 5.
Post hoc tests showed an RT increase in the SE-IAT after left DLPFC-TMS relative to the
other two TMS conditions of the left hemisphere group (both p < 0.008). In this group, there
were no differences in RT among the three TMS conditions in the RS-IAT (all p > 0.15).
Similarly, in the right hemisphere group, no differences in RT were found between the three
TMS conditions in either the two IATs (all p > 0.05). That the four-way interaction was not
significant (F (2, 42) = 0.61, p = 0.54, np” = 0.028) suggests the slowdown in RT concerning
the left DLPFC-TMS condition involving both congruent and incongruent trials of the SE-
IAT.

Nonetheless, post hoc tests carried out for the trend interaction between Condition, TMS
site, and Hemisphere (F (2, 42) = 2.59, p = 0.086, np’ = 0.109), showed that global IAT
effects were marginally larger in the left DLPFC-TMS condition relative to the other two
TMS conditions of the left hemisphere group. This result was specifically due to a slowing
down in RT in the incongruent trials of the two IATs (p = 0.047 and p = 0.052 for
comparisons with the IPL-TMS and the Vertex-TMS conditions, respectively). In contrast, the
slowing down in RT in the left DLPFC-TMS condition was not significant in congruent trials
(both p> 0.71). In the right hemisphere group, RTs were constant throughout the three TMS
stimulation sites, both in incongruent (all p > 0.70) and in congruent trials (all p> 0.20). All
other interactions for the 2 x 2 x 3 x 2 ANOVA did not reach significance (all Fs <1.46; ps >
0.24; np’ < 0.064).

In sum, the analysis on the RT data showed a slowdown in RT in the left DLPFC-TMS
condition when participants performed the SE-IAT and, marginally, the incongruent trials of
both IATs. More generally, we found significant SE-IAT and RS-IAT effects, with the

magnitude of the effects remaining the same across the three main TMS stimulation sites.
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Explicit spirituality scales and correlations with IAT effects

After the TMS experiment, participants were required to complete two questionnaires,
namely the self-transcendence (ST) scale of the TCI (20, 21) and the INSPIRIT (19), which
measure individual spirituality.

The ST and INSPIRIT raw scores obtained by both participant groups were in line with
those recently reported for the ST scale (18) and the INSPIRIT questionnaire (17). Mean ST
raw scores for the left and right hemisphere groups were respectively 13.50 (SD = 5.43) and
14.54 (SD = 5.77) with no difference between the two groups (t (21) = -0.42, p = 0.67).
Similarly, the INSPIRIT raw scores for the left and right hemisphere groups were respectively
2.17 (SD = 0.58) and 2.09 (SD = 0.74) with no difference between the groups (t (21) =0.26, p
= (0.79). The two groups of participants also did not differ in the scores obtained in the three
ST subscales, which evaluate Creative Self-forgetfulness vs. Self-conscious Experience,
Transpersonal Identification vs. Personal Identification, and Spiritual Acceptance vs. Rational
Materialism (18) (all ps > 0.40).

Next, we tested for correlations (using the Pearson coefficient) between the individual
INSPIRIT and ST scores and the individual RS-IAT and SE-IAT effects. We considered the
whole group of participants in these correlations. Moreover, for both IATs, we averaged the
effects, separately for accuracy and RT data, across the three repetitions occurring in the TMS
experiment. First, we found a strong poéitive correlation between the scores obtained in the
two explicit questionnaires (r = 0.84, p <0.001). Moreover, we found that the scores in the ST
scale correlated positively and specifically with the RT effect in the RS-IAT (r=0.42, p=
0.043). This correlation indicated that the more the participants explicitly judged themselves
to be self-transcendent, the more they showed an implicit attitude to associate themselves to

RS dimensions. In view of this finding, we tested for the same correlation, but examined the

10
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ST subscales separately, to see whether a particular scale was responsible. We found that the
RS-IAT effect correlated with scores obtained specifically in the spiritual acceptance subscale
(r=0.43, p = 0.042). Indeed, the correlation with the RS-IAT effect was not significant for
the other two ST subscales (both p > 0.15). Finally, we found no correlations between the ST
and INSPIRIT scores and the mean RS-1AT effect (in terms of accuracy) and the mean SE-

IAT effects (both in terms of RT and accuracy) (all ps > 0.13).

