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This study investigates crossmodal fear generalization, testing whether conditioned fear spreads
between different sensory modalities. Participants in the unimodal group were presented with visual
stimuli—images of a sparrow (CS+) and a laptop (CS—)—while the crossmodal group received
auditory stimuli—sparrow calls (CS+) and keyboard typing sounds (CS—). During the generalization
phase, both groups were presented with conceptually similar visual stimuli (GSs) with varying similarity
tothe CS+ (e.g. high: Pigeon, moderate: Duck, low: Goat). Measures included US expectancy ratings,
skin conductance responses (SCR), and functional near-infrared spectroscopy (fNIRS). Results
showed successful fear acquisition in both groups, with significantly higher US expectancy ratings,
SCR, and mPFC HbO activity for CS+ compared to CS—. Both groups exhibited a gradient effect
during the generalization phase, with GSs that were more perceptually similar to the CS+ eliciting
higher US expectancy ratings. These findings support crossmodal fear generalization and offer new
insights into the overgeneralization of fear in anxiety disorders.

Fear learning is essential for human survival, as it enables individuals to
adaptively respond to future threats based on prior experiences'. Through
this mechanism, people can even avoid potentially dangerous situations
they have not directly encountered—a phenomenon known as fear
generalization™. Fear generalization refers to the extension of learned fear
responses to stimuli or situations that are similar to the original threatening
event™. Specifically, a conditioned fear response to a stimulus (CS+) that
reliably predicts an unconditioned (aversive) stimulus (US) may generalize
to stimuli (GSs) that share similarities with the CS+*~*, While fear gen-
eralization is a natural and adaptive process that aids in avoiding potential
dangers, excessive or maladaptive fear generalization is thought to con-
tribute to the development of anxiety-related disorders, including general-
ized anxiety disorder, post-traumatic stress disorder, and specific phobias™™.

Current research on fear generalization predominantly focuses on
single sensory modality”™", such as the visual or auditory sensory, with
limited evidence supporting crossmodal fear generalization. For instance,
one study presented participants with 10 rings of gradually increasing size
(including CS+, CS—, and 8 intermediate-sized GS) to examine fear

acquisition and generalization'. The results revealed that participants
exhibited stronger fear responses to the CS+- ring and to rings of similar size,
compared to the CS—, confirming the presence of fear generalization.
Additionally, a visual search task demonstrated that after pairing colors
from the blue-green spectrum (489-500 nm) with an electric shock, parti-
cipants displayed heightened attention to color stimuli similar to the CS+
during the task”. This attentional bias increased as the color more closely
resembled the CS+ and diminished as it deviated, illustrating a fear gen-
eralization gradient. However, numerous studies suggest that crossmodal
information processing enhances individuals’ ability to identify and avoid
potential threats more effectively'*™"*. For example, a person bitten by a dog
may develop a fear not only of other dogs but also of the sound of barking.
This phenomenon, in which fear generalizes across sensory modalities,
reflects the transfer of fear responses between visual and auditory stimuli.
A recent study investigated crossmodal fear generalization by using
images of typewriters and telephones as the conditioned stimuli (vCS+-) and
the safety stimuli (vCS—), respectively, and their corresponding sounds
(typewriter typing and telephone ringing) as generalization stimuli (aGS+
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and aGS—)"; There were two groups in their study: a crossmodal group,
which watched visual stimuli during the acquisition phase and heard
auditory stimuli during the generalization phase, and a unimodal group,
which watched visual stimuli in both phases. The crossmodal group showed
significantly higher US expectancy ratings for aGS+ compared to aGS—.
Notably, the unimodal group exhibited stronger responses to vCS+ than the
crossmodal group did to aGS+. These findings provide the first direct
evidence of crossmodal fear generalization, demonstrating that fear learned
from visual stimuli can generalize to semantically consistent auditory sti-
muli. This study lays a foundation for further exploration into the
mechanisms underlying crossmodal fear generalization and its implications
for anxiety-related disorders. However, it should be noted that in the gen-
eralization phase of the study conducted by Gerdes et al., the experimental
design included only two categories of stimuli (GS+, GS—). Additionally,
the measurement of US expectancy rating was the sole assessment method
employed during this phase. Thus, it remains unclear whether crossmodal
generalization follows a stimulus gradient and what the neural correlates of
crossmodal generalization are.

