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A B S T R A C T

Attention is presented in Posner’s model as supported by alerting, orienting, and executive brain networks, each 
predominantly modulated by norepinephrine, acetylcholine, and dopamine, respectively. The Functional 
Ensemble of Temperament (FET) model posits that the same neurotransmitters also underlie three core 
temperamental domains: maintenance of behaviour, behavioural orientation, and speed of integration. Here, we 
aimed to investigate the overlap between attentional networks and temperament dimensions. Moreover, we 
checked whether inter-individual differences in temperament are associated with behavioural and neurophysi
ological modulations of attentional function. Eighty-nine healthy adults (M=35, F=54) completed the Attention 
Network Test (ANT) while pupillary responses were recorded. Structure of Temperament Questionnaire (STQ-77) 
was also administered. Temperamental effects on behavioural performance were assessed through linear mixed- 
effects models and hierarchical linear regressions, while overall and trait-dependent pupillary activity was 
analysed using cluster-based permutation tests. Individuals with lower ergonicity and cognitive integration 
abilities exhibited a more pronounced incongruency effect on manual reaction times. Lower scores in temper
amental traits belonging to the orientation dimension resulted in reduced accuracy in incongruent trials. Within 
the cue-target interval, individuals with a high level of neuroticism exhibited sustained pupil dilation. During the 
same interval, anticipatory dilation was found in individuals with lower probabilistic reasoning, reduced ability 
to engage in prolonged socio-verbal activities, and high inhibitory control. These findings support a 
temperament-based modulation of both behavioural and physiological correlates of attention, accounting for 
inter-individual differences. By integrating cognitive and autonomic measures, our study provides novel insight 
into how stable individual traits shape dynamic attentional control.

1. Introduction

Attention plays a fundamental role in regulating cognitive and 
behavioural processes, allowing individuals to efficiently select and 
process relevant stimuli while filtering out distractions. Posner and 
Petersen, (1990) highlighted a distinction between three aspects of 
attention and linked them to specific networks, namely alerting, ori
enting, and executive control functions (Petersen & Posner, 2012; Pos
ner & Petersen, 1990). Each of these attentional networks has been 
linked to specific neurochemical systems, with norepinephrine usually 
being associated with alerting, acetylcholine with orienting, and 

dopamine with executive control (Fan et al., 2002; Posner & Rothbart, 
2007).

More in detail, noradrenergic system, via projections from the locus 
coeruleus (LC), enhances general arousal and the salience of task- 
relevant stimuli by increasing the signal-to-noise ratio (Foote & Morri
son, 1987; Aston-Jones & Cohen, 2005). LC activity alternates between 
an exploitative mode (low tonic, high phasic activity) that supports 
focused engagement and an exploratory mode (high tonic activity) 
promoting flexibility under changing conditions (Aston-Jones & Cohen, 
2005). Pharmacological inhibition of norepinephrine release reduces 
activity in dorsal parietal regions involved in endogenous orienting 
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(Clark et al., 1989; Coull et al., 2001; Pliszka, 2005; Witte et al., 1997). 
The cholinergic system, originating in the basal forebrain, provides 
phasic and tonic inputs that modulate attentional shifts and top-down 
control (Sarter & Parikh, 2005; Howe et al., 2013). Cholinergic ago
nists such as nicotine reduce the validity effect in cueing paradigms by 
facilitating reorienting to invalid cues (Murphy & Klein, 1998; Para
suraman et al., 1992; Thiel et al., 2005). Finally, dopaminergic inputs 
from the ventral tegmental area (VTA) support top-down control and 
reward-based attention (Schultz, 2002; Silvetti et al., 2013), sustaining 
engagement with motivationally relevant cues (Anderson et al., 2016; 
Alcaro et al., 2021) and enhancing visual attention through prefrontal 
modulation of sensory areas (Noudoost & Moore, 2011; Müller et al., 
2005).

Interestingly, these neurochemical systems not only regulate atten
tion but, according to the Functional Ensemble of Temperament (FET) 
model by Trofimova and Robbins (2016) they might also constitute the 
neurobiological basis of stable individual differences in reactivity and 
self-regulation (Rothbart et al., 2006). In this regard, the Functional 
Ensemble of Temperament (FET) model conceptualizes temperament as 
emerging from interactions among multiple neurochemical systems, 
rather than from one-to-one correspondences between traits and single 
transmitters. Specifically, it distinguishes three primary neuro
biologically driven dimensions: orientation (supporting perceptual and 
exploratory tendencies), speed of integration (facilitating processing 
efficiency), and “ergonicity” or maintenance of behaviour (sustaining 
cognitive and motor activity). Each of these dimensions are hypothe
sized to reflect the joint contribution of several neuromodulatory sys
tems, including monoamines (dopamine, noradrenaline, serotonine), 
acetylcholine, as well as glutamatergic, GABAergic, histaminergic and 
peptidergic systems (Trofimova & Robbins, 2016; Trofimova, 2019; 
Trofimova, 2021; 2022). Although these associations remain theoret
ical, the model offers a biologically grounded framework for formulating 
specific expectations. For instance, Posner and Rothbart (2018) noted a 
convergence between the FET and the tripartite model of attention, with 
the FET dimensions of ergonicity, orientation, and speed of integration 
partially overlapping the alerting, orienting, and executive control 
networks, respectively. This convergence highlights the potential for a 
unified framework integrating attention and temperament and moti
vates our investigation of whether individual differences in attentional 
network efficiency systematically relate to temperament traits. In a 
previous study (Lasaponara et al., 2024), we explored such a relation
ship, employing a Posner task to examine how temperament traits, 
measured with the Structure of Temperament Questionnaire (STQ-77; 
Rusalov & Trofimova, 2007), modulate attentional orienting under 
varying levels of cue predictability. Our findings supported the notion 
that attentional efficiency is shaped by temperament, particularly in 
relation to probabilistic learning mechanisms. However, in that study, 
we focused exclusively on the orienting component of attention, leaving 
open the question of whether similar temperament-related modulations 
extend to alerting and executive control networks. Here, we aim to 
extend these previous results by employing the Attention Network Test 
(ANT) to measure the efficiency of the alerting, orienting, and executive 
control networks, while assessing temperament using the STQ-77. We 
mainly expect that individual differences in energetic, orientation, and 
integration-related traits would correspond to variability in the effi
ciency of alerting, orienting, and executive control networks. For 
instance, traits reflecting higher endurance and faster motor tempo were 
hypothesised to support faster manual responses and reduced interfer
ence under conflict, whereas neuroticism or impulsivity were expected 
to be associated with slower or less accurate responses.

Furthermore, by combining behavioural with pupillary measures, we 
sought to explore whether the interplay between temperament and 
attention also manifests at the autonomic level. While pupillary dilation 
is not a direct measure of multiple neuromodulatory systems, it is widely 
recognised as a reliable peripheral index of locus coeru
leus–noradrenergic (LC–NE) activity (Rajkowski et al., 1994; 

Aston-Jones & Cohen, 2005; Joshi et al., 2016) reflecting the autonomic 
and cognitive engagement during tasks (Beatty, 1982; Dragone et al., 
2018; Laeng et al., 2012; Lasaponara et al., 2019). In particular, Geva 
et al., (2013) utilised pupillometry in conjunction with the ANT to 
investigate differential pupillary responses across the three attentional 
networks. Their results revealed distinct patterns of pupil dilation 
associated with alerting, orienting, and executive control, suggesting 
that neurophysiological responses could provide an additional window 
into individual differences in attentional function. Nevertheless, the role 
of temperament in modulating pupillary responses remains largely un
explored. Therefore, recording pupil dynamics provided an opportunity 
to test whether traits theoretically linked by the FET to noradrenergic 
modulation, i.e., orientation traits such as Probabilistic Thinking and 
Neuroticism, also correspond to measurable differences in pupillary 
reactivity during the distinct components of attention.