Discussion
The main aim of this study was to assess whether TMS over DLPFC and IPL regions may

determine modulations of self-referential religious-spiritual representations in healthy
individuals as indexed by objective rather than subjective measures. In order to circumvent the
problems inherent in the use of self-report measures of RS we developed an IAT suitable to
measure implicit attitudes of people regarding religious-spiritual themes (RS-IAT). It is worth
noting that, as control test, we used a self-esteem IAT (SE-IAT) that calls into action self-
concepts, but not RS-related representations.

We found that delivering TMS over the IPL (vs. the Vertex) increased the RS-IAT effect
which indexes changes in participants’ RS that occur at implicit level. Moreover, rTMS-
related inhibition of the left DLPFC brought about a significant slowdown of RTs when
participants performed the SE-IAT and a marginal slowdown of RTs in the incongruent trials
of both IATs. Thus, while previous neuroimaging studies provided correlational evidence that
frontal and parietal regions are linked to RS (3, 4, 11, 12, 15, 30-34), the induction of
temporary virtual lesions via rTMS highlights the causative role of IPL in the fast alteration of
self-referential religious-spiritual representations. Using two 1ATs allowed us to ascertain that
such alterations were specific to the RS domain. Accordingly, the detrimental effect of IPL-
TMS in the incongruent trials of the RS-IAT is most unlikely to be due to TMS itself, or

linked to the difficulty of the task. Indeed, IPL-TMS did not change the incongruent trials of
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the SE-IAT (as the DLPFC-TMS did), which behaviorally were as difficult as the RS-IAT (in
the Vertex-TMS condition), or the congruent trials of the RS-IAT (as the DLPFC-TMS did),
which were more difficult than the SE-IAT (in the Vertex-TMS condition). In fact, after TMS
over the IPL, it became equally automatic for the participants to associate the self with
religious-spiritual dimensions and with positive valence words, but became more difficult for
them to associate the self with non-religious/non-spiritual terms than with negative valence
words.

Thus, we need to consider whether it is appropriate to interpret these findings as evidence
that interfering with IPL cortical activity led participants to experience an extended seif-
referential awareness, i.e. the important part of RS experiences that allows one to connect with
things beyond the self. Converging evidence from research about function of the parietal lobes
and of religious-spiritual traits and states, speaks in favour of this possibility. Indeed, the
posterior parietal cortex is involved in self-related cognition (35) and in the representation of
one’s own body knowledge (5, 36). Tellingly, posterior parietal lesions are typically
associated with impairments in self-awareness and with an altered sense of one’s own body in
space (37, 38). In a similar vein, functional imaging studies hint at a relationship between
decreased parietal lobe activity and increased religious-spiritual feelings (3, 9, 13, 14, 39, 40).
Corroborative evidence for the role of parietal regions in RS comes from recent studies carried
out on clinical populations (16-18), suggesting that selective lesions in left and right inferior
parietal regions increased the explicit self-transcendental representation of the patients. It is
worth noting that in the few previous studies suggesting a causal link between RS and parietal
cortex activity, RS changes occur after very invasive manipulations in brain lesion-patients
(i.e., surgical ablation or cranial trauma). Thus, an additional point of novelty of the present

study is that even a non-invasive procedure for reversibly interfering with neural activity in

12
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the left and right parietal cortex may disclose fast changes of RS-related representations in
healthy individuals hinting at the malleability of supposedly stable constructs.

It is important to note that [IPL-TMS only altered the perception of the self in relation to a
transcendental context, leaving intact the ability to discriminate between self and other
concepts required by the IAT. This might suggest that different neural structures may be
involved in different levels of self representations (41). On the other hand, in keeping with
views that have conceptualized self-transcendence along a continuum (42, 43), it may be that
our paired-pulse TMS paradigm just exerted minimal effects on IPL activity and that stronger
interference with the parietal lobe (e.g., theta-burst stimulation) may lead to the total abolition
of the sense of self and ultimately to an even more radical increase of transcendence.