Fear generalization extends beyond perceptually similar stimuli to
include conceptual similarity as a critical factor''****”. For instance, after
experiencing a traumatic car accident, an individual may develop fear not
only toward other cars but also toward seemingly unrelated vehicles, such as
cruise ships or airplanes. This phenomenon illustrates that fear is influenced
by deeper conceptual similarity, in addition to perceptual resemblance™.
Although these stimuli differ substantially in their sensory features, they are
categorized as “vehicles” within the individual’s conceptual framework,
thereby eliciting a generalized fear response. This type of fear generalization
engages not only perceptual-level mechanisms but also higher-order cogni-
tive processes, such as conceptual representation and analogical
reasoning”*”. Research suggests that individuals facing fear-inducing stimuli
frequently rely on conceptual thinking rather than solely on direct sensory
input™”. This cognitive mechanism is particularly relevant to understanding
the development of anxiety-related emotional disorders. Patients with
anxiety disorders often exhibit exaggerated fear responses to stimuli that are
unrelated to the original traumatic event, likely due to excessive analogy and
generalization of “similar” concepts™”’. Understanding the role of conceptual
similarity in fear generalization provides important insights into the patho-
logical mechanisms of anxiety disorders. Furthermore, it highlights the
potential for developing novel therapeutic strategies focused on cognitive
interventions and emotion regulation to address excessive fear generalization.

In this context, theories of learning transfer and semantic consistency
offer robust frameworks for understanding the role of conceptual stimuli in
the crossmodal fear generalization'*** . Learning transfer is an essential
evolutionary mechanism that allows organisms to apply acquired knowl-
edge to novel situations, facilitating predictions of future events"**. When
stimuli across different sensory modalities share similarities in cognitive
processing, they can enhance the transfer of learned associations”. For
instance, Bratzke et al. demonstrated the effects of crossmodal transfer in a
temporal discrimination task, showing that training with auditory stimuli
improved temporal discrimination performance in the visual modality™.
Similarly, in the study of fear generalization, it has been observed that fear
responses can generalize not only to perceptually similar stimuli (e.g., those
with similar shapes or sizes) but also to stimuli that are conceptually and
semantically related”. These findings indicate that conceptually similar
stimuli may facilitate crossmodal fear generalization between different
sensory modalities, extending the understanding of how fear responses are
transferred and generalized across sensory and conceptual domains.

Neuroscientific studies have demonstrated that the amygdala, hippo-
campus, and prefrontal cortex (PFC) play central roles in fear learning and
generalization’ ™. Among these, the PEC is crucial for regulating fear
emotions and inhibiting amygdala activity, thereby modulating the expres-
sion of fear responses™ . Specifically, the medial PFC has been implicated in
top-down regulation of fear, influencing both the expression and suppres-
sion of fear responses triggered by cues*””. For instance, research on patients
with mPFC dysfunction has revealed that, compared to healthy controls,

these individuals exhibit significantly enhanced amygdala activation when
exposed to threatening stimuli”. Moreover, previous research has also
indicated that when the GS more closely resembles the CS+, it elicits a more
pronounced activation of the mPFC”. In summary, existing research
underscores the significant relationship between mPFC activity and both fear
learning and generalization.

Building on previous findings, we adopted a crossmodal conceptual
fear generalization experimental design to investigate the presence of a
crossmodal fear generalization gradient. First, we extended the visual gen-
eralization paradigm from the study by Gerdes et al. to include auditory
generalization. Specifically, our crossmodal generalization design transi-
tioned from auditory stimuli during the acquisition phase to visual stimuli
during the generalization phase. In the unimodal group, visual stimuli were
presented in both phases, whereas in the crossmodal group, auditory stimuli
were used during the acquisition phase and visual stimuli during the gen-
eralization phase. Second, the GSs were designed to extend beyond modality
to include conceptual generalization. The stimuli in the generalization phase
were conceptually categorized as highly similar, moderately similar, or
minimally similar to the CS+. This approach allowed us to explore gen-
eralization gradients both across modalities and conceptual dimensions.
Finally, given the critical role of the mPFC in fear processing and regulation,
we employed fNIRS to examine neural activities in this region. fNIRS is a
non-invasive neuroimaging technique that measures changes in hemoglo-
bin concentration in the brain, reflecting neural activity"'. The advantage of
the fNIRS is less sensitive to head motion and eliminates the potential
auditory interference caused by scanner noise (e.g., fMRI) during fear
acquisition*”. In addition to employing fNIRS to assess frontal cortex
activity, we measured US expectancy ratings and SCR as behavioral and
physiological indicators of fear learning and generalization.