By addressing these questions, this study contributes to the broader 
effort of linking individual temperament with functional measures of 
attention. Understanding the extent to which attentional networks are 
shaped by temperament has implications for both basic and applied 
research, offering potential insights into individual variability in 
cognitive performance, susceptibility to attentional disorders, and per
sonalised interventions aimed at enhancing attentional control.

2. Materials and methods

2.1. Participants

Power was estimated using simulation-based procedures for linear 
mixed-effects models (LMMs), which are recommended when closed- 
form solutions are unavailable for complex designs with crossed 
random effects and interactions (Green & MacLeod, 2016). We modelled 
a 3 × 4 factorial design with Trial type (Congruent, Incongruent, 
Neutral) and Cue type (No Cue, Central Cue, Double Cue, Spatial Cue) as 
within-subject factors. LMMs included Trial, Cue, and their interaction 
as fixed effects, and random intercepts for participants; separate models 
were fit for reaction times and accuracy. Effect sizes and variance 
components were derived from Fan et al. (2002) to parameterize the 
data-generating process. Using the simr package (R 4.2.1), we ran 1000 
Monte Carlo simulations per sample size (n = 20–100) and tested the 
Trial × Cue interaction (α =.05), which we considered the most strin
gent effect (interactions typically being smaller than main effects). Re
sults showed that ~75–80 participants achieve 80 % power for detecting 
the interaction in reaction times, and ~55–60 for accuracy; main effects 
were adequately powered at these sample sizes (see Supplementary 
Figure 1). Because no prior studies have reported temperament (using 
STQ-77) effects or their interactions with ANT factors within an LMM 
framework, we did not parameterize temperament terms a priori in the 
simulation. Instead, we powered the core ANT effects (Trial, Cue, and 
their interaction) and treated temperament effects (entered both as 
continuous covariates and as categorical splits) as theory-driven sec
ondary analyses. For these models we provide full effect sizes (stan
dardized coefficients where appropriate), confidence intervals, and 
marginal/conditional R², and we apply FDR correction for multiple 
tests.

For hierarchical linear regression, we also run a priori power analysis 
using G-Power software (version 3.1.9.6). This analysis indicated that a 
sample size of 85 participants would be required to achieve 80 % power 
to detect a medium effect (f2 =.15) with a significance criterion of α 
= .05 (two-tailed).

Based on these analyses, a total of 91 healthy young adults aged 
between 18 and 36 years (mean = 22.6, SD = 2.05; M = 36, F = 55) were 
recruited for this study. Participants were both right-handed (n = 82) 
and left-handed (n = 9). None of the participants were taking psycho
tropic medications or substances of abuse, nor were they undergoing 
treatment or had a history of hospitalisation for psychiatric disorders or 
neurological diseases. During the first experimental phase, one 
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participant was excluded due to a failure in response recording by the 
equipment, and another was excluded due to an excessive number of 
errors in the ANT task, which made their data unreliable for analysis. 
Therefore, the final analyses were conducted on a sample of 89 in
dividuals (mean = 22.07, SD = 2.01; M = 35, F = 54). Prior to partic
ipation, all individuals were provided informed consent to participate in 
the study, which was approved by the local institution ethics committee 
(Prot. n. 0002620) and conducted in accordance with the principles of 
the Declaration of Helsinki.

2.2. Material and stimuli

2.2.1. STQ-77
The Structure of Temperament Questionnaire (STQ-77; https://fhs. 

mcmaster.ca/cilab/PS/PS-STQ.htm) (Rusalov & Trofimova, 2007) in
cludes a demographic part and 77 question items which can be answered 

using a 4-point Likert scale (from 1 strongly disagree to 4 strongly 
agree). The demographic part includes questions about social status, 
relatives (e.g., number of siblings), and consumption of psychostimu
lants such as caffeine, alcohol, and nicotine. The question items are 
organised into 12 experimental scales (6 items each) designed to mea
sure individual characteristics of behaviour: 

1. Physical Endurance (ERM): prolonged and sustained physical 
effort;

2. Physical Tempo (TMM): speed in physical activity;
3. Sensation Seeking (SS): the tendency to engage in risky 

behaviours;
4. Social Endurance (ERS): prolonged and sustained social effort;
5. Social Tempo (TMS): speed in speaking, reading or other verbal 

activities;
6. Empathy (EMP): sensitivity in inferring the emotional state of the 

other;
7. Intellectual Endurance (ERI): prolonged and sustained intellec

tual effort;
8. Plasticity (PL): the ability to adapt quickly to plan/program 

changes;
9. Probabilistic Thinking (PRO): correct estimation and expecta

tions of the probability of events;
10. Self-confidence (SLF): the tendency to optimism and confidence 

in one’s abilities;
11. Impulsivity (IMP): lability in emotional reactions, poor immedi

ate control of impulsive behaviours;
12. Neuroticism (NEU): poor tolerance to uncertainty with the 

expectation of negative situations.

The STQ-77 also includes a validity scale (5 items) designed to 
measure a social desirability tendency. Protocols with a score higher 
than 14 are considered invalid. For each temperamental scale, the score 
distribution from our sample is reported in Table 1 and Supplementary 
Fig. 2.

Consistent with previous validations (Trofimova & Sulis, 2011; 
Trofimova, 2018), the internal consistency of the STQ-77 scales was 
generally satisfactory, with Cronbach’s α ranging from.71 to.82 for most 
traits. Four scales, namely Empathy, Plasticity, Intellectual Endurance, 
and Probabilistic Thinking, showed α values (.47–.56) in a range 

Table 1 
Mean scores for the twelve STQ-77 temperament scales, grouped according to 
the three higher-order domains defined by the Functional Ensemble of 
Temperament (FET) model: Energetic Aspects, Orientation, and Speed of Inte
gration. The table also reports participants’ self-reported frequency of psy
chostimulant use (daily cigarettes and coffee, weekly alcohol consumption). 
Values in parentheses indicate standard deviations.