The contribution of DLPFC in controlling self-related representations deserves discussion.
As already mentioned, past research on RS has reported a relation between increased frontal
lobe activity and increased religious-spiritual feelings (3, 7, 9). On the basis of the previous
literature on RS, one could thus expect to find a reduced RS-IAT effect when TMS is
delivered over the left DLPFC. The present findings of marginally larger RS- and SE-IAT
effects in the left DLPFC-TMS condition (vs. the Vertex-TMS condition) suggest that TMS
over the left DLPFC prevented this region from exerting control over acquired self-related
implicit associations, no matter what the specific content (i.e., RS or SE) of the involved self-
representations. Thus, these results are in keeping with previous TMS and fMRI studies on
IATs, suggesting that the left DLPFC mediates the effect of worse performance in the
incongruent trials of an [AT, as it would operate to solve the conflict between a task-
appropriate response and a stronger, incompatible automatic association (27-29). This pattern
of results would suggest that the DLPFC may influence RS via focused attention and
control/monitoring over distracting thoughts which are required in many meditative practices

(3, 7,9, 12, 44). However, the overall RT slowing down in the SE-IAT, may also suggest that

13
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the left DLPFC plays a direct role in the encoding and activation of self-related conceptual
knowledge (45).

[t is worth noting that RS-IAT effects correlated with the spiritual-acceptance ST subscale,
suggesting a link between implicit and explicit measures of RS and that our RS-IAT
preferentially tapped some aspects of the multifaceted spiritual transcendence construct.
Religiousness- and spirituality-related constructs are not isomorphic, but rather overlapping,
with the former defined as more related to institutions and faith traditions and the latter as
more subjective and experience-based (2, 46-49). However, considering its explorative,
pioneering nature, this study aimed at investigating the common features rather than to
distinguish the differences between the two constructs. Future studies should explore this
issue. Crucially, the present study paves the way to such future investigations by introducing
the use of implicit measures, together with explicit measures, to evaluate subjects’ religiosity
and spirituality.

Another issue pertains to the generalizability of the results. It is advisable that future
studies will test populations of different cultures and ethnicities, in both fMRI/TMS and
behavioral studies, using appropriate versions of the RS-IAT. Accordingly, there is increasing
evidence that cultural and religious background can shape the way one experiences spiritual
transcendence as well as the neurocognitive bases of self-representation (50-54).

In conclusion, the present study tested the causal role of DLPFC and IPL in determining

fast modulations of stable self-concepts related to RS. We showed that altered neural activity

in parietal regions is a fundamental neurophysiological substrate of implicit RS. The effects of

DLPFC-TMS were more widespread in controlling the automatic activation of both evaluative
(i.e. SE) and RS representations of the self, suggesting a contribution of this region to RS in

terms of attentional processes. Finally, we believe that the present results may be of relevance

14
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to studies aimed at clinical applications of rTMS in the treatment of mental disorders, and

particularly those characterized by pathological religious-spiritual feelings.

Materials and Methods
Participants.

Twenty-four Italian participants with Catholic religious affiliation (7 males) were recruited
for the study (mean age = 24.12, SD = 4.49). Two participants were left-handed. Half of
participants received stimulation of the left hemisphere (mean age = 25.83, SD = 4.22) while
the other half received stimulation of the right hemisphere (mean age = 22.42, SD = 4.09).
All participants reported normal or correct-to normal vision, no past history of neurological or
mental illness, and were negative for the risk factors of TMS (55). Signed informed consent
was obtained before participation in the study from all participants. The study was approved
by the Ethics Committee of the Department of Psychology of the University of Rome “La

Sapienza” and was in accordance with the 1964 Declaration of Helsinki.

IAT Stimuli

A pilot study was run to appropriately select the stimulus words for the religious-
spiritual/non-religious-non-spiritual axis of the RS-IAT and for the good/bad axis of the SE-
IAT. All the details concerning the pilot study can be found as Supplementary Information
online. On the basis of the pilot study, 15 words were selected for each of the four stimulus
categories (i.e., religious-spiritual, non-religious-non-spiritual, good, bad). The 60 stimuli are
reported in Table 1, Moreover, in both the two [ATs we used 12 pronouns for referring to
Self-Other concepts (Me stesso-Altri in Italian) (see Supplementary Information online for the

complete list).

Experimental procedure

15
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The participants were tested individually, in a quiet and silent room. Stimuli for the RS-
IAT and SE-IAT were presented on a PC running the E-Prime software package (Psychology
Software Tools, Pittsburgh, PA). Participants were seated in front of the computer screen at a
distance of approximately 60 cm. In both IATs, responses had to be given as fast and
accurately as possible after the onset of the stimuli (i.e. single words presented one at a time at
the center of the screen), by pressing a left (E) or a right (I) key on a computer keyboard with
the index finger of the left and right hand, respectively.

