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Overgeneralization of autonomic
defensive reactions in obesity
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Generalizing defensive responses to new stimuli resembling learned threats is an adaptive process
within an ever-changing environment. However, evaluation mechanisms excessively biased toward
generalization (i.e., overgeneralization) may underlie anxiety-related symptoms. In the context of
obesity, fear memory and fear generalization processes have never been investigated. In this study,
participants with obesity and healthy participants as controls underwent a single-cue auditory fear
conditioning paradigm and recognition memory tasks. We analyzed the autonomic reactions evoked
by threat-predictive and new stimuli, as well as the recognition performance towards the same

cues. We found that participants with obesity displayed similar autonomic defensive responses to a
learned fearful stimulus, but enhanced reactions to new stimuli, when compared with the controls.
We detected no significant differences between groups in recognition abilities. Our results provided
the first evidence that obesity may widen fear generalization patterns. This alteration may encourage
future research in investigating the link between emotional dysregulation and clinical anxiety-related
symptoms in obesity.
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The phenomenological underpinning of anxiety is the primary emotion of fear, in which we experience changes
in our internal state that have the aim of preparing our body to react to danger'. This mechanism is crucial to
guarantee our survival. Nevertheless, this process should be easily reversed when the danger vanishes. However,
in some circumstances, some individuals respond actively (i.e., higher sweating, tachycardia, breathlessness) not
only when the threat has disappeared, but also in the case of other events that are not threatening in principle.
Dunsmoor and Paz (2015) pointed out that evaluation mechanisms excessively biased toward fear generaliza-
tion (i.e., fear-related responses to new stimuli resembling learned threats) may underlie anxiety disorders>
Overgeneralization of defensive behaviors is common in different mental health disorders, including specific
phobia, obsessive-compulsive disorder, panic disorder, generalized anxiety disorder, and post-traumatic stress
disorder’. Indeed, overgeneralization has been proposed as a pathogenic marker that characterizes clinical anxi-
ety crosswise”.

To the best of our knowledge, it has never been tested in the context of human obesity. Recent evidence sug-
gests altered emotional recognition and regulation in obesity*°. Moreover, from a psychopathological perspec-
tive, the prevalence of anxiety symptoms in obesity is higher than in the healthy-weight population®”. Anxiety
represents a risk predictor for developing obesity®, while an elevated body mass index (BMI) predicts chronicity
of anxiety®. Trait anxiety has been recognized as one of the possible and important vulnerability factors in emo-
tional eating among some individuals affected by obesity’’. Indeed, some individuals who experience high levels
of anxiety symptoms may be engaged in emotional overeating'!, reinforcing the tendency towards obesity*2.
Moreover, anxiety symptoms may be amplified by obesity in relation to the degree of metabolic dysfunctions®!.
However, it should be noticed that the dynamics between obesity and anxiety are complex and not fully under-
stood, requiring novel approaches from different (neuro)scientific perspectives. In this sense, because of all the
previous evidence linking anxiety and obesity as well as anxiety in several psychopathological conditions and
fear generalization?, we hypothesized the presence of fear overgeneralization in obesity. Thus, could individuals
with obesity show fear overgeneralization?

!Department of Neurosciences “Rita Levi-Montalcini”, University of Turin, 10125 Turin, Italy. 2Istituto Auxologico
Italiano, IRCCS, U.O. di Neurologia e Neuroriabilitazione, OspedaleSan Giuseppe, Istituto Auxologico Italiano,
Ospedale San Giuseppe, 28824 Piancavallo, VCO, ltaly. 3lstituto Auxologico Italiano, IRCCS, Divisione di
Endocrinologia e Malattie Metaboliche, Ospedale San Giuseppe, 28824 Piancavallo, VCO, Italy. “Department
of Clinical Science and Community Health, University of Milan, Milan, Italy. "email: f.scarpina@auxologico.it;
federica.scarpina@unito.it; benedetto.sacchetti@unito.it

Scientific Reports |  (2024) 14:23562 | https://doi.org/10.1038/s41598-024-72439-3 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-72439-3&domain=pdf

www.nature.com/scientificreports/

Here, we aimed to fill out this gap in the literature, providing a first answer to this question through an experi-
mental approach. We enrolled a group of participants affected by severe obesity and we compared them with a
group of healthy individuals to a well-established fear conditioning paradigm!*-1°. In this paradigm, participants
learn to associate a neutral conditioned stimulus (CS; such as a tone) with an aversive unconditioned stimulus
(US; often a mild electrical shock or a loud sound), generating a fearful reaction. This learning is testified by
the fact that the next presentation of the CS alone elicits a conditioned response (CR), which is generally an
increased sympathetic autonomic reaction (e.g., increased skin conductance response, SCR), even hours after
learning. Importantly, new stimuli (NSs) that were never associated with the US but that resemble the CS, also
elicit significant SCRs, while new dissimilar stimuli do not induce such responses (fear generalization?).