Our study proposed two hypotheses: (1) Both the unimodal and
crossmodal groups will successfully acquire and generalize fear, demon-
strating a generalization gradient effect. Specifically, fear responses will
increase as the conceptual similarity between the GSs and the CS+
increases". (2) The HbO activities of the mPFC will show a growing trend as
the conceptual similarity between the GSs and the CS+ increases™.

Results

US expectancy ratings

The main effect of stimulus type on US expectancy ratings was significant in
the acquisition phase (Fy, 7o = 1312.167, p < 0.001, ;,” = 0.943), with ratings
for the CS+- being significantly higher than those for the CS—. The interaction
between time block and stimulus type was also significant (F, 155 = 45.389,
P <0.001, 7,” = 0.365), indicating that the difference in ratings between the
CS+ and CS— increased over time. This suggests that participants success-
fully learned to associate the CS+ with the electronic shock. No significant
effects were observed for other main effects or interactions.

Similarly, in the generalization phase, the main effect of GS type on US
expectancy ratings was significant (F,, 155 = 85.506, p < 0.001, #," = 0.520).
Ratings for GS1 were significantly higher than for GS2 and GS3 (both
P <0.001), with ratings for GS2 also being significantly higher than for GS3
(p <0.001). These findings indicate a gradient of generalization, with US
expectancy ratings decreasing as similarity to the CS+ decreased. The main
effect of time block was significant (F,, ;s = 63.404, p < 0.001, 17P2 =0.445),
reflecting an overall decrease in US expectancy ratings across time. Addi-
tionally, the main effect of group was significant (F;, ;o = 10.586, p = 0.002,
1’ = 0.118), with US expectancy ratings being higher in the unimodal group
(3.689 £ 0.185) compared to the crossmodal group (3.072 +0.130). Sig-
nificant interactions were observed between time block and stimulus type
(F4,316=3.171,p = 0.020, 11},2 =0.039), time block and group (F,, 155 = 4.488,
p=0014, 7,°=0.054), and stimulus type and group (F, 1s5=3.448,
p=0.039,7,” = 0.042). Post-hoc t-tests revealed that in the unimodal group,
US expectancy ratings followed a clear gradient in time block 1 (GS1 > GS2,
p=0.010; GS2 > GS3, p = 0.001), whereas in the crossmodal group, no such
gradient was evident (GS1 vs GS2, p = 0.057; GS2 vs GS3, p = 0.062). In time
block 2, the unimodal group demonstrated a generalization gradient
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Fig. 1 | US expectancy ratings for the unimodal and crossmodal groups. a The
unimodal group. b The crossmodal group. Each dot represents the mean score across
all participants in each group. The error bars indicate the standard error of the mean.
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Al, A2, and A3 are the time blocks of the acquisition phase, and G1, G2, and G3 are
those of the generalization phase. ‘p < 0.05, p < 0.01, and "'p < 0.001.
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Fig. 2 | SCR for the unimodal and crossmodal groups. a The unimodal group.
b The crossmodal group. Each dot represents the mean score across all participants
in each group. The error bars indicate the standard error of the mean. A1, A2,and A3
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are the time blocks of the acquisition phase, and G1, G2, and G3 are those of the
generalization phase. p <0.05, “p <0.01, and ""p < 0.001.

(GS1>GS2, p <0.050; GS2 > GS3, p = 0.029), while the crossmodal group
showed a partial gradient (GS1 > GS2, p < 0.001; GS2 vs GS3, p = 0.544). In
time block 3, both groups showed a partial generalization gradient: for the
unimodal group (GS1 > GS2, p = 0. 029; GS2 vs GS3, p = 0. 218) and for the
crossmodal group (GS1 > GS2, p <0.001; GS2 vs GS3, p=0.371) (Fig. 1).
These results suggest delayed fear generalization in the crossmodal group.
The three-way interaction among time block, stimulus type, and group was
not significant (F,, 316 = 1.602, p = 0.180, 1, = 0.020).

SCR results
In the acquisition phase, the main effect of stimulus type was significant
(Fy, 79 =47.569, p < 0.001, 1,” = 0.376), with SCR being significantly higher
for the CS+ compared to the CS—. A significant main effect of time block
was also observed (F,, 153 = 46.788, p < 0.001, 111,2 =0.372), such that SCR fell
over time. The main effect of group was also significant (F; 79 =4.055,
p=0047, 1,°=0.049), with higher SCR in the unimodal group
(0.711 £ 0.026) than in the crossmodal group (0.651 + 0.024). None of the
interactions between factors were significant.