Each IAT consisted of congruent and incongruent condition blocks. In the congruent
condition of the RS-IAT, participants had to press the same response key for self-related
words and religious-spiritual words, and a different response key for other-related words and
non-religious-non-spiritual words. In the incongruent condition of the RS-IAT, participants
had to press one response key for self-related words and non-religious-non-spiritual words and
another key for other-related words and religious-spiritual words. An [AT effect is found as
long as a person is faster and/or more accurate in associating religious-spiritual stimuli with
the self and non-religious-non-spiritual words with others (i.e. congruent condition) with
respect to associating non-religious-non-spiritual terms with the self and religious-spiritual
words with others (i.e. incongruent condition). In other words, if participants show an RS-IAT
effect, this would indicate that they perceive themselves to be more religious-spiritual than
non-religious-non-spiritual (22).

In a similar fashion, in the congruent condition of the SE-IAT, participants had to press the
same response key for self-related words and good words, and a different response key for
other-related words and bad words. In the incongruent condition of the SE-IAT, participants
had to press one response key for self-related words and bad words and another key for other-

related words and good words. An SE-IAT effect (i.e., congruent trials faster and/or more
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accurate than incongruent trials) would suggest that a person automatically associates the self
with positive rather than with negative valence (25).

In line with past research, both IATs were administered in seven blocks (22, 27, 56). A
detailed description of the succession of stimuli in each block of the two [ATs can be found as
Supplementary Information online. Globally, each IAT lasted approximately 7 minutes and
was presented to each participant three times, one for each of the stimulation sites.

As already mentioned, after the TMS experiment, participants were required to complete
the ST scale of the TCI (20, 21) and the INSPIRIT questionnaire (19), which measure

individual spirituality at an explicit level.

TMS procedure

TMS pulses were delivered by means of a 70-mm figure-of-eight stimulation coil
(Magstim Double 70mm Air Film Coil), connected to a MagstimSuperRapid® (The Magstim
Company, Carmarthenshire, Wales), producing a magnetic field up to 0.8 T at the coil surface.

Two pulses (Inter pulse interval of 100 ms) of TMS, at an intensity equal to 110% of the
resting motor threshold for both pulses (rtMT; see Supplementary Information online for
details on rMT computation), were delivered at the appearance of each stimulus word in the
congruent and incongruent blocks of each of the two IATs (27). As previously argued (27,
57), this type of stimulation is known to transiently interfere with the activity of the stimulated
regions, so that their causal role in modulating implicit RS and SE attitudes and the related
mechanisms of functional (re)organization and plasticity can be investigated.

TMS was delivered over the left DLPFC and left IPL in one group of participants and to
the corresponding areas of the right hemisphere in a different group of participants (Fig. 2).
The vertex was chosen in both participant groups as a control site to account for nonspecific

effects of TMS on IAT performance. The order of stimulation sites was Latin-square balanced
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across participants. The approximate locations of the three areas were identified on each
participant’s scalp with the SofTaxic Navigator system (EMS, Bologna, Italy) which uses a
set of digitized skull landmarks (left and right preauricular points, nasion, and inion), ~65
scalp points entered with a Polaris VicraOptical Tracking System, and an averaged stereotaxic
magnetic resonance imaging-constructed (MRI} atlas brain in Talairach space (58). In keeping
with past research, the latter was used by the SofTaxic Navigator system to automatically
estimate the Talairach coordinates of the targeted regions (27). Talairach coordinates for the
DLPFC were derived by combining the studies of Cattaneo et al. (27) (who were the first to
stimulate this region during IAT performance) and of Chee et al. (28) (who reported the first
fMRI study on an IAT paradigm}; the coordinates were X==+ 50, Y =18, and Z = 34.

Talairach coordinates for the IPL were based on the mentioned study of Urgesi et al. (18)
and were X =+ 57, Y = -40, and Z = 34. Finally, the control stimulation site used was the

Vertex (Talairach coordinates: X =0, Y = -40, and Z = 65) (Fig. 2).