We used two main experimental outcomes to test fear generalization'”'8. The first one was the SCR, which
represents the measure relative to the physiological reactions generated by the occurrence of learned stimuli
recognized as threatening; because of its nature, we referred to this outcome as the autonomic one. The second
outcome was the participant’s ability to identify the stimulus paired with the US during the learning phase (i.e.,
the CS); then, we refer to this outcome as recognition performance. The adoption of both outcomes seems neces-
sary since they are mediated by different neural circuits'”!*?’. Moreover, anxiety symptoms are typically defined
by subjective reports?'.

In this work, we tested the hypothesis that fear generalization in obesity may be altered as observed in other
clinical conditions®. Hence, in within-group corrected multiple comparisons, we hypothesized that the autonomic
reactions triggered by the NSs would be similarly strong to those elicited by the CS in our participants with obe-
sity (i.e., generalization). In contrast, we expected that CS-evoked autonomic reactions would be stronger than
those elicited by the NSs in the healthy group (i.e., specificity). In between-group corrected multiple comparisons,
we hypothesized that the autonomic responses to the NSs would be stronger in the group of participants with
obesity than in the healthy group. We explored these hypotheses also taking into account interindividual differ-
ences in terms of anxiety symptoms, which were measured through self-report questionnaires.

Results

Participants

In this paradigm (Fig. 1), we discarded 11 participants (5 participants with obesity and 6 healthy participants)
because no SCRs were detected in the test. Overall, 16 participants with obesity and 16 healthy participants were
enrolled. In Table 1, demographic details and scores on the psychological questionnaires are reported.

One participant with obesity (corresponding to 6.5% of the sample) reported a BMI between the range of
35.0-39.9, corresponding to Class 2 (moderate-risk) obesity while the majority of the group (93.75%) reported
a BMI over 40, corresponding to class 3 (high-risk) obesity. In the healthy control group, 37.5% of participants
reported a BMI between the range of 18.5-25.0 corresponding to normal weight, while the remaining part
(62.5%) reported a BMI between the range of 25.0-29.9 (i.e., overweight). Notably, since BMI only considers
body weight and height and does not take into account overall body composition, including body fat, muscular
individuals may be classified as overweight, especially men.

Considering the results relative to the psychological assessment, participants with obesity and healthy partici-
pants showed comparable scores in the state subscale of the State-Trait Anxiety Inventory Form Y*>* (STAI-Y1)
during the first experimental session (unpaired  test, £ =1.659, P=0.108, n,>=0.084) as well as during the
second experimental session (¢3p)=0.967, P=0.341, 11,>=0.030). They also reported similar scores in the trait
subscale of the STAI-Y (STAI-Y2) (£3,=0.682, P=0.500, npz =0.015). Given the higher prevalence of anxiety in
obesity®”, the results that we obtained in our sample were unexpected.

When we computed the scores relative to the STAI-Y, we observed that no participants reported a score over
the clinical threshold (40, according to Spielberger and colleagues, 1983) in the state scale (STAI-Y1) measured
each day of the experimental sessions. When we focused on the trait scale, 37.5% of the participants with obesity
and 31.25% of healthy participants reported a score over the clinical threshold (40, according to Spielberger and
colleagues, 1983), suggesting that these participants generally experience higher symptoms of anxiety in their
lives. Notably, the percentage of participants with a score over the clinical threshold was similar between the
two groups (x%;)=0.13; P=0.7).

Preconditioning

No significant between-group differences emerged in both visual (£ =0.969, P=0.340, n,>=0.030) and audi-
tory (t0,=0.618, P=0.542, n,>=0.013) stimuli (Fig. 2A,B), suggesting that the electrodermal responsivity was
similar between conditions when exposed to non-emotional events.

Conditioning
No between-group differences in the SCRs to the USs (f(35=1.528, P=0.137,1),>=0.072) were observed, revealing
comparable autonomic reactions toward unconditioned fearful triggers (Fig. 2C).

Pre-test
No between-group differences in SCR levels (t(35,=1.500, P=0.144, n,> = 0.070) emerged when the neutral pic-
tures were tested again (Fig. 2D).

Test session. Autonomic outcome
During the test session, CS-evoked autonomic reactions were significantly stronger than those elicited by the
same 800 Hz-tone before learning the CS-USs association (i.e. preconditioning) in the healthy participants
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Fig. 1. Schematic diagram depicting the experimental outline. In the first session (day 1), participants with
obesity (n=16) and healthy participants (n=16) underwent a preconditioning phase in which they were
exposed to neutral pictures and a neutral tone (800 Hz). Then, they underwent a single-cue fear conditioning
in which the neutral tone (conditioned stimulus, CS, 800 Hz) was paired with multisensory cues composed of
fearful pictures and auditory scream samples (unconditioned stimuli, USs). During the whole session, SCRs
were recorded. In the second session (day 2), subjects were re-exposed to the neutral pictures, and then they
underwent an autonomic reactions test during which they were presented with the CS and two new stimuli
(NS,, 400 Hz and NS,, 1200 Hz) while being recorded in their SCRs. Then, participants underwent a 2AFC
recognition task during which they were presented with tone pairs each composed of the CS and one of the two
NSs, and they were asked to recognize the CS providing a confidence level for each choice. Participants then
underwent a 2AFC perceptual discrimination test, in which they had to judge whether the two tones in each
pair (CS and/or NSs) were “the same tone” or “different tones”. Last, participants rated the fear feelings evoked

by the USs.
Group N | Age BMI STAI-Y State (S1) | STAI-Y State (S2) | STAI-Y Trait
Participants with obesity | 16 | 41.21+12.17 | 46.71£6.75 |27.06+4.48 26.13+5.78 37.81£13.29
Healthy participants 16 | 383241095 |24.86+3.11 |29.75+4.68 28.00+5.16 3525+7.01