FET Domains STQ-77 Temperamental Scale Mean score

Energetic Aspects Physical Endurance (ERM) 14.6 (3.8)
Social Endurance (ERS) 17 (3.7)
Intellectual Endurance (ERI) 17 (3)
Self-Confidence (SLF) 14 (2.4)

Orientation Sensation Seeking (SS) 13 (4)
Empathy (EMP) 16.3 (2.7)
Probabilistic Thinking (PRO) 18 (2.8)
Neuroticism (NEU) 16.3 (2.7)

Speed of Integration Physical Tempo (TMM) 15.2 (3.1)
Social Tempo (TMS) 16.9 (3.2)
Plasticity (PL) 14 (3)
Impulsivity (IMP) 15 (3.6)

​
Psychostimulants Usage Habits
Cigarettes (Daily) ​ 3.5 (5.4)
Coffee (Daily) ​ 1.4 (1.1)
Alcohol (Weekly) ​ 1.5 (1.6)

Fig. 1. Schematic representation of the trial structure in the ANT task.
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comparable to that reported in earlier studies for these dimensions. 
Concerning construct and criterion validity, earlier studies across En
glish and Russian samples, showed confirmatory factor analyses sup
porting the 12-scale structure (CFI ≈.90, RMSEA ≈.06) and convergent 
correlations with the NEO-FFI and I-7 measures of personality and 
impulsivity.

2.2.2. Computerised ANT task
The ANT task used in this study closely followed the original version 

proposed by (Fan et al., 2002; Fig. 1). The attentional cue was indicated 
by the appearance of a black square (.5 cm in size), which could appear 
at the centre (CentreCue), above, or below the fixation cross (Spa
tialCue), in both upper and lower positions simultaneously (DoubleCue), 
or not appear at all (NoCue). The target consisted of a series of five ar
rows all pointing in the same direction (congruent condition), a central 
arrow pointing in the opposite direction from the surrounding four 
(incongruent condition), or a central arrow surrounded by four black 
squares (neutral condition). In each trial, after the presentation of a 
fixation cross for a variable duration of 400–1600 ms, the cue could 
appear for 100 ms. Following the cue, a Cue-Target Interval (CTI) of 
400 ms elapsed, after which the target appeared and remained on screen 
for 1700 ms or until a response was given. The subsequent trial began 
after an inter-trial interval of 400–1600 ms. Participants were instructed 
to identify the direction of the target arrow using the left or right 
keyboard keys while maintaining their gaze on the fixation cross until 
the target appeared. The task consisted of three experimental blocks, 
each comprising 96 trials, for a total of 288 randomized experimental 
trials based on cue condition (central, double, upper, lower, or absent) 
and target type (right congruent, left congruent, right incongruent, left 
incongruent, right neutral, left neutral). A practice block of 24 trials was 
included, during which participants received feedback on response ac
curacy and speed.

2.3. Experimental procedure

All participants completed a computerised version of the STQ-77 
questionnaire, and successively to eye-tracking calibration, performed 
the ANT task, programmed using the PsychoPy platform (v2023.2.3), 
which lasted approximately 15–20 min. Notably, only participants with 
a valid STQ-77 score, i.e., validity scale ≤ 14, moved to the completion 
of the ANT task. Participants were seated in a quiet, isolated room, with 
their head comfortably fixed on a chinrest placed at a distance of 
approximately 60 cm from the screen. Between experimental blocks, 
participants had a 5-minute break to rest. The entire experiment lasted 
approximately 35–40 min. At the end of the session, a debriefing phase 
was conducted to assess any unexpected factors noticed by the partici
pants and to ensure that the experimental objectives had not been 
misunderstood.

2.4. Pupil dilation measurement

A wearable Pupil Core eye-tracker (Pupil Labs GmbH, Berlin, Ger
many) with a sampling rate of 120 Hz, was used for recording gaze 
position and pupil diameter of both eyes in mm using a 3D eye model. 
Calibration and validation procedures were performed using the built-in 
programs provided with the eye tracker (Pupil Capture v.3.5.1). All data 
analysed in the present study were obtained from recordings with a 
tracking accuracy of less than 1◦ (upon calibration Pupil Core guaran
tees an accuracy of.60º and a precision of.02º). For each trial, the eye 
with higher mean 3D model confidence was selected for analysis. To 
minimize data loss, missing signals caused by eye blinks were recon
structed using a two-stage detection algorithm based on a procedure 
validated by Mathôt et al. (2013). Eye blinks were detected as a phasic 
change of velocity profile above or below a threshold of ± 2 SD of the 
mean velocity profile, respectively reflecting a rapid shrinking of the 
pupil due to closing of the eyelid, or reopening of the eye. To avoid 

underestimation of blink periods, one recording sample (8.3 ms) was 
subtracted from blink onset and added to blink offset time. All missing 
data between blink onset and offset were reconstructed using linear 
interpolation. After linear interpolation, the signal was low-pass filtered 
using a 3th-order Butterworth filter with a cutoff frequency of 4 Hz to 
remove high-frequency noise. Trials with more than 50 % missing data 
points were excluded from further processing.

For each trial, the average pupil diameter recorded during the 200- 
ms period immediately preceding cue onset was used as the normal
isation baseline. To ensure baseline quality, trial-specific baselines 
exceeding ±2 standard deviations from the mean (computed separately 
for left and right eye selections) were excluded from further analyses to 
prevent contamination from abnormal pupillary states. The percentage 
signal change (PSC) was calculated according to the formula: 

PSC = (X - X‾ᵦₐₛ) / X‾ᵦₐₛ × 100                                                           

where X represents the pupil signal at each time point and X‾ᵦₐₛ 
represents the baseline average computed from the 200 ms pre-target 
period.

2.5. Statistical analyses

2.5.1. Behavioural data: reaction times and accuracy
Reaction times exceeding ±2 standard deviations from each partic

ipant’s mean were classified as outliers and excluded from analysis (2 % 
of the total data). Given the typically right-skewed distribution of re
action times, a natural logarithmic transformation was applied to 
improve residual normality and satisfy model assumptions. Likewise, to 
stabilise variance and normalise the distribution of proportion-based 
measures, accuracy scores (expressed as percentages) were trans
formed using the arcsine square root method (Rohlf et al., 1981; She
skin, 2003).

To examine the effects of cueing and trial type on behavioural per
formance, we fitted two linear mixed-effects models using the lmer 
function from the lme4 package (as implemented in Jamovi), considering 
reaction times and accuracy as dependent variables (DV), respectively. 
Both models included Cue (NoCue, Centre, Double, Spatial), Trial type 
(Congruent, Incongruent, Neutral), and their interaction as fixed effects, 
with random intercepts for participant (ID) to account for repeated 
measures. The model formula was as follows: 

DV ~ Cue + Trial + Cue:Trial + (1 | ID)                                              

Both models were estimated in R (v. 4.5.1) using restricted maximum 
likelihood and the bobyqa optimiser. Degrees of freedom for significance 
testing were computed using the Satterthwaite approximation. Effect 
sizes (f-squared) were derived from the marginal R-squared values using 
the formula: f² = R² / (1 - R²). All p-values were corrected for multiple 
comparisons using the false discovery rate (FDR) method (Benjami
ni–Hochberg procedure).

2.5.2. Relationship between behavioural data and temperamental style
To examine how individual temperamental traits modulate reaction 

times and accuracy across experimental conditions, we performed 
separate linear mixed-effects models. Given the substantial multi
collinearity observed among the STQ dimensions (see Supplementary 
Fig. 3) to preserve model interpretability and avoid inflation of standard 
errors, we opted to test each trait in isolation.