Data analysis

The data were analyzed with Statistica 8 (StatSoft, Inc, Tulsa, OK). The main analysis
concerned the performance using a 2 (JAT: RS-IAT, SE-1AT) x 2 {Condition: congruent,
incongruent) x 3 (TMS stimulation site: DLPFC, IPL, Vertex) x 2 (Hemisphere: left, right)
factorial design. We calculated both accuracy (proportion of correct responses) and response
time (RT) for the RS-IAT and SE-IAT and separately for the congruent and incongruent trials
(60 trials per cell). Responses provided later than 10,000 ms from stimulus onset were
excluded from RT and accuracy computations (less than 0.01% of the total). In keeping with a
previous AT study (27), we decided a-priori to discard from the analyses, any participants for
whom more than 10% of responses were faster than 300 ms. However, this was not the case

for any of our participants. Furthermore, only RTs of correct responses were included in the

18
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analyses. Moreover, we used the participants’ mean RT and accuracy data instead of the mean
D scores (56), because it is known that TMS can differentially affect RT and accuracy (and
separately affecting congruent and incongruent trials in the case of [ATs), with such effects
being impossible to differentiate when relying only on D scores (27).

The analysis carried out on accuracy (arcsine transformation of proportion of correct
responses) and RT data (log transformation of raw RTs) (59) involved the following within-
subject factors: IAT (RS-IAT, SE-1AT), Condition (congruent, incongruent), and TMS site
(DLPFC, IPL, Vertex). The between-subject factor was the Hemisphere (left, right). In both
ANOVAgs, significant main-effects involving means with more than two levels and significant
interactions were followed-up with Duncan’s post-hoc tests. The data of one 20 year-old male
participant in the right hemisphere group were excluded from all the analyses since his
performance on the RS-IAT was more than 5 SD below the group mean (more specifically, it
was in the opposite direction than that of the group mean with incongruent blocks being much
better than congruent blocks).

With regard to the explicit questionnaires, standard procedures were applied in scoring
both the ST and the INSPIRIT (19-21) (see Supplementary Information online for details). We
then performed independent-sample t tests to assess whether ST and INSPIRIT scores differed
between the two samples of participants. Finally, we used the Pearson coefficient to test for
correlations between the INSPIRIT and ST scores and the RS-IAT and the SE-IAT effects
(see section 2.3 of the Results for details). The significance threshold of p <.05 was used in

all statistical tests. In the ANOVAs, effect sizes are reported as partial eta squared (mp).
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Table 1. Word stimuli used in the religiousness-spirituality (RS) IAT and in the self-esteem

(SE) IAT (Italian in parentheses). The IATs also included 12 pronouns for the Self-Other

concept pair (see text and Supplemental Information online).

Religious-Spiritual Non-religious-Non-spiritual Good Bad
Soul (Anima) Agnostic (Agnostico) Skillful (Abile) Blasphemous (Blasfemo)
Believer (Credente) Atheist (Ateo) Affable (Affabile) Abrut (Brusco)
God (Dio) Carnal (Carnale) Competent {Competente) Bad (Brutto)

Divine (Divino)
Eternal (Eterno)
Faith (Fede)
Angelic (Angelico)
Inner (Interiore)
Meditation (Meditazione)
Omnipotent (Onnipotente)
Religious (Religioso)
Sacred (Sacro)

Saint (Santo)
Supermnatural (Soprannaturale)

Spirit (Spirito)

Cynical (Cinico)
Concreteness (Concretezza)
Body (Corpo)
Physical (Fisico)
Irreligious (Irreligioso)
Limited (Limitato)
Logical (Logico)
Material (Materiale)
Objective (Oggettivo)
Profane (Profano}
Tangible (Tangibile)

Earthly (Terreno)

Available (Disponibile)
Excellent (Eccellente)
Friendly {Amichevole)
Fabulous (Favoloso)
Favorable (Favorevole)
Gaiety (Gaiezza)
Magnificent (Magnifico)
Honest (Onesto)
Perfect (Perfetto)
Pleasantness {Piacevolezza)
Triumph (Trionfo)

Virtuous (Virtuoso)

Illicit (1llecito)
Immoral (Immorale)
Indecent (Indecente)

Obscene (Osceno)
Hostile (Ostile)
Scandalous (Scandaloso)
Unfavorable (Sfavorevole)
Ugly (Sgradevole)
Unpleasant (Spiacevole)
Awful (Terribile)
Shameful (Vergognoso)

Vulgar (Volgare)
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Table 2: Mean RT and Accuracy data in each condition of the SE-IAT and RS-IAT, for each

TMS site, and for both participant groups.