Table 1. Experimental groups’ descriptive and clinical data. The table reports, for each experimental
condition: sample size (N), age, BMI body mass index, STAI-Y state-trait anxiety inventory form Y
State subscale score during session 1 (S1) and session 2 (S2), STAI-Y Trait subscale score. All data are
mean * standard deviation.

(one-sample  test against 0: £,5)=7.995, P<0.001, 1,>=0.810) and the participants with obesity (one-sample
t test against 0: £;5)=4.102, P<0.001, 1,>=0.529), thus indicating successful fear acquisition in both groups.
The main effect of Group (F(, 3= 2.423, P=0.130, 1),>= 0.075) was not significant. Since this result is poten-
tially not in line with our hypotheses, we computed the Bayes factor using the software JASP? to classify the
strength of evidence??’. This computation was performed to test whether the non-significant result supports
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Fig. 2. Autonomic reactions during pre-conditioning, conditioning, and pre-test phases. (A) Dot plot
representing the mean SCRs elicited by the neutral pictures during the first session in the two conditions.
Electrodermal reactions were similar between the two groups. (B) Mean SCRs evoked by the 800 Hz tone in
the pre-conditioning were comparable between the two groups. (C) Participants’ reactions to the USs in the
conditioning phase were similar in the two groups. (D) The two groups similarly responded to the neutral
pictures during the pre-test phase in the second session. All data are mean and SEM. Student’s unpaired t test
(A, B, C, D).

a null hypothesis over a theory, or whether the data are just insensitive?”. The Bayes factor computed con-
firmed strong evidence in favor of a not significant main effect of Group (BF,,=0.035). The main effect of Tone
(F(o60=4.336, P=0.017, n,> = 0.126) was significant. Interestingly, we observed a significant Group x Tone interac-
tion (Fy ) =6.783, P=0.002, 1,7 =0.184). Simple main effects analysis revealed that the CS elicited similar SCRs
between groups (P=0.794), meaning that participants with obesity did not show altered defensive responses to a
learned threat relative to healthy participants. Critically, autonomic reactions to new stimuli exhibited divergent
patterns in the two groups, since SCR levels of participants with obesity were higher than those of healthy partici-
pants to both the NS, (P=0.023) and the NS, (P=0.029). This evidence suggested enhanced autonomic reactions
to new cues similar to a learned threatening stimulus in obesity. We then moved to explore the fear tunings of
both groups by comparing within-subject responses to the CS and the NSs. In the group of participants with
obesity, CS-related SCRs were comparable to those elicited by the NS, (P=1.000) and the NS, (P=0.259), which
were in turn similar (P=0.409), pointing to a generalized pattern of defensive responses. On the contrary, the
group of healthy participants showed significantly stronger SCRs to the CS than the NS, (P=0.001) and nearly
significantly stronger than the NS, (P=0.051), whereas the two NSs did not differ from each other (P=0.258),
indicating a more specific profile of defensive responses (Fig. 3).

This finding suggested fear generalization to new stimuli in participants with obesity.

Since we found a significant Group x Tone interaction in the mixed ANOVA model, we performed additional
analyses to explore whether anxiety levels affected the between-group differences in autonomic responses that
we found in the main model. To this purpose, we re-performed the analysis three separate times by adding
trait anxiety (STAI-Y 2) scores, state anxiety (STAI-Y 1) scores during session 1, and state anxiety (STAI-Y 1)
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Fig. 3. Autonomic reactions during the test session. Healthy participants showed a specific pattern of defensive
responses: the CS evoked significantly higher SCRs than the NS, and almost significantly higher than the N§,.
Instead, participants with obesity showed a generalized pattern of defensive reactions since SCRs were similarly
strong to the CS and the NSs. CS-evoked responses were similar between groups but participants with obesity
reacted stronger to both the NSs relative to the healthy participants. *P<0.05, **P<0.01. All data are mean and
SEM. The level “0” corresponds to the pre-conditioning mean SCR response to the CS. 2 x 3 mixed ANOVA
followed by Bonferroni-adjusted post hoc comparisons.
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scores during session 2 as covariates (mixed ANCOVA). In these models, trait anxiety (F; ,,=0.849, P=0.365,
n,>=0.028), state anxiety during session 1 (F(; 55 =0.065, P=0.801, 11,>=0.002), and state anxiety during session
2 (F(j29)=1.179, P=0.286, n,>=0.039) were not significant, thus indicating that the between-group differences
in autonomic reactions were not related to anxiety levels in our sample.