First, for consistency with the pupillometric analyses, we modelled 
behavioural performance using each STQ trait as a categorical moder
ator, dividing participants into low vs. high groups. In line with a pre
vious work (Lasaponara et al., 2024), these groups were determined 
using percentile cut-offs, i.e., participants were considered to have high 
scores whether they were placed above the 75th percentile or low scores 
in case they fell below the 25th percentile. Successively, we fitted, 
separately for reaction times and accuracy (DV), twelve linear 
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mixed-effects models, each including one temperament trait as a 
between-subject factor, and Cue, Trial, and their interaction as 
within-subject fixed effects, along with all interaction terms up to the 
three-way level. Participant ID was entered as a random intercept to 
account for repeated measures. The model formula was: 

DV ~ 1 + Cue + Trial + Trait + Cue:Trial + Cue:Trait + Trial:Trait 
+ Cue:Trial:Trait + (1 | ID)                                                                 

To further verify the robustness of these effects and avoid potential 
artefacts due to dichotomisation, we also repeated the analyses by 
including each temperament trait as a continuous covariate, in parallel 
models with identical structure. This approach allowed us to validate the 
group-based findings and identify potential linear trends across the full 
trait distribution.

All models were fitted using restricted maximum likelihood (REML) 
via the lmer function from the lme4 package, and p-values were 
computed using Satterthwaite’s approximation. Marginal and condi
tional R² values were obtained with the MuMIn package, and p-values of 
interest were corrected for multiple comparisons using the false dis
covery rate (FDR).

Finally, to specifically test the theoretical correspondence proposed 
by Posner and Rothbart, (2018) between attentional networks and 
temperament dimensions as defined in the FET model we first calculated 
the efficiency indices of the three networks for both reaction times and 
accuracy, according to the following formulas (Fan et al., 2002): 

• Alerting Network: NoCue – DoubleCue
• Orienting Network: CentreCue – SpatialCue
• Executive Network: Incongruent – Congruent

Subsequently, we conducted nine hierarchical linear regressions, 
checking whether each ANT index (Alerting, Orienting, Executive) was 
predicted by the three temperament domains (Ergonomicity, Orienta
tion, Integration) of the FET model. To this aim, after controlling for 
demographic (Step 1: Age and Sex factor) and psychostimulants factors 
(Step 2: Daily number of cigarettes and coffees, and weekly number of 
alcoholic drinks), we entered in the regression the four STQ-77 traits 
belonging to each domain (Step 3: Ergonicity: ERM, ERS, ERI, SLF; 
Orientation: SS, EMP, PRO, NEU; Integration: TMM, TMS, PL, IMP; see 
Table 1). This allowed us to assess the unique contribution of each 

temperament dimension to specific attentional functions, while ac
counting for potential confounds. The analyses were performed through 
the origin, and eventual missing values were replaced by the mean.

2.5.3. Pupillary data
Pupillary responses were analysed in a time window extending from 

700 ms before to 1600 ms after target onset. Pupil time series were 
contrasted for each of the three attentional networks: the Alerting 
Network (double cue vs no cue conditions), the Orienting Network 
(central cue vs spatial cue conditions), and the Executive Network 
(congruent vs incongruent flanker conditions). Statistical differences 
between experimental conditions were assessed using a cluster-based 
permutation test (Maris & Oostenveld, 2007). This non-parametric 
approach effectively controls for multiple comparisons without mak
ing distributional assumptions about the data. For each comparison, 
t-values were computed at each data point, and contiguous regions 
exceeding a significance threshold (p < .05) were identified as clusters. 
The cluster-level statistic was defined as the sum of t-values within each 
cluster (T-sum). Statistical significance was determined by comparing 
observed cluster statistics against a null distribution generated through 
1000 random permutations of condition labels. This method provides 
robust control of family-wise error rate while maintaining sensitivity to 
spatially or temporally extended effects.

2.5.4. Relationship between pupillary data and temperamental style
To further examine whether the associations between tempera

mental traits and attentional networks extend to the autonomic level, 
pupillary responses were analysed as a function of each STQ-77 trait. 
Since pupil dilation can reflect LC–NE activity (Rajkowski et al., 1994; 
Aston-Jones & Cohen, 2005; Joshi et al., 2016), we mainly expected a 
modulation of traits theoretically linked to noradrenergic modulation in 
the FET framework, i.e., traits from the orientation-related dimension 
(see Table 1) along with Mental Endurance, and Neuroticism (Trofimova 
& Robbins, 2016). To this aim we conducted separate analyses for the 
STQ-77 traits using a categorical approach. As described in the behav
ioural analyses, participants were initially divided into High and Low 
groups for each temperament trait. Successively, for each trait and 
attentional network combination, we extracted the same pupillary 
contrasts used in the main analyses. Difference scores were computed at 
each time point for every participant. Between-group differences in 
pupillary responses were assessed using cluster-based permutation tests, 

Fig. 2. Behavioural results from the Attention Network Task (ANT). Reaction times (A) and Accuracy (B) across congruent (Cong), incongruent (Incong), and neutral 
(Neu) trials, separately for each cue condition: No Cue, Double Cue, Central Cue, and Spatial Cue. Each point represents individual data.
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identical to those employed for the main pupillary analyses. For each 
trait-network combination, t-values were computed at each timepoint 
comparing High vs. Low groups, with statistical significance (p < .05) 
determined by comparing observed cluster statistics against a null dis
tribution generated through 1000 random permutations of group labels.

3. Results

3.1. Behavioural results: reaction times and accuracy

As compared to the NoCue condition, all the other Cueing conditions 
were characterized by faster responses. Along the same line, reaction 
times were significantly faster for Congruent than for Incongruent and 
Neutral trials. Crucially, the interference cost in Incongruent trials was 
significantly reduced in the three cueing conditions, while indepen
dently of cueing, no significant differences were found in reaction times 
between Congruent and Neutral targets (see Fig. 2A and Table 2 for 
statistical details).

Accuracy significantly decreased for Incongruent compared to 
Congruent trials, while no difference was found between Neutral and 
Congruent trials. Such an effect was generally unaffected by cueing 
conditions with the solely exception of Double-Cue which partially 
reduced the incongruent-related accuracy drop (see Fig. 2B and Table 2
for statistical details).

3.2. Relationship between reaction times and temperamental traits

Among the twelve temperament traits analysed categorically (i.e., 
comparing LOW vs. HIGH groups), only Physical Endurance, Motor 
Tempo, Self-Confidence and Impulsivity showed significant interactions 
with the Trial experimental factor after FDR correction (Table 3). More 
in detail, we observed that individuals with low levels in the ability to 
sustain prolonged physical activity (Physical Endurance), speed of 
motor integration (Motor Tempo) and Self Confidence also exhibited 
slower reaction times in the Incongruent vs Congruent condition 
compared to those with high scores. Similarly, slower manual responses 
to Incongruent vs Congruent trials were also found in individuals with 
high impulsivity. In addition, high impulsive individuals also showed 

generally slower reaction times compared with those with low scores 
(see Fig. 3 and Table 3). No other significant interactions with cue or 
three-way interactions were found for all traits (Supplementary 
Table 3).

When re-running the models with temperament traits entered as 
continuous covariates, with the only exception of SLF, we replicated the 
main findings obtained using the categorical classification of STQ-77 
traits. In addition, two further traits, namely Plasticity and Neuroti
cism, emerged as significant moderators at the omnibus level interacting 
with Trial factor (see Supplementary Materials).