In the generalization phase, the main effect of time block was sig-
nificant (F,, ;56 = 11.280, p < 0.001, 7,” = 0.126). The other main effects and
all interactions were nonsignificant (Fig. 2).

fNIRS results
The repeated-measures ANOVA for the acquisition phase showed a main
effect of stimulus type on brain activity in the mPFC (F, 33 =20.191,

p <0.001, 77,> = 0.347), but no significant main effect of group (F, 35 = 0.299,
p=0.588, 1,"=0.008) or stimulus type x group interaction (F; 33 =0.123,
p=0.728, 1,° = 0.003). The post-hoc test showed that mPFC activity was
significantly higher in responses to the CS+ than to the CS— in both the
unimodal group (p = 0.006) and the crossmodal group (p = 0.001).

The repeated-measures ANOVA for the generalization phase indi-
cated no significant main effects of stimulus type or group on mPFC HbO
concentration (stimulus type: F, 75 =1.191, p =0.315, #,> = 0.061; group:
Fy, 35 =0.099, p = 0.755, 7,> = 0.003), and no significant interaction between
the two (F,, 76 = 0.043, p = 0.958, npz =0.002). Further, responses to the GSs
did not differ in either group (see Fig. 3). Given that pairwise comparisons
among the GSs did not yield significant differences, we conducted an
exploratory analysis to further examine the overall engagement of the mPFC
in fear generalization. Specifically, we compared mPFC activity in response
to the GSs with responses to the CS— during the acquisition phase, which
served as a non-threat-related baseline. Exploratory paired-sample t-tests
comparing mPFC responses to the CS— with those to GS1, GS2, and GS3
revealed that some GSs elicited significantly higher activity, while others
showed trend-level differences than those to the CS— in the unimodal group
(GS1: t19=1.871, p=0.077; GS2: t19=1.632, p=0.119; GS3: t;9 =2.876,
p=0.010). The results for the crossmodal group were similar (GS1:
ho=3761, p=0001; GS2: t;o=1990, p=0061; GS3: to=2.667,
p=0.015). This pattern can be interpreted to mean that threat general-
ization on the behavioral level was successfully mirrored in the mPFC
responses. However, we did not observe a generalization gradient or any
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Fig. 3 | mPFC activity for the unimodal and crossmodal groups. Different acti-
vation levels of mPFC in the two groups during the acquisition and generalization
phases. p <0.05, "p <0.01, and “"p < 0.001. Note: GS-CS— comparisons were
conducted as an exploratory analysis and are not shown in the figure for consistency
with other measures (i.e., US expectancy ratings and SCR).

group differences. Descriptive statistics summary of all results see Supple-
mentary Table 1.

Discussion

This study extended the traditional Pavlovian fear conditioning paradigm
by developing and validating a crossmodal fear generalization paradigm
based on conceptual stimulation. It further investigated the gradient effect of
crossmodal fear generalization and its underlying neural correlates. We
found that both experimental groups successfully acquired fear responses to
CS+ during the acquisition phase, with no significant group differences.
During the generalization phase, both groups including the crossmodal and
unimodal generalization exhibited a gradient generalization effect in US
expectancy ratings, such that the GS1 more similar to the CS+ elicited
higher US expectancy ratings. Regarding neural correlates, both groups
demonstrated significantly stronger HbO activites in the mPFC in response
to the GS1 compared to the CS—.

The behavioral data of this study provided robust evidence sup-
porting the gradient effect of fear generalization. Specifically, partici-
pants exhibited higher US expectancy ratings for stimuli that were more
similar to the CS+. Specfically, the GS1 elicited significantly higher US
expectancy ratings compared with the GS2 and the GS3 in both
experimental groups. This finding suggests that the fear response fol-
lowed a gradual gradient across different generalization stimuli, aligning
with previous studies'*'"”. This gradient effect is consistent with the
classical theory of fear generalization, which posits that after individuals
associate a specific stimulus with threat, they exhibit an exaggerated fear
response to stimuli resembling the original threat stimulus**. We
extended the generalization gradient effect from the unimodal general-
ization to the crossmodal generalization. Interestingly, although the GS1
in the crossmodal group elicited significantly higher US expectancy
ratings than GS2 or GS3, this effect did not emerge during the first block.
In the unimodal group, the GS1 were significantly higher than the GS2
and the GS3. Thus, we propose that the delayed generalization gradient
effect in crossmodal generalization may be attributed to the shift in
stimulus modality as compared to unimodal generalization. Individuals
undergoing crossmodal generalization require additional time to accli-
mate to the novel modality. Further research is needed to replicate this
delayed generalization gradient effect within the context of crossmodal
generalization.