We also computed the correlations between the autonomic reactions during the test session and the self-report
measures of state anxiety (STAI-Y 1) and trait anxiety (STAI-Y 2). No significant relationships were found in the
overall sample (n=32) between the reactions to all the tones (CS, NS, and NS,) and all the self-report scales,
nor in the group of healthy participants (n = 16) and the group of participants with obesity (n=16) between all
the tones and all the self-report scales (see Table 2).

These findings pointed out that, in our sample of participants, the defensive responses to the learned threat
and overgeneralization of autonomic reactions were not related to self-reported trait/state anxiety levels.

Test session. Recognition and perceptual outcome

Overall, all participants correctly identified the CS amongst the NSs with an accuracy score above the 50% chance
level (participants with obesity: £5,=4.878, P<0.001, n,>=0.613; healthy participants: ¢,5=6.429, P<0.001,
n,>=0.734). No significant difference between the two groups in correct/incorrect responses (£ =0.104,
P=0.918,1,><0.001) was observed in recognition performance (Fig. 4A). The Bayes factor resulted in anecdotal
evidence in favor of no difference between groups (BF,,=0.338). In the analysis of confidence ratings, participants
who exhibited a perfect (100%) recognition of the CS generated missing cells for the respective confidence for
errors, resulting in a decreased number of data (n =11 participants with obesity and n=11 controls). The groups

Group Tone | STAI-Y State (S1) | STAI-Y State (S2) | STAI-Y Trait
Participants with obesity NS, ;524()).:32'6257 ;(;46:;;20'037 ;;(;4)0‘:6;20. 120
Participants with obesity CS ;;(:6.:1(;.;108 ;5(;46%7;70'077 ;i(f()),:?,(;‘;%
Participants with obesity | NS, ;’S(:()).:Ogg% ;5(:());;80-059 ;:(;4()),:2%7295
Healthy participants NS, ;;g‘%i;loj% 2246.:1;30-412 ;i(:());}y%OSS
Healthy participants CS ;35(:()),7);60‘471 ;;(;461;80-467 ;;(;4())272(31 133
Healthy participants NS, ;’S(:()).:S;GOA 144 ;5(:62;30' 194 ?:62%294
Overall NS, ;5(;0())':3;80.155 ;;(i06.=1170-282 ;;(2062520.126
Overall B B B
Overall NS, ;;ioézégg” ;;(io&;;- 165 ;;(;0();2282 P

Table 2. Relationships between the autonomic reactions and the self-reported scales. The table reports,

for each experimental condition and the overall sample (n=32), the correlations (Spearman rank-order
correlation coefficients and P values) between SCRs to the tones (NS, CS, and NS,), and the scores of the
State-Trait Anxiety Inventory Form Y (STAI-Y) State subscale during session 1 (S1) and session 2 (S2), and the
STAI-Y Trait subscale.
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Fig. 4. Recognition performance and appraisal of fear feelings during the test session. (A) Recognition patterns
were similar between the two groups. (B) Confidence levels were comparable between the two groups, both for
correct responses and for recognition errors. (C) Fear ratings of the USs were similar in the two groups. All data
are mean and SEM. Student’s unpaired ¢ test (A, B, C).

Scientific Reports |

(2024) 14:23562 | https://doi.org/10.1038/s41598-024-72439-3 nature portfolio



www.nature.com/scientificreports/

reported similar confidence levels when making both correct (t35=0.567, P=0.575, n,>=0.011, BF,,=0.380)
and incorrect choices (f50,=0.292, P=0.773, npz =0.004, BF,,=0.397) (Fig. 4B).

Hence, in our participants, no alteration in recognizing a learned threat amongst new similar stimuli was
observed.

Since we found no between-group differences in the recognition task, we did not repeat the analyses by add-
ing anxiety levels as covariates.

No differences in correctness (t(0)=1.000, P=0.325, n,*=0.032, BF,,=not computed because the variance
was equal to 0 in the control group) and confidence ratings (£ =0.340, P=0.736, n,>=0.004, BF,,=0.352)
emerged between groups when we tested the ability in discriminating the CS from the NSs. Indeed, both groups
discriminated the CS from the NSs with an elevated precision (participants with obesity: 0.991 +0.009 SEM;
controls: 1.000+0.000 SEM) and with comparably high confidence (participants with obesity: 9.607 +0.162
SEM; controls: 9.670+0.091 SEM).

Finally, mean fear ratings were similar between groups (f;;=0.122, P=0.904, n,><0.001, BF,,=0.338)
(Fig. 4C).

Overall, these findings suggested no difference between our groups in the ability to discriminate between the
different stimuli used in our experiment, nor in the appraisal of fear feelings.

Also in these cases, we did not perform further analyses with anxiety levels as covariates, since no between-
group differences emerged in these tasks.

Discussion

This study aimed to provide the first evidence about fear generalization in obesity. Our results pointed out that
participants with obesity displayed a widened autonomic fear generalization to new stimuli when compared with
healthy participants. In other words, they tended to overgeneralize defensive responses, as reported in other clini-
cal conditions®-**. Notably, no alteration was found in terms of the fear learning process, since the two groups
showed comparable defensive responses in the case of the learned fearful stimulus.