3.3. Relationship between accuracy and temperamental traits

When considering accuracy, models including Physical Endurance, 
Empathy, Probabilistic Thinking, and Sensation Seeking showed sig
nificant interactions with Trial type (Table 4 and Fig. 4). Here, we 
observed that individuals with higher scores in Physical Endurance also 
exhibited less interference on incongruent trials. Similarly, individuals 
with higher behavioural orientation to the emotional states/needs of 
others (Empathy) demonstrated more effective interference manage
ment with higher accuracy on incongruent trials. By contrast, a greater 
drop in accuracy during incongruent trials was observed in individuals 
with stronger drive to gather information about commonality, frequency 
and values of events, i.e., higher scores on Probabilistic Thinking, as well 
as in those individuals with a higher tendency to engage in risky be
haviours i.e., higher scores on Sensation Seeking (see Table 4 and Fig. 4). 
Also in this case, no other significant interactions with cue or three-way 
interactions were found for all traits (Supplementary Table 5).

These results were further confirmed by rerunning all LMMs with 
temperament traits entered as continuous covariates (1068 observations 
from 89 participants). Moreover, the model including Neuroticism was 
also significant. Full details about these results are reported in the 
Supplementary Materials.

3.4. ANT indices and temperament

When reaction times were used to compute network efficiency 
indices, age consistently emerged as the strongest predictor across all 

Table 2 
Results of the linear mixed-effects models (LMMs) for reaction times and accuracy in the Attention Network Test (ANT). Each model included Cue (NC - No Cue, DC - 
Double Cue, CC - Central Cue, SC - Spatial Cue) and Trial (Cong - Congruent, Neu - Neutral, Incong - Incongruent) as within-subject factors, with participants entered as 
a random intercept. Reported values refer to the fixed effects: omnibus F statistics with Satterthwaite approximated degrees of freedom, pairwise contrasts for sig
nificant main and interaction effects (Estimate, t values, and FDR-corrected p-values). Reaction time data were log-transformed to correct for skewness, whereas 
accuracy data were arcsine-transformed proportions. Marginal and conditional R² values, as well as effect size f², quantify the proportion of variance explained by fixed 
and random effects. Bold entries indicate effects that survived FDR correction at the omnibus level. Detailed Bonferroni-corrected post-hoc comparisons for all levels of 
Cue and Trial are reported in the Supplementary Material (Tables S1 and S2).

Reaction Times Accuracy

​ Marginal R² = .52; f2 = 1.08 Marginal R² = .28; f2 = .39
Omnibus 

Tests
F Effect Estimate t(968) pFDR F Effect Estimate t(968) pFDR

Cue F(3, 968) ¼ 305.32, 
p < .001

DC - NC ¡.08 -10.44 < .001 F(3, 968) = 1.03, 
p = .38

DC - NC -.0002 -.45 .967
CC - NC ¡.09 -11.15 < .001 CC - NC -.0001 -.24 .967
SC - NC ¡.16 -19.59 < .001 SC - NC -.0003 -.55 .967

Trial F(2, 968) ¼ 2475.11, 
p < .001

Incong – Cong .22 27.24 < .001 F(2, 968) ¼ 254.36, 
p < .001

Incong – Cong .003 7.77 < .001
Neu - Cong .01 2.25 .030 Neu - Cong -.00002 -.05 .967

Cue x Trial F(6, 968) ¼ 6.62, 
p < .001

(DC – NC) * 
(Incong – Cong)

.06 4.88 < .001 F(6, 968) = 1.84, 
p = .082

(DC – NC) * 
(Incong – Cong)

.002 2.55 .042

(CC – NC) * 
(Incong – Cong)

.07 5.73 < .001 (CC – NC) * (Incong 
– Cong)

.001 2.16 .091

(SC – NC) * (Incong 
– Cong)

.04 3.50 < .001 (SC – NC) * (Incong 
– Cong)

.0007 1.08 .664

(DC – NC) * (Neu – 
Cong)

.02 1.53 .132 (DC – NC) * (Neu – 
Cong)

.0001 .14 .967

(CC – NC) * (Neu – 
Cong)

.02 1.98 .060 (CC – NC) * (Neu – 
Cong)

.0000 -.04 .967

(SC – NC) * (Neu – 
Cong)

.01 1.19 .233 (SC – NC) * (Neu – 
Cong)

.0003 .43 .967
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three attentional networks, accounting for most of the explained vari
ance (ranging from 66.6 % to 86.7 %; see Supplementary Table 7) and 
indicating an overall improvement in attentional efficiency with 
increasing age. In the Alerting network, all temperament dimensions did 
not significantly contribute to performance, suggesting no reliable as
sociation between STQ-77 traits and alerting efficiency. Similarly, in the 
Orienting network, the inclusion of psychostimulant use or the three 
temperament domains generally did not enhance model fit, except in the 
model considering Speed of Integration (F(4,80) = 3.38, p = .013), 
where Motor Tempo positively predicted orienting performance (Beta =
1.03, t = 3.36, p = .001). Finally, in the Executive network, the model 
including Speed of Integration again provided the only significant 
improvement beyond demographic factors (F(4,80) = 4.67, p = .002): 
Motor Tempo negatively predicted executive control (Beta = − .44, t = - 
2.35, p = .021), whereas Impulsivity was positively associated with 
performance (Beta =.59, t = 3.94, p < .001), suggesting a complex 
interplay between motor speed, impulsive tendencies, and cognitive 
control efficiency.

When accuracy indices were considered (see Supplementary 
Table 8), a robust effect of demographic factors (F(2,87) = 43.67, 
p < .001) was observed for the Executive network, with age emerging as 
a strong negative predictor of accuracy (Beta = − .75, t = -6.23, 
p < .001). Within this network, temperament did not generally improve 
model fit, except in the Orientation model, where Probabilistic Thinking 
emerged as a significant negative predictor (Beta = − 1.08, t = -2.24, 
p = .028), suggesting that individuals more prone to probabilistic 
reasoning displayed slightly reduced accuracy in executive control tasks. 
For the Alerting and Orienting network, the temperament contributed 
minimally to performance variability in these domains as the inclusion 
of temperamental traits did not significantly improve model fit (see 
Supplementary Table 8).

3.5. Pupillary results

Pupil dilation analyses across the entire sample of participants 
revealed significant differences among experimental conditions for all 
three networks.

For the alerting network, consistent with previous findings (Geva 
et al., 2013) significant differences were observed between double cue 
and no cue conditions from 367 to 1600 ms post-target onset, with 
double cues eliciting sustained greater pupil dilation (p = .001, Fig. 5A).

Similarly, significant differences emerged for both the orienting and 
executive networks. The orienting network showed greater pupil dila
tion for spatial compared to central cues from 517 to 1600 ms post- 
target onset (p = .003, Fig. 5B), while for the executive network, 
greater pupil dilation from 1142 to 1600 ms post-target onset was 
observed in response to incongruent targets compared to congruent 
ones. (p = .034, Fig. 5C).