Our {NIRS data revealed that the stimulus-induced HbO activities of
the mPFC during the acquisition phase were significantly higher for the CS
+ compared to the CS— in both groups, indicating that the mPFC is more
responsive to the CS+ and plays a role in encoding threat-related stimuli.

This finding is consistent with previous research that the mPFC might show
an important role in threat discrimination during the fear acquisition
stage’®***°. However, although the slope of activites in mPFC might show a
generalization gradient, the mPFC activities elicited by the GSs did not differ
from each other. Further exploratory analyses revealed that during the
generalization phase, the mPFC in both groups showed differential
responses to the GSs compared to the CS— during the acquisition phase.
Specifically, some GSs elicited significantly higher mPFC responses than the
CS—, while others showed only trend-level differences. This pattern suggests
that the mPFC is more engaged in processing stimuli conceptually related to
the CS+ than in processing the non-threat CS—, though the strength of this
engagement varied across stimuli.

Our study builds on the work of Gerdes et al., which provided direct
evidence for crossmodal generalization of conditioned fear. Consistent with
their findings, our results confirm the bidirectional transmission of fear
information between auditory and visual modalities. While Gerdes et al.
demonstrated that learned fear associated with visual stimuli can generalize
to semantically consistent auditory stimuli’’, our study extends this
understanding by showing that conditioned fear can also generalize from
auditory stimuli to semantically consistent visual stimuli. Additionally, our
experiment introduced GSs with varying degrees of conceptual similarity to
the CS+—high, medium, and low similarity. The need to judge complex
conceptual similarity likely engages higher-order cognitive processes, sug-
gesting that fear generalization spans multiple levels of processing”’ ™. This
includes not only simple perceptual similarity but also higher-order con-
ceptual evaluations™*, highlighting the intricate mechanisms underlying
fear generalization.

From a theoretical perspective, our findings validated the crossmodal
generalization gradient of conditioned fear, aligning with the hierarchical
network model™™*. This model posits that concepts (e.g., sparrows) are
stored as nodes within a network, with connections to other related concepts
(e.g., orioles, fish) varying by similarity and relevance’**. During concept
processing, a distance effect emerges: the greater the conceptual distance, the
greater the difficulty in categorization and generalization®>*. In the context
of fear generalization, stimuli with higher conceptual similarity are more
likely to be perceived as analogous threat sources, eliciting stronger fear
responses. Conversely, stimuli with lower similarity are harder to associate
with the conditioned fear stimulus, resulting in weaker responses'*'>””. Our
findings support this hierarchical network theory, demonstrating that fear
generalization is influenced not only by perceptual similarity but also by
complex conceptual hierarchies. This provides a theoretical framework for
understanding the cognitive mechanisms underlying crossmodal fear
generalization.

Overgeneralization is widely regarded as a key mechanism in the
development of anxiety-related disorders. Patients with such disorders
exhibit a steeper generalization gradient compared to healthy
individuals™”*, reflecting impaired discrimination of fear-related stimuli
and excessive fear generalization. Exposure therapy, the most common
treatment for anxiety disorders, aims to reduce fear responses through
repeated exposure to conditioned stimuli that are not paired with the
unconditioned stimulus™*". However, real-world environments are rich in
multisensory information. Future advancements in exposure therapy could
explore crossmodal approaches, leveraging the interplay between sensory
modalities to enhance treatment efficacy.

Our study did not observe crossmodal fear generalization in SCR. Both
groups successfully acquired fear during the acquisition phase, but no sig-
nificant differences in SCR were found during the generalization phase. This
discrepancy between SCR and US expectancy ratings may stem from their
distinct measures of fear response. SCR reflects physiological arousal con-
trolled by the sympathetic nervous system®*, whereas US expectancy rat-
ings capture subjective cognitive evaluations. One possible reason for the flat
trend in SCR during the generalization phase is the highly habituative nature
of SCR, which can become less sensitive over time, especially in the absence
of reinforcement. This aligns with findings that SCR is more responsive to
direct threat signals®, but less sensitive to conceptual or crossmodal fear
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generalization. Our results are consistent with similar findings in related
studies'™'*”. The divergence between SCR and US expectancy ratings
highlights that physiological and cognitive indicators may represent dif-
ferent mechanisms underlying fear generalization. Future research should
investigate how these mechanisms interact to influence the fear general-
ization process.