This evidence about altered fear generalization in our participants with obesity emerged even though they
reported similar levels of state and trait anxiety to our healthy participants, and state-trait anxiety levels did not
affect these differences between groups nor were related to autonomic reactions to the cues. Considering the high
prevalence of anxiety symptoms in obesity®, this result of no difference in the scores reported by the two groups
in the psychological questionnaire investigating anxiety symptoms, and the similar percentage of participants
with a score above the clinical threshold in the two groups, were unexpected. However, it should be considered
that this psychological feature was not used as an inclusion/exclusion criterion in our study. This result may be
read both in the direction of the inter-variability of psychological traits in clinical populations and as a result of a
selection bias due to the availability of low-anxious participants with obesity to take part in the study. Moreover,
it was also mentioned that, in the literature, methodological differences in the measurement of anxiety may be
observed; thus, a self-report questionnaire might have been a sub-optimal modality to detect clinical anxiety in
this population. In this sense, the adoption of behavioral measures, as proposed in this study, may enhance our
knowledge about emotional processing in clinical populations.

Why do individuals with obesity show fear overgeneralization? As mentioned in the Introduction, there is
evidence about the role of anxiety symptoms in the life-span emotional experience in individuals with obesity™,
which may be linked to the alteration of fear learning mechanisms. Crucially, the results relative to the relation-
ship between the experimental outcome and the self-reported level of anxiety symptoms did not support entirely
this hypothesis, open to possible other lines of discussion. One further possibility may stem from memory gen-
eralization mechanisms, which may be altered in individuals with obesity. To our knowledge, only one study*®
so far explored generalization, and it was conducted in the appetitive learning domain (with food as a reward in
a conditioning protocol). The study reported overgeneralization in female individuals with obesity, but only in
those showing pronounced trait anxiety. We underline that overeating is one (but not the only one) mechanism
related to obesity, thus the results provided by van den Akker and colleagues (2019) should be generalized to
obesity with caution. However, considering the different types of stimuli adopted by van den Akker and col-
leagues (2019) (food) and in this study (emotional), we may suggest overall altered memory generalization
mechanisms in obesity.

Another possible speculative interpretation of our results may point toward the cerebral underpinnings of
the studied process. In detail, a common neural substrate underlying obesity- and fear-related mechanisms
may be detected in the prefrontal cortex (PFC). Several studies®*® enlightened a substantial contribution of
structural and functional prefrontal alterations in predicting food overconsumption. For example, reduced
functional coupling between dorsolateral (dIPFC) and ventromedial (vmPFC) prefrontal cortices—two regions
involved in emotional down-regulation**—and their diminished grey matter volumes* have been linked to
dietary self-regulatory impairments. On the other hand, the activity of dIPFC and inferior frontal gyrus (IFG)
is enhanced during active inhibition of food craving*®*!. In parallel, vmPFC is crucially implicated in regulating
fear generalization*? and disruption of vmPFC threat processing has been associated with overgeneralization in
generalized anxiety disorder®. In a speculative way, one might hypothesize that a shared neural network might
underlie fear generalization across anxiety disorders and obesity.

At odds with the autonomic findings and with previous data showing reduced recognition memory in indi-
viduals with obesity**, we did not observe any difference between our groups in the ability to identify the learned
fearful stimulus, nor in confidence levels for their (correct and incorrect) recognition. This is in line with previ-
ous findings demonstrating that autonomic reactions to new stimuli and the recognition of the same cues may
diverge'’, and with the evidence that in the population with obesity, emotional recognition may deviate from
subjective reports®. Indeed, it might be also taken into account that declarative and non-declarative memory
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processes are mediated by different neural systems'®?, specifically a complex neural network encompassing the

amygdala*® and sensory cortices “~*° for non-declarative memories, and the hippocampal and medial temporal
lobe networks®! for declarative memories. This evidence highlights the importance of collecting both autonomic
and cognitive measures when assessing memory processes in the context of clinical diseases, including obesity.

Finally, we would offer an insight into the chance of a parallelism between human and animal research in
the framework of fear generalization in obesity. Although this topic has never been investigated in humans,
some—even controversial—evidence about fear conditioning can be traced in the literature on rodent models.
By overfeeding rats with a palatable high fat/high sugar diet, enhanced defensive responses to a threatening cue
together with reduced defensive responses to an aversive context were observed®?, as well as enhanced anxiety-
like behavioral patterns and impairment of fear inhibition®*. However, rats fed with an obesogenic diet during
their adolescence showed decreased fear learning as well as impaired fear extinction®. Moreover, diet-induced
obese mice exhibited impairment of both hippocampus-dependent contextual and amygdala-dependent cued
fear responses™. Finally, no effects of a saturated fats/sugar-rich and high-sugar diet were detected on the expres-
sion of cued and contextual fear®. Future studies may investigate fear processing parallelly in both humans and
animals. It is worth mentioning that the experimental paradigm used in this research has a higher translational
value®’.