T™MS SE-IAT  SE-IAT SE-IAT SE-IAT SE-IAT SE-IAT RS-IAT RS-IAT RS-IAT RS-IAT RS-IAT RS-IAT
group Cong Cong Cong Incong Incong Incong Cong Cong Cong Incong Incon Incong
DLPFC IPL Vertex  DLPFC IPL Vertex DLPFC IPL Vertex DLPFC IPL Vertex
68 67 617 801 716 T 647 723 701 773 750 737
(105) (85) (70) (169) (165) (134) (113) (177) (123) (243) (202) (150}
Aﬁf : 0.94 0.95 0.97 0.89 0.91 0.92 0.92 0.92 0.93 0.90 0.90 0.93
(0.02) 0.03) (0.02) (0.05) (0.04) (0.05) (0.05) (0.05) (0.03) (0.05) (0.05) (0.04)
l;}_; 562 551 565 624 643 646 642 601 591 678 666 658
(74) (65) 77 o1} (76) (110) (153) (88) 7D (142) (113) (141)
APS? 0.89 0.91 0.92 0.84 0.88 0.88 0.87 0.92 0.90 0.83 0.84 0.88
(0.08) (0.05) (0.05) (0.10) (0.06) (0.07) (0.07) (0.05) (0.06) (0.11) (0.08) (0.05)

Notes: RT refers to Response Times in milliseconds; ACC refers to proportion of correct
responses; LH refers to Left Hemisphere; RH refers to Right Hemisphere; Cong refers to

congruent trials; Incong refers to incongruent trials; standard deviation of the means are

reported in parentheses for each condition.
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Figure captions
Figure 1. Schematic structure of the Religiousness-Spirituality (RS) IAT and Self-Esteem

(SE) IAT. Each IAT consists of 7 blocks in which a series of stimulus words appear at the
center of the screen and must be associated to the stimulus categories shown on the upper left
or right corner of the screen by pressing two corresponding response keys. In the figure, the
congruent condition occurs before than the incongruent condition. TMS pulses were delivered
only in congruent and incongruent conditions.

Figure 2. The TMS stimulation sites are reported in Talairach coordinates for the left
hemisphere. 12 participants were stimulated on the left DLPFC, left IPL, and Vertex and 12
participants were stimulated on the right DLPFC, right IPL, and Vertex. The DLPFC region
corresponded to the middle frontal gyrus (Brodman area, BA, 9/46). The IPL region
corresponded to the inferior parietal lobe/supramarginal gyrus (BA 40).

Figure 3. A) Three-way interaction between IAT (SE, RS), Condition (congruent,
incongruent), and TMS site (DLPFC, IPL, and Vertex) (accuracy data). The y-axis reports the
mean proportion of correct responses in congruent and incongruent trials for each TMS
condition and IAT. Vertical bars denote +/- standard errors. Asterisks indicate a significant
difference compared to the control stimulation condition (Vertex); B) IAT effects (i.e.,
proportion of correct responses: congruent blocks minus incongruent blocks) are reported for
each TMS site and for both IATs. Higher values indicate higher RS and SE, respectively.
Vertical bars denote +/- standard errors.

Figure 4. RTs in congruent and incongruent conditions for the SE-IAT and the RS-1AT for
each TMS stimulation site (DLPFC, IPL, and Vertex). The three-way interaction between
IAT, Condition (congruent, incongruent), and TMS site was not significant. Vertical bars
denote +/- standard errors.

Figure 5. Three-way interaction between IAT (SE, RS), Hemisphere (left, right), and TMS

site (DLPFC, IPL, and Vertex) (RT data). The y-axis reports the mean RT in both groups of
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participants for each TMS condition and for each IAT. Vertical bars denote +/- standard
errors. Asterisks indicate a significant difference between the left DLPFC-TMS condition and

the other two stimulation conditions (i.e., left IPL-TMS and Vertex-TMS).
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Supplementary Information
Material and Methods: IAT stimuli