3.6. Relationship between pupillary response and temperamental traits

The analysis of pupillary responses as a function of temperament 
traits revealed significant modulations across the three attentional net
works. Participants scoring low on PRO exhibited significantly greater 
pupil dilation in response to the alerting contrast (No Cue – Double Cue; 
Fig. 6A), with a significant cluster spanning from –250–575 ms post- 
target onset (p = .042). This effect was primarily driven by an 
enhanced dilation to the double cue, occurring in the interval between 
cue and target presentation. Such increased pupillary reactivity may 
reflect heightened sensitivity of the NE system to phasic alerting signals 
in individuals less inclined to seek out probabilistic regularities and 
anticipate future events based on the statistical structure of the 
environment.

The Orienting Network analysis revealed temperament-related 
modulations associated with two distinct traits: Social Endurance 
(ERS) and Impulsivity (IMP). Participants scoring high and low on ERS Ta
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Fig. 3. Behavioural results (RTs) from the Attention Network Task (ANT) as a function of Trial (Congruent, Incongruent, Neutral) and High or Low temperamental 
traits. Each point represents individual data.

Table 4 
Results of the linear mixed-effects models (LMMs) assessing the relationship between accuracy in the Attention Network Test (ANT) and temperament traits from the 
STQ-77, entered as categorical factors (High vs. Low). Each model included Cue (NC - No Cue, DC - Double Cue, CC - Central Cue, SC - Spatial Cue) and Trial (Cong - 
Congruent, Neu - Neutral, Incong - Incongruent) as within-subject factors, and the interaction terms Cue x Trait, Trial × Trait, and Cue × Trial × Trait as fixed effects, 
with random intercepts for participants. Reported statistics refer to the Trial × Trait interaction. F, degrees of freedom (D.F.), and FDR-corrected p-values are shown for 
the omnibus effects; Estimate, t, and uncorrected p-values correspond to the pairwise contrasts between Incong - Cong and Neu - Cong contrasts within each trait group. 
Bold entries indicate effects that survived FDR correction at the omnibus level. Detailed Results for all traits and Bonferroni-corrected post-hoc comparisons for all 
significant models are reported in the Supplementary Material (Table S5 and S6).

Relationship Between Accuracy and Temperamental Scales

FET Domain STQ-77 Scale Model R2 Trial x Trait Interaction Terms Estimate t D. 
F.

p

Energetic 
Aspects

Physical Endurance 
(ERM)

40subj., 480 obs., Marginal R2 

= .322
F(2, 418) = 6.51, pFDR 

= .005
(Incong - Cong) * (Low - 
High)

.002 3.10 418 .002

(Neu- Cong) * (Low - High) -.00002 -.03 .973
Orientation Sensation Seeking (SS) 47subj., 564 obs., Marginal R2 

= .315
F(2, 495) = .4.33, pFDR 

= .042
(Incong - Cong) * (Low - 
High)

-.001 -2.39 495 .017

(Neu- Cong) * (Low - High) .0002 .28 .776
Empathy (EMP) 49subj., 588 obs., Marginal R2 

= .302
F(2, 517) = 9.91, pFDR 

< .001
(Incong - Cong) * (Low - 
High)

.003 4.22 517 < .001

(Neu- Cong) * (Low - High) .0006 .88 .376
Probabilistic Thinking 
(PRO)

41subj., 492 obs., Marginal R2 

= .298
F(2, 429) = 6.31, pFDR 

= .006
(Incong - Cong) * (Low - 
High)

-.002 -3.41 429 < .001

(Neu- Cong) * (Low - High) -.0006 -.86 .389
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differed significantly in their pupillary responses to the orienting 
contrast (Central Cue – Spatial Cue), with a significant cluster spanning 
from –325–558 ms post-target onset (p = .039). A similar pattern was 
observed for IMP, with a significant cluster extending from 
–483–817 ms (p = .021). In both cases, individuals scoring low on the 
respective trait exhibited greater pupil dilation to spatial cues in the 
interval between cue and target presentation, suggesting a greater ori
enting effort or a heightened sensitivity to exogenous spatial informa
tion or increased allocation of attentional resources in the absence of 
impulsive, stimulus-driven shifts.

Finally, participants scoring high and low on NEU differed in their 
responses to the executive contrast (Incongruent – Congruent), with a 
significant cluster extending from –550–475 ms post-target onset 
(p = .019). Notably, individuals with high Neuroticism exhibited a 
sustained and broadly elevated pupil dilation throughout the trial 
period, relative to those with low NEU scores, possibly reflecting 
enhanced cognitive-affective engagement during conflict monitoring, 
driven by elevated perceived task difficulty or increased vigilance in 
response to incongruent stimuli.

4. Discussion

The present study aimed to investigate the interplay between stable 
temperamental traits and the efficiency of attentional networks, as 

assessed through both behavioural performance and pupillary re
sponses. By integrating the Attention Network Test (ANT; Fan et al., 
2002), with the STQ-77 temperament questionnaire (Trofimova & Sulis, 
2011), we tested the hypothesis that attention is shaped not only by 
situational demands but also by dispositional temperamental traits. This 
perspective is in line with the proposal by Posner and Rothbart, (2018)
that attentional networks and temperament represent orthogonal but 
interacting systems. Our results only partially support this specific hy
pothesis. Nonetheless, we provide further evidence of the relationship 
between temperament and attention, as well as indirect indices of LC-NE 
activity, through pupillometry.

In line with existing literature on the ANT task (Fan et al., 2002; see 
De Souza Almeida et al., 2021 and MacLeod et al., 2010 for reviews), we 
observed that reaction times and accuracy are significantly modulated 
by cue conditions and target type, thereby revealing functional 
distinction between alerting, orienting, and executive attention net
works. Notably, these findings were further supported by categorical 
analyses comparing individuals with high vs. low temperamental traits, 
which revealed consistent patterns of temperament-dependent modu
lation across attentional networks. STQ-77 traits significantly modu
lated attentional performance, particularly within the executive control 
network. Increased interference effects, indexed by slower reaction 
times in incongruent as compared to congruent trials, were observed in 
individuals with low Physical Endurance, low Motor Tempo, low 

Fig. 4. Behavioural results (Accuracy) from the Attention Network Task (ANT) as a function of Trial (Congruent, Incongruent, Neutral) and High or Low temper
amental traits. Each point represents individual data.
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Self-Confidence, and low Plasticity, as well as in those with high 
Impulsivity and Neuroticism. These traits largely correspond to the FET 
domains of Maintenance of activity/Ergonicity and Speed of integration 
(Trofimova & Robbins, 2016).

A reduced level of Ergonicity, could lead to reduced capacity of 
sustained vigilance, resistance to physical fatigue, and self-confidence in 

one’s own attentional ability, ultimately resulting in slower manual 
responses, particularly in demanding incongruent trials. At the same 
time, diminished speed of integration (low scores on Motor Tempo) 
could likely stem from a dysfunctional modulation in the executive 
network (Trofimova & Robbins, 2016). When combined with reduced 
cognitive flexibility, i.e., Plasticity, this can translate into slower 

Fig. 5. Pupillary responses for the Alerting (A), Orienting (B) and Executive (C) Networks. Black lines indicate significant clusters (cluster-based permutation test).