Some limitations can be observed in this study. The first limitation is the reduced sample size. Thus, to increase
the interpretability of our results, we have computed and reported the Bayes factor in the Results section. It
should be noticed that we included only (cis-gender) male participants in our samples, because of gender differ-
ences in obesity-related phenotype®*, psychological functioning®, and emotional processing®-%*. This means
that our results should be read with caution in the context of obesity; nevertheless, to extend our findings, fear
generalization should be tested in female participants with obesity. It should also be observed that the number
of excluded participants due to the complete absence of SCRs during the autonomic reactions test was higher
than in our previous studies (25.58% of the sample in this study, while 6.01%'® and 2.84%” in previous studies).
One possible explanation may be traced to the type of USs used here. Indeed, differently from Manassero and
colleagues'®~'8, we used female screams co-presented with still images from horror movies instead of the more
traditional (and, likely, more effective in inducing robust fear conditioning) electrical shocks. We made this
experimental choice since electrical shocks should be avoided in clinical contexts because of ethical constraints?'.
A final limitation of this study is the lack of a control CS not paired to the USs (i.e., a CS-) which makes it more
challenging to reveal the specificity of the conditioning and the overgeneralization. As in our previous study'®,
we chose to adopt single-cue conditioning —instead of a differential conditioning procedure— because it more
ecologically reflects real-life fear-related experiences!*!>4-¢7,

This study, which may be considered the first in the field, would be generative of future studies. For example,
they should address whether the widened generalization of defensive responses in individuals with obesity may
be related to the individual expression of anxiety symptoms, especially as a psychological trait. As reported
before, we would compare individuals with higher expressions of anxiety symptoms and individuals with lower
expressions in the fear conditioning paradigm. Moreover, it should be investigated whether and how the wid-
ened generalization of defensive responses may affect eating behaviors and contribute to the maintenance of
obesity. Indeed, overgeneralization that characterizes individuals with obesity may reflect a higher proneness
to be emotionally triggered by environmental stimuli, which activate alarm reactions and fear feelings thereby
addressing or reinforcing food-based coping strategies.

Collectively, our findings provide a first glimpse into obesity-related fear overgeneralization and open a new
path of investigation to test multiple and clinically relevant hypotheses within a translational perspective. Even
though preliminary, our evidence would suggest considering fear generalization as a psychological target in
rehabilitative interventions in the context of obesity.

Methods

This study was approved by the ethical committees of the Istituto Auxologico Italiano, IRCCS (ID: 21X101), and
the University of Turin (Prot. N. 0338128), following the guidelines of the European Convention on Human
Rights and Biomedicine. Subjects participated voluntarily; they gave informed written consent and were naive to
the rationale of the experiment. Participants could withdraw from their participation at any time. They received
no compensation for their participation.

Participants

Only male participants were enrolled since females and males differ in emotional experience and expression
Moreover, gender-specific differences in body morphology, particularly fat distribution in obesity, are well
recognized®®7°. Individuals with expertise in music or musical training were excluded since musicians out-
perform in pitch discrimination’”.

Individuals with a body mass index (BMI) greater than 30 kg/m? an index of obesity’?, were recruited at
the involved hospital during a diagnostic hospitalization. BMI was expressed as body mass (kg)/height (m)?,
where weight and height were measured to the nearest 0.1 kg and 0.1 cm, respectively, using standard methods.
All participants were nonsmokers and free from gastrointestinal, cardiovascular, psychiatric, neurological, or
metabolic disorders or any concurrent medical condition not related to obesity, following the clinical definition
of ‘Metabolically Healthy Obesity’”>.

Healthy participants were included as controls. They were enrolled out of the hospital. The previous inclusion/
exclusion criteria were used, except for the BMI which had to be in a range of 18.5-29.9.
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Psychological assessment

One psychological self-report questionnaire which is extensively used in both research and clinical contexts was
administered. Specifically, we adopted the Italian version of the State-Trait Anxiety Inventory Form Y (STAI-
Y)?*%? to assess the current state of anxiety through items that measure subjective feelings of apprehension,
tension, nervousness, worry, and activation/arousal of the autonomic nervous system (state scale). Moreover,
the questionnaire evaluates relatively stable aspects of anxiety proneness, including general states of calmness,
confidence, and security (trait scale). The questionnaire consists of 40 items, 20 items for each scale. In terms of
reliability, it was reported a=0.90 for the trait scale, and a=0.93 for the state scale; test-retest reliability ranged
from 0.73 to 0.86 and from 0.16 to 0.62 for scores on the trait and state scales®”. Specifically, the trait scale was
completed only once, before the experiment; instead, the state scale was completed twice, at the beginning of
each experimental session.

Experimental stimuli

Auditory stimuli were pure sine wave tones with oscillation frequencies of 800 Hz (CS), 400 Hz (NS,), and
1200 Hz (NS,), lasting 6 s with onset/offset ramps of 5 ms. Tones were digitally generated using Audacity 2.1.2
(Audacity® freeware). Unconditioned stimuli (USs) consisted of 12 different female scream samples lasting 3 s,
which were co-presented with 12 different still images from horror movies. All experimental scenarios were con-
trolled by Presentation® 21.1 (NeuroBehavioral Systems, Berkeley, CA; https://www.neurobs.com/). All auditory
stimuli were binaurally delivered through headphone speakers (Direct Sound EX29) at 50 dB intensity. Visual
stimuli were presented on a 22-inch Samsung monitor (resolution: 1600 x 1200 pixels; refresh rate: 60 Hz), against
a uniform black background, and were displaced in the center of gaze along the horizontal meridian. The view-
ing distance was held constant at 100 cm. During the task, participants were comfortably seated in front of the
monitor, with their arms in resting position on their legs.