In order to select stimuli for the religious-spiritual, non-religious-non-spiritual, good, and
bad categories, involved in the religiousness-spirituality (RS)-IAT and in the self-esteem
(SE)-IAT, an initial set of 190 words were judged by 34 Italian subjects (range 18-58 year-
old; 19 female), who did not take part in the TMS experiment. For the RS-IAT, ninety-seven
Italian words with spiritual (n = 52) or non-spiritual (n = 45) connotation were selected from
the Measures of Religiosity book (60). For the SE-IAT, ninety-three nouns having a positive
(n = 47) or a negative (n = 46) valence were selected, in part from past research on SE-IAT
(25). Participants were instructed to judge each stimulus word on a seven-point scale for six
characteristics, namely: i) imageability (ease and speed of a word in evoking a mental image
or a sensory experience), ii} familiarity (subjective report about how frequently a word occurs
in the life of a person), iii) concreteness (reference to objects, living things, actions and
materials that can be experienced through the senses), iv) age of acquisition (the age at which
a word and its meaning has been learned for the first time in spoken form or in writing), v)
valence (ability of a word to elicit in the speaker and listener positive or negative feelings),
and vi) spirituality (the ease of a word to associate and to evoke spiritual dimensions). On the
basis of these data, 15 words were selected for each of the four categories (see Table | in the
Manuscript). The mean values for each of the above-mentioned variables are reported in the
Supplementary Table S1 for the four categories of stimulus words. Moreover, in both the two
IATs we used 12 pronouns for referring to Self-Other concepts (Me stesso-Altri in Italian)
(Self, English/Italian: lio; mine/mio;mine/mia; mine/mie; mine/miei; me/me; Other: you/voi,
your/tuoi, his-her/sua, his-her/sue, their/loro, your/vostro).

A one-way ANOVA showed that there were no significant differences between the
imageability and the age of acquisition of stimuli used in the four IAT categories (F (3, 56) =

1.10, p=0.35, np° = 0.056, for imageability and F (3, 56) = 2.28, p = 0.09, np’ = 0.108, for
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age of acquisition). Moreover, the four categories were also matched for frequency of word
use in Italian language (CoLFIS database: Corpus and Frequency Lexicon of Written Italian)
(F (3, 56) = 0.54, p = 0.65, np” = 0.028) and numbser of letters (F (3, 56) = 0.90, p = 0.44, np2=
0.046). On the other hand, one-way ANOV As showed differences in familiarity and
concreteness across the four categories (F (3, 56) = 4.21, p < 0.01, np” = 0.184, for familiarity
and F (3, 56) = 20.21, p < 0.001, np® = 0.519 for concreteness). Duncan post hoc tests for the
two measures showed that the words used in the religious-spiritual category were judged less
familiar than those used in the good category (p < 0.01, all other p > 0.05) and less concrete
than the other three categories of words (all p < 0.001), with no difference between the latter
three.

Furthermore, one-way ANOV As carried out for the valence and spirituality measures both
showed differences across the four categories (F (3, 56) = 100.18, p <0.001, np2 =(.842, for
valence and F (3, 56) = 292.57, p < 0.001, np* = 0.940, for spitituality). Duncan post hoc tests
for the valence factor critically showed that good words had more positive valence than the
other three types of words (all p <0.001) and that stimuli used in the bad category had the
most negative valence (all p <0.001). Religious-spiritual words were also of higher valence
than non-religious-non-spiritual words (p < 0.001). For the Spirituality factor, Duncan post
hoc tests showed that religious-spiritual words were judged more spiritual than the other three
types of words (all p <0.001). Yet, non-religious-non-spiritual words were judged less
spiritual than good words (p < 0.001) but as much spiritual as bad words (p = 0.08). Good

words were judged more spiritual than bad words (p < 0.001).

Material and Methods: Experimental procedure
With regards to the experimental IAT procedure, both the RS- and the SE-IAT were

administered in seven blocks. In the first block of the RS-IAT, religious-spiritual and non-
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religious-non-spiritual words were presented and had to be classified as being either religious-
spiritual (left key) or non-religious-non-spiritual (right key). In the first block, each of the 15
words of the two categories was presented only one time for a total of 30 trials. The second
block also consisted of 30 trials in which self-related (requiring a left-key response) and other-
related (requiring a right-key response) words were presented. In the third block (20 trials
practice) and in the fourth block (40 trials test), participants were instructed to press the left
key for self-related words and religious-spiritual terms, and the right key for other-related
words and non-religious-non-spiritual words (congruent condition). In the fifth block (60
trials), response key assignments were reversed in relation to the categorization involving
religious-spiritual (right-key) and non-religious-non-spiritual words (left-key). Finally, in the
sixth block (20 trials practice) and in the seventh block (40 trials test), participants were
required to press the left key for self-related words and non-religious-non-spiritual terms, and
the right key for other-related words and religious-spiritual words (incongruent condition)
(left part of Fig. 1 of the Manuscript).