S. Lozito et al.                                                                                                                                                                                                                                   Biological Psychology 202 (2025) 109167 

10 



reaction times, particularly under conditions involving cognitive inter
ference that require the inhibition or switching of dominant responses. 
By contrast, higher levels of Plasticity were found to be associated with 
faster manual responses on incongruent targets. This is in line with our 
previous work (Lasaponara et al., 2024) showing that individuals with 
higher Plasticity scores were more prone to adapt their attentional 
behaviour to probabilistic environmental changes and the broader evi
dence linking plasticity trait to the efficiency of frontoparietal network 
and adaptive control mechanisms (Dajani & Uddin, 2015). Neuroticism 
and Impulsivity further modulated these effects. These two traits are 
defined as emotion-amplifiers and, according to Trofimova and Robbins 
(2016) could possibly be supported by NE activity. In this regard, it has 
been observed that high neuroticism can be associated with an over
active noradrenergic axis (Bishop, 2009; Bush et al., 2000). This might 
explain an excessive performance monitoring and anticipatory anxiety. 
Along with higher levels of impulsivity, it could increase vulnerability to 
responses driven by task-irrelevant stimuli, thereby amplifying incon
gruency effects.

Accuracy data followed a similar trend to that observed for reaction 
times, albeit with some notable differences. With the exception of 
Physical Endurance, accuracy analyses mostly identified traits from the 
Orientation domain of the FET model as significant predictors (see 
Fig. 6). This seems to suggest that good accuracy is primarily supported 
by an effective capacity to orient attention. In particular, higher Physical 
Endurance and Empathy were associated with better performance in 
incongruent trials, supporting the idea that they act as a buffer against 
executive load through sustained behavioural effort and/or interper
sonal attunement. In contrast, higher levels of Probabilistic Thinking 
and Neuroticism were associated with an increased number of errors. In 
the case of Probabilistic Thinking, it is possible that relying on unstable 
internal models rather than in stable task contingencies, result in a 
detrimental approach especially in tasks with fixed cue–target re
lationships, like in our study. The negative effect of Neuroticism on 
executive control is also consistent with what we found on reactions 
times, as well as prior evidence showing hyper-reactivity of the LC–NE- 
HPA system and diminished anterior cingulate cortex engagement 

Fig. 6. Pupillary responses as a function of High and Low temperamental traits for the Alerting (A), Orienting (B) and Executive (C) Networks. Black lines indicate 
significant clusters (cluster-based permutation test).

Fig. 7. Schematic representation of the Functional Ensemble of Temperament (FET) framework, illustrating the associations between specific STQ-77 temperament 
traits and attentional outcomes from the ANT task, reaction times (orange), accuracy (green), and pupil dilation (purple), as revealed by the Linear Mixed- 
Effects Models.
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during conflict in individuals with neuroticism (Bishop, 2009; Bush 
et al., 2000). A drop in accuracy in response to incongruent trials was 
also observed in individuals with elevated Sensation Seeking, a trait 
associated with impulsivity, emotional dysregulation, and a low toler
ance of monotony, which might all contribute to increase susceptibility 
to interference effects.

The divergence between reaction times and accuracy in relation to 
specific traits is particularly revealing. Whereas reaction times were 
mainly associated with FET traits regulating processing speed and en
ergetic capacity, accuracy was linked to orientation-related traits that 
support decisional stability and goal maintenance (see Fig. 7). This 
dissociation highlights that temperament influences attentional control 
through at least two partially independent pathways, one shaping the 
efficiency of information processing, the other shaping the consistency 
of performance. Such divergence underscores the importance of ana
lysing multiple behavioural indices, as focusing exclusively on reaction 
times or accuracy would provide only a partial picture of the underlying 
cognitive mechanisms (Fan et al., 2005; Trofimova & Robbins, 2016).

Regression analyses on ANT scores further refined the general 
interpretation of our results. More in detail, we were able to provide 
only partial empirical support to the hypothesized one-to-one corre
spondence between attentional networks and the three FET domains 
(Posner & Rothbart, 2018; Trofimova & Robbins, 2016). Indeed, no trait 
of the orientation domain predicted the scores from the orienting 
network. Likewise, no trait from energetic aspect predicted Alert scores 
when reaction times were considered, although Social Endurance was 
linked to alertness in terms of accuracy, suggesting that lower scores in 
this trait may reflect compensatory hypersensitivity to external inputs, 
potentially due to reduced arousal regulation (Samuels & Szabadi, 2008; 
Trofimova & Robbins, 2016). Also, we did not observe any significant 
influence of Intellectual Endurance, neither in the linear mixed models 
nor in the regression analyses, diverging from our previous findings with 
the Posner task (Lasaponara et al., 2024). One possible explanation is 
that, compared to the Posner task, the ANT may have been too short or 
cognitively undemanding to tap into sustained intellectual effort. 
Alternatively, the predictive structure of ANT cues, being fixed across 
blocks, might have limited the engagement of the adaptive monitoring 
processes captured in our earlier study. Conversely, support for 
FET–ANT correspondence was found in the executive network: high 
Impulsivity and low Motor Tempo, from the action integration domain 
predicted larger interference costs in reaction times, underscoring the 
role of both inhibition and temporal coordination in conflict resolution 
(Braver, 2012; Durstewitz & Seamans, 2008). Moreover, high Probabi
listic Thinking was associated with reduced accuracy under conflict, 
consistent with the idea that cognitive flexibility may, under high 
interference, foster distractibility and undermine goal maintenance 
(Trofimova & Robbins, 2016).

Pupillary dynamics provided converging evidence for temperament- 
based modulation of attentional engagement, extending behavioural 
results through continuous autonomic measures. First, in line with 
previous studies (Aminihajibashi et al., 2020; Geva et al., 2013), pu
pillary results showed distinct patterns of pupillary response depending 
on the specific attentional network. For alerting, Double cue elicited 
early and sustained dilation than NoCue, beginning 400 ms post-target 
onset. A similar pattern was observed for the orienting network, 
where Spatial cues elicited greater than Central Cue, starting 500 ms 
after target presentation. Finally, in the case of the executive network, a 
delayed (1100 ms post-target) phasic dilation was observed in response 
to incongruent rather congruent targets. These findings support the 
hypothesis that the locus coeruleus–norepinephrine (LC–NE) system 
plays a central role in modulating attentional networks via both tonic 
and phasic mechanisms (Aston-Jones & Cohen, 2005; Dragone et al., 
2018; Laeng et al., 2012; Lasaponara et al., 2019). In particular, as 
initially proposed by Geva et al., (2013), by increasing tonic firing rate, 
LC-NE would allow the early recruitment of autonomic resources 
required for alerting and covert shifts of attention (Pa component). 

Subsequently, phasic LC-NE activation would result in later pupil 
response (Pe) linked to an overt gaze directed at the target, initiation of 
an action set and a manual response. This latter component is effor
t/reward dependent and, in line with LC studies in monkeys (Clayton 
et al., 2004), seems to be decision locked. Indeed, the delayed onset and 
enhanced amplitude of Pe, especially during incongruent, error, and 
least-practiced trials, aligns with previous findings from other cognitive 
tasks (Beatty, 1982). This pattern supports the hypothesis that Pe re
flects the level of cognitive effort invested and plays a crucial role in 
mobilizing mental resources needed for post-response executive moni
toring and preparation for subsequent high-demand trials (Lorist et al., 
2000).