Preconditioning
Two tasks were performed before the conditioning procedure to quantify the electrodermal reactivity at the
baseline.

Visual stimuli. Four pictures from the Set of Fear Inducing Pictures (SFIP7*): these pictures (i.e., neutral_296;
neutral_568; neutral_572; neutral_581) were selected since they do not have any emotional valence or salience.
The task started with a white central fixation cross, which was also presented during each inter-trial interval
(ITI). After each ITI, which randomly ranged between 21 and 27 s, each picture appeared for 6 s. During the
entire task, participants were asked to maintain the fixation (on the white central fixation cross or the picture).
SCRs were recorded throughout this phase. This task was repeated also before the beginning of the testing phase,
in the second experimental session. The order of the administration of the four pictures was random between
participants and between repetitions.

Auditory stimuli. We presented the CS (800 Hz) four times, with an I'TI randomly ranging between 21 and
27 s. The white central fixation cross was displayed on the screen, and participants were instructed to fix it at
each CS onset and to hold central fixation for the whole duration of the trial. SCRs were recorded. At the end of
the task, participants were asked to confirm whether the tones were easily audible and comfortable.

Conditioning

This task was administered immediately after the preconditioning phase. Participants underwent a single-cue
auditory fear conditioning as done by Manassero and colleagues (2024) since it more ecologically mimics real-
life fear-related events!!>64-%7,

It consisted of the presentation of 15 trials of the conditioned stimulus (CS, 800 Hz), with an ITI randomly
ranging between 21 and 27 s. For 12 trials (80% reinforcement rate), the CS co-terminated with the US: after 3 s
of fixation, US images appeared on the screen and US sounds overlapped the CS tone. For the remaining 3 tri-
als, the CS was presented alone. The sequence of CS and CS + US was randomly generated for each participant.
Participants were instructed to fix the central cross at each CS onset and for the entire trial. No feedback about
CS-US contingency was furnished.

Autonomic reactions test

After a resting period (1 min), which served to stabilize the electrodermal activity and allow its level to decline
to baseline, participants underwent this task to test the memory of the CS-US association and the autonomic
reactions to NSs. 12 trials of auditory stimuli were presented, i.e. 4 trials of the CS (800 Hz), 4 trials of the NS,
(400 Hz), and 4 trials of the NS, (1200 Hz), and the sequence was completely randomized for each participant.
The ITT had a duration randomly ranging between 21 and 27 s. During the entire task, the central fixation cross
was shown, and participants were instructed to fix it. SCRs were recorded.

Two-alternative forced-choice (2AFC) recognition test

This task tested participants’ ability to recognize the CS when presented within the NSs. 16 tone-pairs, each
composed of the CS and one of the two NSs (NS, or NS,) were presented in random sequence: 4 x CS vs NS,
4x NS, vs CS, 4x CS vs NS,, 4 X NS, vs CS. On each trial, the interval between the two stimuli was 1000 ms. After
each pair offset, an ITI randomly ranging between 21 and 27 s occurred. During the entire task, the fixation cross
was shown on the screen. Participants were explained that in each couple of sounds, there was a tone that they
had heard on the first session (i.e., the day before) and a new tone. Participants verbally reported which one (the
first or the second) was the tone heard in the first session, paired with the US (i.e., the CS). Participants verbally
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provided a confidence rating about each own response, on a scale from 0 (completely unsure) to 10 (completely
sure). No feedback was provided.

Two-alternative forced-choice (2AFC) perceptual discrimination test

Following the recognition task, participants’ ability to discriminate the CS from the NSs was tested. 7 pairs
of auditory stimuli (i.e. CS vs NS}, NS, vs CS, CS vs NS,, NS, vs CS, CS vs CS, NS, vs NS, NS, vs NS,) with a
1000-ms intra-pair-interval were presented in a random sequence (ITI randomly ranging between 21 and 27 s).
For each pair, subjects judged whether the two tones were “the same tone or different tones”, and provided a
confidence rating on an analog scale from 0 (completely unsure) to 10 (completely sure). During the entire task,
the fixation cross was shown on the screen. No feedback was furnished.

US fear ratings

After the perceptual task, we collected the US fear ratings to quantify the fear feelings evoked by the fearful
pictures. This phase consisted of the re-presentation of the 12 US images, with a 3 s ITI in a random sequence.
For each US (lasting 3 s as during the conditioning), participants provided a rating on an analog scale from 0
(absence of fear) to 10 (maximal imaginable fear) about the level of fear elicited by the cues. During the ITIs, the
fixation cross was presented on the screen. No feedback was furnished.

