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Fig 3 Neuro-Behavioral Alignment
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Fig 1 Feature-Based Attention Paradigm
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Fig 2 Neural and Behavioral Dynamics
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Behavioral and SSVEP dynamics of attentional selection. (a) Time courses of hit rates (left) and reaction times (right) as a function of event onset after cue. Dots represent 
condition means; solid lines show GAM fits (±95% CI). Error bars indicate early and late windows (first/last 500 ms). (b) Grand-mean pre-cue SSVEP topography (−500 to −
220 ms); analyzed electrodes marked in red. (c) Pre-cue SSVEP amplitude spectra (single subjects in grey, grand mean in blue); dotted lines indicate stimulation frequencies. 
(d) Cue-aligned SSVEP modulation (% change from baseline) for stimulus-driven, top-down, and uncued colors. Shaded areas denote SEM; colored bars mark cluster-corrected 
significant effects. (e) Time courses of attentional selectivity ((S+TD)−U) and total activity (S+TD+U). Bold bars indicate significant deviations from baseline.
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Introduction
Competitive visual environments require the brain to prioritize rele-
vant information through different selection processes: goal-directed 
(top-down) and stimulus-driven selection (Corbetta & Shulman 2002; 
Theeuwes 2019; Yantis 2000). Goal-directed selection modulates sti-
mulus processing according to current behavioral goals via cogni-
tively controlled top-down attention. In contrast, stimulus-driven 
selection depends on the physical stimulus properties (e.g., color, con-
trast, movement) that increase relative stimulus salience. While both 
shape feature-based attention (e.g., color selection), their precise tem-
poral interaction remains unclear. To examine these dynamics, we 
conducted an experiment in which participants simultaneously en-
gaged both mechanisms, enabling us to track their distinct and interac-
ting effects on early sensory processing and behavior over time.

Methods and Rationale
Participants
• N = 26 (mean age = 24.65 years, range 20–35; 24 female; 25 right-

handed; normal/corrected vision).

Stimuli & Task
• employed a feature-based attentional shifting task: within a trial a 

colored fixation cross cued two (out of three) to be RDKs to 
detected brief (300 ms) coherent motion events (up to two in 40% 
of the trials) in attended RDKs and ignore events in the uncued 
RDK. Participants simultaneously had to select the cue-matching 
(stimulus-driven) and a learned associate (top-down) color.

• stimuli consisted of three centrally presented orange, blue & green 
RDKs (isoluminant to grey background of ~23 cd/m²; 11.2° 
diameter), flickered with different frequencies (17, 20, 23 Hz; 
counterbalanced) to evoke Steady-State-Evoked-Potentials 
(SSVEPs; Regan, 1989) as a measure of early visual processing

• experiment run with Psychophysics toolbox 3 (Kleiner et al., 
2007), Matlab R2024 (The MathWorks, Natick, MA) in an Ubuntu 
environment and presented with a PROPixx DLP LED projector 
(VPixx Technologies Inc., Canada) at 480 Hz refresh rate

• total of 600 trials with 3750 ms average duration separated by ITI 
of 1 s presented in 12 blocks of 50 trial repetitions 

• EEG measured from 64 Ag/AgCl electrodes with an ActiveTwo 
Amplifier (BioSemi, Amsterdam); sampling rate of 512 Hz and 
low-pass filter of 104 Hz

Analysis
Behavioral Analysis
• Hit rates and reaction times were analyzed as a function of cue type 

(stimulus-driven vs. top-down) and cue–target interval using gene-
ralized additive models (GAMs).

EEG (SSVEP) Analysis
• Baseline corrected SSVEP amplitude time courses were extracted 

from SCD-transformed EEG data using Gabor filtering and 
averaged over occipital electrodes and tested for significant pre-to 
post-cue modulations using cluster-based permutation tests separa-
tely for cue type (stimulus-driven vs. top-down vs. unattended). 

• Attentional selectivity (attended – uncued) & Total activity (sum of 
all stimuli) were calculated to dissociate selective resource alloca-
tion from global excitability changes

Neural–Behavioral Alignment
• To assess shared temporal dynamics, GAM-predicted behavioral 

and SSVEP time courses were cross-correlated. Condition-
difference time courses (stimulus-driven – top-down) were corre-
lated to obtain maximum correlation (rₘₐₓ) and lag. Significance 
tested using permutation testing (5,000 iterations).

Results
Behavioral Dynamics (Fig. 2 a)
Early Advantage: Initially, stimulus-driven selected events showed si-
gnificantly higher hit rates (M = 86.6%) and faster reaction times (M 
= 682.9 ms) compared to top-down selected events (Hit: 64.6%; RT: 
802.3 ms; both p < .001).
Temporal Shift: Over time, performance for top-down selected events 
improved significantly (mean Δhit rate = 0.083, p < .001), while 
stimulus-cued accuracy slightly declined, leading to comparable per-
formance levels at the end of the trial.

Neural Dynamics (SSVEPs; Fig. 2 b-e) 
Initial Facilitation: SSVEP amplitudes for stimulus-driven selected 
RDKs increased immediately post-cue (24 to 1062 ms), whereas the 
top-down and uncued colors were initially suppressed.
Push-Pull Reallocation: From ~500 ms, resources shifted from 
stimulus-driven to top-down selected RDKs until  converging.
Zero-Sum Competition: Total Activity remained constant, indicating 
that resources were redistributed between attended features rather 
than drawn from a broader pool.

Neuro-Behavioral Alignment (Fig. 3)
Cross-correlation revealed a significant coupling between behavioral 
performance and SSVEP dynamics (rmax = .923 for hit rate; rmax = -.893 
for RT), with sensory gain dynamics lagging behavior by approxima-
tely 151-166 ms.

Summary and Discussion
Our findings reveal a sequential attentional cascade:

1. Rapid, obligatory stimulus-driven selection dominates early 
sensory processing.

2. Top-down selection emerges later (~500 ms) and redistributes at-
tentional resources.

3. Behavioral dynamics mirror early sensory gain modulation.

4. Attentional control operates within a fixed resource pool (zero-sum 
redistribution).

These results challenge views proposing purely top-down or purely 
stimulus-driven control of feature-based attention (see Theeuwes, 
2013). Instead, attentional selection unfolds dynamically over time.
When stimulus-driven and top-down feature selection compete, early 
sensory processing is initially dominated by stimulus-driven mecha-
nisms. Top-down control emerges later and reallocates behaviorally 
relevant attentional resources.
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