Critically, these neurophysiological signatures were not merely 
epiphenomenal, as we found that they varied systematically as a func
tion of some temperament traits. This supports the claim that stable 
dispositional factors modulate both behavioural performance and 
autonomic responses during attentional processing. More specifically, 
we observed a pattern of anticipatory pupil dilation in the interval be
tween cue and target onset, a temporal window preceding overt 
decision-making and likely reflecting preparatory allocation of cognitive 
resources. This response is functionally consistent with the Pa compo
nent described by Geva et al., (2013), which has been linked to early 
locus coeruleus–norepinephrine (LC–NE) activation and tonic arousal 
signalling.

Importantly, Pa-like anticipatory dilation (Geva et al., 2013) was 
significantly enhanced in individuals scoring low on Probabilistic 
Thinking, Social Endurance, and Impulsivity, as well as in those scoring 
high on Neuroticism. These individuals may require increased proactive 
effort to maintain task readiness, especially under uncertain or cogni
tively demanding conditions. The enhanced anticipatory dilation in low 
Probabilistic Thinking and high Neuroticism individuals aligns well with 
the FET model, which posits that both traits are predominantly modu
lated by noradrenergic systems (Trofimova & Robbins, 2016). Thus, 
increased pupil-linked arousal in these individuals may reflect height
ened recruitment of LC–NE pathways to sustain vigilance or manage 
anticipatory affective load, consistent with prior evidence of NE-driven 
hyper-responsivity in neurotic traits (Sara & Bouret, 2012).

More nuanced findings emerged for Social Endurance and Impul
sivity. The enhanced anticipatory dilation observed in individuals with 
low scores on these traits may reflect a compensatory upregulation of 
arousal-related mechanisms, such as transient increases in LC–NE ac
tivity, supporting proactive engagement under reduced baseline alert
ness. While the FET model theoretically links these traits to broader 
neuromodulatory profiles, such associations remain hypothetical and 
were not directly tested here. Therefore, this interpretation should be 
viewed as a tentative account of compensatory attentional effort rather 
than evidence of specific neurochemical modulation.

Taken together, these findings suggest that temperament shapes not 
only the magnitude but also the temporal profile of pupillary responses, 
pointing to distinct modes of neuromodulatory control. Specifically, Pa- 
like anticipatory dilation may index proactive engagement, mediated by 
tonic LC–NE activation (Hofmeister & Sterpenich, 2015), whereas later, 
sustained dilation, akin to the Pe component, may reflect reactive, 
conflict-related monitoring, potentially shaped by trait-level affectivity 
and cognitive control capacity.

It is important to acknowledge some limitations of this study. Our 
framework relied on the proposed correspondence between ANT net
works, FET dimensions, and neurotransmitter systems; however, recent 
findings question the robustness of such one-to-one mappings (Schindler 
et al., 2024). Consistently, we observed only partial convergence be
tween attentional networks and FET domains (Posner & Rothbart, 2018; 
Trofimova & Robbins, 2016), with the strongest overlap emerging be
tween the Integration domain and the executive network. Moreover, 
traits linked to alerting domain, often considered sensitive to LC–NE and 
cholinergic activity (Geva et al., 2013; Larsen & Waters, 2018), did not 
show systematic associations with pupillary responses. The 
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neurochemical interpretation of STQ-77 traits should therefore be 
regarded as a theoretical guide rather than a direct causal claim, since no 
current evidence links these traits to specific neurobiological markers. 
Although pharmacological and neuroimaging studies have explored 
related constructs such as decisional impulsivity assessed through 
intertemporal choice tasks (e.g., Schweighofer et al., 2008; Pine et al., 
2010), their definitions do not fully overlap with temperament-based 
impulsivity assessed via self-report measures like the STQ-77, and 
direct neurobiological evidence remains scarce (see also Sanchez-Roige 
et al., 2018). Future studies should combine temperament, behavioural, 
and physiological indices with more direct neural measures, potentially 
through latent-variable or integrative modelling approaches, and 
consider alternative clustering strategies based on ANT or pupillometric 
profiles. Finally, because reaction times and accuracy were analysed 
separately, future research could adopt joint modelling frameworks (e. 
g., drift–diffusion models) to more directly capture the dynamics of 
speed–accuracy trade-offs. In addition, while our simulation-based 
power analysis ensured adequate power for the core ANT effects 
(Trial, Cue, Trial × Cue), no established parameters exist for 
temperament-by-task interactions in LMMs. Temperament effects 
should therefore be interpreted with caution, even though they were 
consistent, accompanied by effect sizes and confidence intervals, and 
survived FDR correction.

5. Conclusions

The current findings support and refine theoretical accounts linking 
temperament to attention functioning. Particularly, they confirm that 
attentional control is differentially shaped by temperament, contrib
uting to individual variability in conflict resolution and overall atten
tional performance. This variability involves not only processing speed 
but also to qualitative aspects such as decisional consistency and goal 
maintenance. Within the executive control network, ergonicity and 
speed of integration predict reaction times, whereas accuracy relies 
more strongly on effective orienting. Moreover, impulsivity and 
neuroticism further underscore their role as amplifiers of emotional 
responses. From a biological perspective, individual differences in 
attention control may be indicative of adaptive strategies suited to 
varying environmental demands, rather than maladaptive traits. Greater 
sensitivity to conflict can promote caution under uncertainty, whereas 
faster but less controlled responses may facilitate rapid exploration. In 
this light, ANT offers a window onto the evolutionary trade-offs between 
speed, accuracy, and flexibility, suggesting that diversity in 
temperament-related attention styles represents an adaptive, rather than 
maladaptive, repertoire of strategies. The adoption of a multimodal 
approach reinforced the behavioural findings, showing that tempera
ment shapes both the intensity and temporal patterns of pupillary re
sponses in line with distinct neuromodulatory mechanisms. Pupillary 
dynamics varied according to the attentional network involved, 
providing converging evidence of temperament’s role in modulating 
attentional engagement.

In conclusion, distinct temperamental profiles shape attentional 
networks at both behavioural and autonomic levels. By integrating 
temperament theory with cognitive and physiological assessments, 
these findings support the development of evidence-based, personalised 
interventions aimed at enhancing attentional strategies while 

accounting for individual differences.

Funding

The present work was supported by Sapienza University Seed Grant 
2022 to S.La and by grant PRIN 2022 (Code: 2022WPY4L3) from the 
Italian Ministry of Research and Education (MUR) to F.D.

Declaration of Generative AI and AI-assisted technologies in the 
writing process

The authors did not use generative AI technologies for preparation of 
this work.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.biopsycho.2025.109167.

Data availability

Raw data from the present study are publicly available at the 
following link: https://osf.io/xh8zs/

References

Alcaro, A., Brennan, A., & Conversi, D. (2021). The SEEKING drive and its fixation: a 
neuro-psycho-evolutionary approach to the pathology of addiction. Frontiers in 
Human Neuroscience, 15. https://doi.org/10.3389/fnhum.2021.635932

Aminihajibashi, S., Hagen, T., Laeng, B., & Espeseth, T. (2020). Pupillary and behavioral 
markers of alerting and orienting: An individual difference approach. Brain and 
Cognition, 143, Article 105597. https://doi.org/10.1016/j.bandc.2020.105597

Anderson, B. A., Kuwabara, H., Wong, D. F., Gean, E. G., Rahmim, A., Brašić, J. R., 
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