With regards to the SE-IAT, the succession of blocks was exactly the same as that for the
RS-IAT, the only difference being that words belonging to the categories good and bad
respectively replaced religious-spiritual and non-religious-non-spiritual words, throughout the
seven IAT blocks (right part of Fig. 1 of the Manuscript).

Stimuli were randomly presented within each block. Each word remained on the computer
screen until the participant gave a correct response in each trial. Indeed, if an error occurred in
a trial, a red X appearing below the word stimulus prompted participants to correct the
mistake by pressing the correct key. After the response, the next stimulus appeared after 500
ms, during which only the category labels were visible on the screen. For half of the

participants in both stimulation groups (left hemisphere, right hemisphere), the positions of
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Blocks 1, 3, and 4 were switched with Blocks 5, 6, and 7 for both IATs. Moreover, half of the
participants in both stimulation groups performed first the RS-IAT and second the SE-IAT.
Each IAT, lasting approximately 7 minutes, was presented to each participant three times,
one for each of the stimulation sites. Finally, before the first presentation of each IAT,
participants were shown a printed list with all the words belonging to the four relevant

categories and were asked to carefully read all the stimuli.

Material and Methods: TMS procedure

The resting motor threshold (fMT) for the first dorsal interosseous muscle (FDI) of the
right hand was determined for each participant in order to appropriately select the intensity at
which to stimulate the critical brain regions in the TMS experiment. Electromyographic
(EMG) recordings were performed through surface Ag/AgCl electrodes (1-cm diameter)
positioned in a belly-tendon montage. The EMG signal was amplified and digitized at a 3030
Hz sampling rate by means of a Magstim MEP Pod module. During the recording session, the
coil was positioned over the left motor cortex in correspondence with the optimal scalp
position (OSP), defined as the position from which motor-evoked potentials (MEPs) with
maximal amplitude were recorded. The rMT was defined as the lowest stimulus intensity able
to evoke 5 of 10 MEPs with an amplitude of at least 50 pV. The OSP was detected by moving
the intersection of the coil in 1-cm steps around the motor hand area of the left motor cortex

and by delivering TMS pulses at constant intensity.

Material and Methods: Data analysis
With regards to the explicit questionnaires, standard procedures were applied in scoring
both the ST and the INSPIRIT (19-21). For the ST scale, for each participant we calculated

the number of responses giving a score of 1 {i.e., a score of 1 is given to true responses for not
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reverse-score items and to false responses for reverse-score items), both in the overall scale
and separately in its three subscales (18; see also the Manuscript). For the INSPIRIT, the
scores for each of its item range from 1 (low) to 4 (high), with higher scores indicating more

spirituality. The INSPIRIT score is the average rating of all answered questions (range = 1-4).

Table S1. Descriptive statistics of the four categories of stimulus words used in the RS-IAT

and SE-IAT.

Word Category Imageability Familiarity Concreteness AoA  Valence Spirituality Frequency Letters

Religious- 422 3.65 2.81 4.17 4.70 5.80 123.01 7.4
spiritual

(0.41) (0.38) (0.49) (0.56)  (0.33) (0.26) (107.31)  (2.91)

Non-religious- 422 4.07 443 4.88 372 2.56 104.06 7.6

non-spiritual

(0.86) (1.01) 0.92) 091) (0.82) (0.26) (217.16)  (1.99)

Good 448 4.59 4.18 4.20 5.50 3.56 86.47 8.6
(0.47) {0.67) (0.34) (0.70)  (0.44) (0.50) (89.50) (1.85)

Bad 452 422 4.05 438 2.38 233 60.06 8.2
(0.43) (0.60) (0.49) 099  (0.21) (0.32) (86.63) (1.68)

Notes: Mean values for each stimulus category are based on judgments given on a seven-point
scale (Imageability; Familiarity; Concreteness; Valence; and Spirituality) (7 being very
imaginable, very familiar, very concrete, very positive, and very spiritual, respectively). For
the Age of Acquisition {A0oA) seven-point scale, 1 = 0-2 years and 7 = 13-14 (or older) years
with intermediate scores denoting intermediate ages. Mean Frequency values are based on the
CoLFIS database and mean Letters values are based on the number of letters of the word

stimuli. Standard deviations of the means are reported in parentheses.