This study has several limitations. First, the sample may lack repre-
sentativeness, and the findings should be replicated in larger and more
diverse populations to improve statistical power and generalizability.
Accordingly, the present study should be considered exploratory. Second,
the imbalance between the CSs could have influenced the results. For
instance, individual preferences for specific stimuli may have impacted the
conditioning process and generalization outcomes. Third, to maintain
consistency in stimulus modality, the original CS was not presented during
the generalization phase. Since the two groups had already experienced
different modalities during acquisition, reintroducing the original CS could
have introduced confounding effects. This methodological choice may help
explain the rapid decline in participants’ fear responses to the CS+,
potentially attenuating group differences in generalization. Finally, while a
0.05 Hz high-pass filter is not the most commonly used setting, it has been
applied in prior studies”. Future work may explore how different pre-
processing choices, including filter parameters, impact SCR measures in fear
conditioning paradigms. And the functions of the prelimbic and infralimbic
cortex in the mPFC can not be clearly distinguished with the fNIRS tech-
nique, future studies could explore the different functions of these mPFC
areas in crossmodal generalization.

Additionally, in this study, the GSs systematically varied in conceptual
similarity to the CS+ but did not include stimuli similar to the CS—. This
approach focused on examining conceptual fear generalization gradients
while avoiding the additional complexity of incorporating stimuli from a
different category, such as tools. However, this design limits direct com-
parisons with traditional paradigms that include stimuli similar to both the
CS+ and CS—. Future research could address this by including GSs similar
to both the CS+ and CS—, allowing for a more comprehensive analysis of
the interaction between conceptual similarity and categorical differences in
fear generalization. And this study focused solely on the audio-visual
modality, and future research could consider investigating the impact of
other sensory modalities™*, such as olfaction, taste, and touch, on fear
learning and generalization.

In summary, this study developed a crossmodal fear generalization
paradigm using conceptual stimulation to investigate its gradient effect and
underlying neural mechanisms. The results demonstrated that individuals
successfully learned fear in both unimodal and crossmodal conditions,
exhibiting a gradient generalization effect based on similarity to CS+. In
terms of neural mechanisms, the both groups displayed significant mPFC
activation. This suggests that crossmodal generalization may involve more
complex cognitive processing mechanisms. The study also validated the use
of conceptual stimulation, highlighted the potential role of crossmodal fear
generalization in the excessive generalization observed in anxiety disorders,
and provided new insights for future emotion regulation-based intervention
strategies.

Methods

Participants

Fifty-one healthy participants (30 female) were recruited from Sichuan
Normal University through campus advertisements. Participants were
randomly assigned to either the unimodal group (1 = 26) or the crossmodal
group (n = 25). All participants were right-handed, had normal hearing and
normal or corrected-to-normal vision, no history of psychiatric or neuro-
logical disorders, and no prior participation in similar studies. They received
40 RMB (~6 USD) as compensation. Participation was voluntary, and
written informed consent was obtained from all participants before the start
of the experiment. The study was approved by the Ethics Committee of
Sichuan Normal University (reference number: SICNU-230211), in
accordance with the Declaration of Helsinki*. Due to poor SCR data quality
or excessive noise, six participants from the unimodal group and five from
the crossmodal group were excluded. As a result, data from 40 participants
(20 per group, 12 females per group; age range: 18-22 years,
M £ SD = 19.87 + 1.14) were included in all subsequent analyses. A post hoc
power analysis was conducted using G*Power (ANOVA: repeated mea-
sures, within-between interaction) to evaluate whether the collected sample
size was sufficient. With an effect size of Cohen’s =025 (medium),
a=0.05, and 1 - $=0.80, the analysis indicated that a total of 22 partici-
pants (11 per group) would be required to achieve the desired power. The
actual power achieved with our sample was 0.836.

Stimuli and apparatus

The visual stimuli included photographs of a sparrow (vCS+), a laptop
(vCS—). And the GSs were selected based on their conceptual similarity to
the CS+, systematically varying across high similarity (GS1), medium
similarity (GS2), and low similarity (GS3) levels (see Table 1). These stimuli
were primarily associated with animal and environmental concepts related
to the CS+ and did not include stimuli from the tool category. This design
aimed to focus on examining gradient effects driven by conceptual similarity
without introducing confounding elements associated with stimuli similar
to the CS—. The auditory stimuli comprised a sparrow call (aCS+) and the
sound of keyboard typing (aCS—) (see Supplementary Note 1).

The US was a mild electric shock (50 ms) delivered to the left wrist. It
was produced by a multichannel electrical stimulator (type: SXC-4A, Sanxia
Technique Inc., China) and delivered through a pair of Ag/AgCl surface
electrodes. Participant pain thresholds were assessed and the current level
was adjusted individually to a level that the participants described as “highly
uncomfortable but not painful”***. The average current intensity was
6.094 +2.133 pA.

