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Navigating a complex visual environment requires the brain to continuously estimate heading, a process 

traditionally thought to involve recovering the Focus of Expansion (FoE) and compensating for eye movements. 

This model, while widely accepted, presents significant computational challenges for the visual system. A new 

study published in eLife proposes an alternative mechanism, suggesting the brain exploits the geometry of gaze 

stabilization by treating retinal curl as a direct signal for heading, rather than noise to be filtered.1

K E Y  TA K E AWAY S

º The Pivot: The visual system may use retinal curl as a direct signal for heading estimation, simplifying 

navigation by avoiding explicit FoE recovery.

º The Data: Participants exhibited systematic heading biases opposite gaze direction under natural 

conditions, which vanished when curl was canceled and flipped when over-canceled.

º The Action: Clinicians should consider the implications of this simplified navigational model for patients 

with visual processing disorders or those undergoing therapies affecting ocular motor control.

The prevailing understanding of how humans estimate their direction of travel, or heading, posits a complex process. 

This process requires the visual system to first identify the Focus of Expansion (FoE) in the optic flow field, which 

is the point from which all visual motion appears to emanate when moving forward. Simultaneously, the brain must 

account for the rotational flow induced by eye movements, a phenomenon known to complicate FoE recovery. This dual 

task of identifying the FoE and subtracting eye-movement-induced rotation has long been considered computationally 

intensive, leading to questions about how the brain manages such a feat in real-time during natural navigation.1

A recent investigation by Zorpala and López-Moliner challenges this established framework, proposing a more 

parsimonious solution. The researchers posited that the visual system might instead leverage mean retinal curl, a 

rotational component of the visual flow, as a direct functional signal for heading. This approach would render the 

explicit recovery of the FoE unnecessary, significantly simplifying the computational load. The study enrolled stationary 

participants who viewed simulated walking paths projected onto a large screen. Participants were instructed to fixate on 

points within the projected ground texture at varying eccentricities, a natural behavior that induces sustained retinal curl. 

They continuously reported their perceived heading in 3D scene coordinates throughout the experiment.1

The Role of Retinal Curl in Perceptual Bias
The core of the Zorpala and López-Moliner experiment involved a real-time manipulation designed to isolate the 

specific role of retinal curl. While translational flow, the component of visual motion directly related to forward 
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movement, was kept constant, the foveal curl component was dynamically altered. This manipulation created three 

distinct conditions: the curl was either unaltered (natural conditions), canceled entirely, or over-canceled (reversed). The 

researchers meticulously controlled these variables to ensure that any observed changes in heading perception could be 

directly attributed to the manipulation of retinal curl, rather than other visual cues.1

Under natural conditions, where retinal curl was unaltered, participants consistently exhibited systematic heading biases. 

These biases were reliably opposite the direction of gaze, indicating that the visual system was indeed integrating this curl 

information into its heading estimation. This initial finding alone provided strong preliminary evidence that retinal curl 

is not merely noise to be filtered out, but an active component in perceptual processing. The magnitude and consistency 

of these biases suggested a direct, functional relationship between the direction of gaze, the induced retinal curl, and the 

perceived heading.1

When the expected retinal curl was experimentally canceled, these systematic heading biases vanished. This outcome 

directly supported the hypothesis that retinal curl was the specific driver of the observed perceptual bias. If the biases 

were due to other factors, their disappearance upon curl cancellation would not have occurred. The complete elimination 

of the bias under this condition provided a compelling argument for the direct causal role of retinal curl. When the curl 

was over-canceled, meaning it was reversed in direction, the heading biases flipped accordingly. This reversal of bias 

provided definitive evidence, demonstrating that the visual system was not just passively responding to curl, but actively 

interpreting its direction and magnitude to inform heading perception.1

These findings challenge the long-held assumption that the brain must meticulously filter out eye-movement-induced 

retinal rotation to accurately perceive heading. Instead, the data suggest a more elegant solution: the brain exploits this 

rotational component as a direct signal. This reinterpretation simplifies the computational demands on the visual system, 

offering a more efficient mechanism for navigation. The study's design, particularly the real-time manipulation of curl 

while maintaining constant translational flow, was important in isolating this specific driver of perceptual bias.1

Modeling the Brain's Navigational Shortcut
To further understand the underlying neural mechanisms, Zorpala and López-Moliner developed computational models 

to account for their experimental results. They employed a simple feedback controller model, which demonstrated how 

a continuous adjustment based on retinal curl could explain the observed heading biases. This model posited that the 

visual system continuously monitors retinal curl and uses this information to adjust its internal representation of heading. 

The feedback loop ensures that perceived heading remains consistent with the incoming visual information, even as gaze 

shifts.1

Beyond the feedback controller, the researchers also utilized a ring-attractor neural network. This type of network is 

well-suited for representing continuous variables, such as heading direction, and has been implicated in spatial navigation 

and working memory. The model incorporated two key features: gaze-contingent inhibition and a 'straight-ahead' prior. 