Main experimental outcomes

Autonomic outcome

Event-related SCRs were used as an index of autonomic reactions to the stimuli. To record the autonomic signal,
two Ag-AgCl non-polarizable electrodes filled with isotonic paste were attached to the index and middle fingers
of the non-dominant hand by Velcro straps. The transducers were connected to the GSR100C module of the
BIOPAC MP-150 system (BIOPAC Systems, Goleta, CA) and signals were recorded at a channel sampling rate
of 1000 Hz. SCR waveforms were analyzed offline using AcqKnowledge 4.1 software (BIOPAC Systems, Goleta,
CA; https://www.biopac.com/product/acqknowledge-software/). Each SCR was evaluated as event-related if: (i)
the trough-to-peak deflection occurred 1-6 s after the stimulus onset; (ii) the duration ranged between 0.5 s and
5.0 s, and (iii) the amplitude was greater than 0.02 microsiemens (uS). Responses that did not fit these criteria
were scored zero. Raw SCR data were square-root transformed to normalize the distributions’. To account for
inter-individual variability, these normalized values were then scaled according to each participant’s average
unconditioned response by dividing each response by the mean square-root transformed unconditioned stimulus
response’®”’. To obtain a quantification of each participant’s post-conditioning response level, we computed
the delta score between these scaled values and each subject’s mean square-root transformed response to the
800 Hz-tone (CS) prior to the conditioning (i.e. preconditioning phase).

Recognition memory outcome
To test the ability to recognize the CS, we computed the percentages of correct and incorrect responses (where
the sum was equal to 1.00) and the corresponding mean levels of confidence in the 2AFC recognition test.

Perceptual discrimination outcome
To test the ability to discriminate the auditory stimuli, we computed the percentage of correct responses and the
mean level of confidence judgments in the 2AFC perceptual discrimination test.

Appraisal of fear feelings
To quantify the amount of fear elicited by USs, we gathered the individuals’ responses in the US fear ratings task.
The groups’ overall mean level of fear was computed.

Statistical analyses

Since all variables (with the only exception of SCRs to the USs during the conditioning phase, showed by the
group of participants with obesity) passed the D’Agostino-Pearson omnibus normality test, parametric statistics
were adopted.

Psychological questionnaires
To test potential between-group differences in the STAI-Y, we performed Student’s unpaired ¢ tests.

Preconditioning and pretest
To test any difference between groups at the baseline SCR levels to the CS and neutral visual cues, and pretest
SCRs to the neutral visual cues, we used three independent Student’s unpaired  tests.

Conditioning
Through a Student’s unpaired ¢ test, we also tested any difference between the two groups in SCRs to the USs
during conditioning.

Autonomic outcome
To test whether SCRs during the autonomic reactions test were stronger than during the preconditioning, we
computed Student’s one sample ¢ tests against 0. To test the potential between-group and within-group differences
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in the SCRs to the CS, the NS, and the NS, during the test session (fear tunings: the decay of reactions’ amplitude
along the gradient of cues’ perceptual distance from the CS, where the decay rate quantifies fear generalization”),
we performed a 2 x 3 mixed ANOVA with Group (participants with obesity vs control participants) as between-
subjects variable and Tone (NS,, CS, NS,) as within-subjects variable. Bonferroni adjustment was applied for
simple main effects analyses. For the mixed ANOVA, we assessed the Sphericity assumption through Mauchly’s
Test. To test the correlations between STAI-Y (1 and 2) scores and the autonomic reactions to the CS, the NS,
and the NS,, we computed Spearman rank-order correlation coefficients.

Recognition memory outcome

To test the between-group differences in the recognition performance and respective confidence ratings, we
performed Student’s unpaired f tests. To test whether recognition levels (correct responses) were significantly
higher than the 50% chance level for each group, we calculated Student’s one sample ¢ tests against 0.50.

Perceptual and fear feelings’ outcomes
To test between-group differences in the perceptual discrimination and respective confidence ratings, as well as
in the US fear ratings, we performed Student’s unpaired ¢ tests.

In case of significant effect of Group or significant Group x Tone interaction in the mixed ANOVA model, or
significant differences in ¢ tests referred to the test session, we performed three further mixed ANCOVA models
by adding STAI-Y (state-session 1, state-session 2, and trait) scores as covariates to test the influence of anxiety
levels on the experimental outcomes.

The null hypothesis was rejected at P <0.05 significance level. All statistical analyses were performed using
SPSS Statistics 22 (IBM; https://www.ibm.com/it-it/products/spss-statistics) and Prism 9 (GraphPad; https://
www.graphpad.com/), while Bayes factors were computed with JASP 0.18.3.0 (https://jasp-stats.org/).

A priori power analysis

We computed the appropriate sample size based on a power analysis performed through G*Power 3.1.9.2 (https://
www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower.html). For
the main statistics, i.e. mixed ANOVA (within-between interaction) with two groups and three measurements,
with the following input parameters: a equal to 0.05, power (1-p) equal to 0.85, and a hypothesized effect size
(f) equal to 0.25, the estimated sample size resulted in n =16 per experimental group.

Data availability
The data that support the findings of this study are available in Zenodo at https://doi.org/https://doi.org/10.5281/
zenodo.11574270. To access the data, please contact: Federica Scarpina (federica.scarpina@unito.it).
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