SCR was measured using the BIOPAC MP160 system at 2000 Hz
(Pushengda Science & Trade, Beijing, China), with Ag/AgCl gel sensors
adhered to the hypothenar surface of the left hand.

Brain activity was monitored using a Nirscan-2430 {NIRS system
(Danyang Huichuang, Jiangsu, China). The system operated at two wave-
lengths, 760 nm and 830 nm, with an average inter-channel distance of 3 cm
and a sampling rate of 11 Hz. The acquisition cap was equipped with 19 light
sources (transmitters) and 20 detectors (receivers), resulting in a total of 56
channels. The probe in the middle of the cap’s lower edge was positioned at

Table 1 | Generalization stimuli

Stimulus names

High Magpie robin Yellow warble Parrot Woodpecker Pigeon Eagle
correlation . ) - )
@s1) Bird eggs Bird nest Aviary Branch Tree Birdcage
Middle correlation Swan Flamingo Recrowned Emu Ostrich Duck
(GS2) -crane
Slingshot Tree hole Rockery Fallen leaves Bamboo fence Windowsill
Low correlation Penguin 1 Penguin 2 Fish Goat Frog Giant salamander
(5 Building Road sign Dustpan Portrait stone Trash Barbecue grill

Note. High, middle and low levels of generalized stimuli.
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a b

Fig. 4 | {NIRS channel layout and ROI selection. a Sagital. b Axial. ¢ Coronal. The red and blue spheres represent detectors and sources, respectively, while the lines indicate

the channels. The circled area illustrates the ROI and the corresponding channels.

Table 2 | Anxiety and depression load in the samples

Questionnaire Unimodal Crossmodal P
group group

PHQ-9 6.45+5.46 490+2.77 0.27

CSE-D 15.95+10.88 11.65+8.73 0.23

GAD-7 4.30 £3.51 4.00 +3.69 0.79

PHQ-9 Patient-Health Questionnaire-9, CSE-D Center for Epidemiologic Studies Depression Scale,
GAD-7 the Generalized Anxiety Disorder 7-item Scale.

Frontal midpoint (Fpz). The sources and detectors were strategically posi-
tioned on the scalp according to the 10-20 system™ (Fig. 4). The mPFC was
designated as the region of interest (ROI) based on extensive prior literature
elucidating its involvement in fear***.

Procedure and design

Before the experiment, several potential confounding variables were asses-
sed. In particular, depression and anxiety levels were assessed using the
Patient-Health Questionnaire-9 (see Supplementary Note 2), Center for
Epidemiologic Studies Depression Scale®, and the Generalized Anxiety
Disorder 7-item Scale®” (Table 2). Next, the participants were seated in front
of a monitor in a quiet room and the pain threshold for the electric shock was
assessed.

The experiment consisted of two phases: the acquisition phase and the
generalization phase, and was implemented using E-Prime 2.0 software
(Fig. 5). In the acquisition phase, the unimodal group was presented with
visual stimuli, while the crossmodal group was presented with auditory
stimuli. The CS+ was either an image of a sparrow or the sound of a sparrow
call, paired with an electric shock (unconditioned stimulus, US) on 9 out of
12 trials (reinforcement rate: 75%). Conversely, the CS— was either an image
ofalaptop or the sound of typing/clicking, presented in all 12 trials but never
paired with the electric shock. The presentation order of the CS+ and CS—
was pseudo-randomized, with no more than two consecutive presentations
of the same stimulus type.

The generalization phase introduced three types of stimuli—GS1, GS2,
and GS3—that varied in their conceptual and physical similarity to the CS+.
GS1 was the most similar to the CS+, while GS3 was the least similar.
Notably, no electric shocks were delivered during this phase. Each stimulus
was presented once, resulting in a total of 36 trials (Table 1).

Across both phases, each stimulus was presented for 8s. After the
stimulus disappeared, participants rated the perceived risk of receiving an
electric shock on a 9-point Likert scale, where 1 indicated “no risk”, 5
indicated “moderate risk”, and 9 indicated “high risk”. The rating period was
self-paced, and participants advanced to the next trial by pressing a key to
submit their response. If a shock was associated with the stimulus, it was
administered immediately following the submission of the rating. The

intertrial interval (ITT), represented by a blank black screen, varied ran-
domly between 9 and 12 s to minimize predictability and occurred after the
rating was submitted.