Gaze-contingent inhibition means that neural activity related to heading perception is modulated by the direction of gaze, 

effectively integrating eye movement information directly into the heading signal. This mechanism allows the network 

to account for the systematic biases observed in the experiment.1

The 'straight-ahead' prior represents a natural tendency for the brain to assume a forward trajectory in the absence of 

strong conflicting evidence. This prior acts as a regularization term, helping to stabilize heading perception and reduce 

ambiguity, especially in situations with noisy or incomplete visual input. The combination of gaze-contingent inhibition 
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and a straight-ahead prior within the ring-attractor network successfully replicated the experimental findings, including 

the vanishing and flipping of biases under different curl conditions. This modeling effort provides a plausible neural 

architecture for how the brain might implement this simplified heading estimation strategy.1

The implications of this modeling extend beyond theoretical neuroscience. If the brain indeed uses such a mechanism, 

it suggests a fundamental re-evaluation of how we understand visual navigation. It implies that the visual system is 

not merely a passive receiver of information, but an active interpreter that leverages inherent geometric properties of 

visual input, like retinal curl, to simplify complex tasks. This perspective aligns with other findings in neuroscience that 

highlight the brain's efficiency in solving computational problems by exploiting environmental regularities and internal 

priors. For those interested in the broader context of visual processing, the noninvasive bioelectric therapy for dry AMD 

or even the semaglutide not linked to increased AMD risk discussions highlight how our understanding of ocular function 

continues to evolve.1

Clinical Relevance and Future Directions
The findings from Zorpala and López-Moliner have direct implications for understanding and potentially treating 

conditions that affect visual perception and navigation. Patients with certain neurological disorders, such as those 

affecting ocular motor control or visual processing pathways, might experience impaired heading estimation if their 

ability to process or integrate retinal curl is compromised. For example, individuals with nystagmus or other involuntary 

eye movements could receive erroneous curl signals, leading to persistent navigational biases or disorientation. This 

research provides a new framework for investigating the perceptual deficits in such patient populations.1

But the study was conducted in stationary participants viewing simulated paths, which differs significantly from 

real-world navigation. In natural environments, individuals are rarely stationary; they move, their heads rotate, and the 

visual scene is far more dynamic and complex than a projected image. The presence of vestibular cues, proprioceptive 

feedback, and active exploration of the environment all contribute to heading estimation in ways not captured by this 

experimental setup. Therefore, while the findings are compelling, their direct generalizability to active, real-world 

navigation requires further validation.1

Still, this work opens new avenues for research into human navigation and spatial cognition. Future studies could explore 

how retinal curl interacts with other sensory modalities, such as vestibular input, to form a coherent perception of heading. 

Investigating how these mechanisms develop in children or degrade with aging could also provide valuable insights. The 

computational models developed in this study could serve as a foundation for designing more effective rehabilitation 

strategies for individuals with navigational impairments, perhaps by training their visual systems to better utilize or 

compensate for retinal curl signals. The hypoglossal nerve stimulation for OSA, while a different field, shows how 

targeted interventions can re-train physiological responses.1

The study also highlights the brain's remarkable capacity for adaptive processing. By treating retinal curl as a functional 

signal rather than noise, the visual system effectively simplifies a computationally demanding task. This principle of 

exploiting environmental and physiological regularities to optimize processing is a recurring theme in neuroscience. 

Understanding these shortcuts is essential for developing comprehensive models of perception and cognition. For 

clinicians, this research clarifies the intricate relationship between ocular motor control and higher-level perceptual 

processes, suggesting that seemingly minor visual disturbances could have profound effects on spatial awareness and 

ART-2026-1859  ·  09/26 3 / 4
https://thelifesciencefeed.com/ophthalmology/macular-degeneration/retinal-curl-the-visual-shortcut-for-heading-estimation



OPHTHALMOLOGY / MACULAR DEGENERATION

30 September 2026

navigation. A comprehensive understanding of these systems is vital, and resources like the Oxford Handbook of 

Ophthalmology can provide a quick reference for complex ocular conditions.1

CLINICAL IMPLICATIONS

The notion that the brain uses retinal curl as a direct signal for heading estimation, rather than laboriously 

calculating the Focus of Expansion, simplifies a long-standing neurological puzzle. This elegant solution 

means that clinicians should consider how disruptions to ocular motor control or visual processing might 

directly impair a patient's sense of direction, even in the absence of overt visual field defects. It reframes certain 

navigational difficulties not as a failure to integrate complex cues, but as a misinterpretation of a simpler, more 

direct signal.

For patients with conditions affecting gaze stability or eye movements, such as nystagmus or certain cerebellar 

ataxias, this research provides a new lens through which to understand their spatial disorientation. Their visual 

systems might be receiving corrupted curl signals, leading to systematic and predictable biases in perceived 

heading. This understanding could inform targeted therapies aimed at stabilizing gaze or retraining visual 

interpretation, moving beyond mere symptom management.

The computational models presented, particularly the ring-attractor network with gaze-contingent inhibition, 

offer a blueprint for future diagnostic tools. Imagine a diagnostic test that precisely quantifies a patient's 

retinal curl processing efficiency. Such a tool could identify subtle navigational impairments earlier and guide 

interventions, potentially improving quality of life for those struggling with spatial awareness. This shift from 

complex inference to direct signal processing is a significant conceptual leap.
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