SCR data pre-processing

The SCR data were pre-processed using AcqKnowledge 5.0 software. A
high-pass filter with a cutoff frequency of 0.05 Hz was applied to remove
low-frequency noise and artifacts from the SCR recordings. Trials in which
no SCR peak was detected (i.e., no increase in SCR during the 1-6 s window
following stimulus onset) were considered as zero-response trials. Addi-
tionally, trials were classified as zero-response if the difference between the
maximum and minimum SCR amplitudes was less than 0.02 ps®. The
response value for subsequent analyses was calculated as the square root of
the difference between the maximum and minimum skin conductance
values measured 6 s after stimulus onset®.

fNIRS data pre-processing

For data preprocessing of the fNIRS signals, we used the Homer2 in Matlab
r2019b. The main calculation steps are described as follows: 1) Based on the
modified Beer-Lambert law, the light density information was calculated
and converted into the HbO concentration change values. 2) the light
intensity information was converted into light density information. 3) the
artifacts were corrected; 4) the signal was bandpass filtered (0.01 to 0.2 Hz).
then, 5) the signal was normalized as Z-scores because the absolute con-
centration values significantly differed among participants”***. We obtained
the Z-scores as z = (ul — y2)/o, where y2 is the mean of the baseline, p1 is the
mean concentration value, and o is the SD during the baseline period. To
obtain the mean values in the calculation, we extracted a time series of
concentrations from 0 s before stimuli onset to 8 s after stimuli offset. The
baseline period was from —2 s to 0 s and the concentration period was from
0 to 8 s. Finally, we averaged the values from 1 s to 8 s for the final analysis. A
repeated-measures ANOVA was then conducted on the HbO Z-scores
obtained from s the brain areas that showed significant activation during the
acquisition and generalization phases. The alpha threshold for statistical
significance was set at 0.05 after FDR correction.

Data analysis

All statistical analyses were conducted using IBM SPSS 23 (IBM Corpora-
tion, Armonk, NY, USA) and Matlab software (Version 2019, Natick, Mass.,
USA). Behaviorally, outcome measures included the
self-reported US expectancy ratings for the stimuli. Physiologically, the
study included SCR data and HbO concentration levels in the brain areas
that showed significant activation. As the HbO signal is more sensitive to
changes in cerebral blood flow than the deoxyHb signal®*®, only HbO time
series were analyzed in this study. In the acquisition phase, the 12 trials for
each stimulus type were divided into three blocks of four trials based on their
presentation order within the task. A 3 (time block: Al, A2, A3) x 2
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a b unimodal group
. US paired with 75% of CS+
Us Expectancy
+
(visual stimuli)
crossmodal group
aCSs sparrow calls keyboard typings
(auditory stimuli) 8s key end 9s-12s
N
] : US Expectancy
GS2 7_‘,;1/ i " ( + 1 [ GS } [ Rating J D
/ ITI
GS3
! 8s key end 9s-12s

All of GSs are visual stimuli

Fig. 5 | Stimuli and experimental procedures. a Stimuli materials. b The acquisition phase. ¢ The generalization phase. US expectancy ratings were obtained directly after
each stimulus was presented. SCR and fNIRS responses were continuously measured throughout the tasks.

(stimulus type: CS+, CS—) x 2 (group: unimodal, crossmodal) repeated
measures ANOVA was conducted for both the US expectancy ratings and
the SCR data. For the generalization phase, the 12 trials for each GS type
were also divided into three blocks of four trials based on their presentation
order. A 3 (time block: G1, G2, G3) x 3 (stimulus type: GS1, GS2, GS3) x 2
(group: unimodal, crossmodal) repeated measures ANOV A was conducted
for the US expectancy ratings and SCR data. For analysis of the NIRS data,
we did not divide the data into time blocks, as a certain number of trials per
stimulus type is required for obtaining clear results. In the acquisition phase,
a2 (stimulus type: CS+, CS—) x 2 (group: unimodal, crossmodal) repeated
measures ANOVA was conducted. In the generalization phase, a 3 (stimulus
type: GS1, GS2, GS3) x 2 (group: unimodal, crossmodal) repeated measures
ANOVA was employed. In instances where the sphericity assumption was
violated, the Greenhouse-Geisser correction was applied for repeated-
measures ANOVA to adjust the degrees of freedom and ensure valid sta-
tistical tests”’. To control for the potential inflation of Type I error due to
multiple comparisons, Bonferroni correction was applied during follow-up
analyses. The alpha threshold for statistical significance was set at 0.05.

Data availability
The datasets used and/or analyzed during the current study are available
from the corresponding author upon reasonable request.

Code availability
The codes that support the findings of this study are available from the
corresponding author upon reasonable request.
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