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Abstract 

Macular degeneration (MD) causes central vision loss and leads to long-term reorganization of 

visual functions. Central vision loss in MD severely reduces access to high spatial frequencies 

(HSF) that convey fine visual details, while low spatial frequencies (LSF) remain relatively 

accessible through peripheral vision and may support compensatory processing. This study 

investigated whether repeated training in categorizing filtered scenes improves peripheral 

scene recognition by enhancing spatial frequency processing. Ten MD patients and ten age- 

and gender-matched controls performed a scene categorization task (indoor vs. outdoor) using 

LSF or HSF images. Both groups completed a 12-session training protocol: patients performed 

the task at their preferred retinal location (PRL), and controls fixated with their fovea and 

viewed stimuli through an individualized artificial scotoma matched to their paired patient. 

Before training, MD patients showed a marked deficit for HSF scenes compared to controls, 

and a milder deficit for LSF scenes. After training, patients exhibited a significant improvement 

in categorizing LSF scenes, and an improvement specifically limited to HSF outdoor scenes, 

suggesting enhanced use of preserved peripheral information and partial compensation for the 

HSF deficit. Older controls also showed reduced performance for HSF scenes in peripheral 

vision, and similarly benefited from training. These results highlight the potential of perceptual 

training to enhance peripheral visual processing in MD patients, particularly by leveraging 

coarse visual cues. They support the idea that such protocols may be beneficial not only for 

visual rehabilitation in MD but also for preserving visual-cognitive functions in normal aging. 

 

Keywords: Central vision loss; Peripheral vision; Spatial frequencies; Scene categorization; 

Visual training; Visual aging.  
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1. Introduction 

Macular degeneration (MD) is a common retinal disorder characterized by progressive 

damage to the macula, the central part of the retina responsible for high-acuity vision (Mitchell 

& Bradley, 2006; Lim et al., 2012). It is among the leading causes of visual impairment in 

industrialized countries and results in central vision loss, particularly affecting tasks that rely 

on fine detail processing (Mitchell & Bradley, 2006). Age-related macular degeneration 

(AMD) is the most prevalent form of MD, accounting for the majority of cases. Worldwide, 

AMD was projected to affect approximately 288 million by 2040 (Wong et al., 2014). 

However, only a fraction of these individuals develop visual impairment. Recent GBD-based 

estimates indicate that AMD-related low vision and blindness affected about 8 million people 

in 2021, with projections suggesting a continued rise to around 14-21 million cases by 2050 

(Zhang et al., 2024; GBD 2021 Global AMD Collaborators, 2025). AMD exists in two main 

forms: the atrophic (dry) form, which accounts for about 80-85% of cases, and the exudative 

(wet) form, characterized by abnormal blood vessel growth under the macula and affecting the 

remaining 15-20% of cases (Thomas et al., 2021). While several treatments have proven 

effective for the wet form, such as intravitreal injections of vascular endothelial growth factor 

(VEGF) inhibitors (Hussain & Ciulla, 2017; Solomon et al., 2019), laser photocoagulation 

(Shah & Shah, 2011), or photodynamic therapy (Awan & Tarin, 2006), no therapeutic 

intervention has yet been shown to slow or reverse the atrophic form. Similar mechanisms of 

central retinal degeneration are observed in Stargardt disease (STG), the most common form 

of juvenile macular dystrophy, which is caused by mutations in the ABCA4 gene (Allikmets 

et al., 1997). Like dry AMD, STG leads to progressive central vision loss and currently lacks 

any curative treatment. In the absence of effective therapies, visual rehabilitation strategies 

play a crucial role in helping patients adapt to visual impairment and preserve their quality of 

life. 

Patients with AMD and STG typically suffer from dense central scotomas, 

corresponding to areas of absolute vision loss, as well as reduced sensitivity in the surrounding 

foveal region (Sunness et al., 1996), both of which severely compromise visual processing. 

This loss of central vision affects many daily activities that rely on high-level visual functions, 

such as reading (Legge et al., 1992; Fine et al., 1995; Fletcher et al., 1999), driving (Rovner & 

Casten, 2002), face recognition (Bullimore et al., 1991; Peli et al., 1994; Tejeria et al., 2002), 

understanding facial expressions (Boucart et al., 2008b), scene recognition (Boucart et al., 

2008a), and mobility (Salive et al., 1994; Hassan et al., 2002). These limitations contribute to 

a decline in quality of life (Brown et al., 2002), often accompanied by social isolation and 
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depression (Brody et al., 2001; Rovner & Casten, 2002). Although some peripheral vision is 

usually preserved, it remains limited in its ability to compensate for the loss of foveal input. 

Many patients adopt a preferred retinal locus (PRL), a fixation point in the peripheral retina 

used to compensate for central vision loss (Crossland et al., 2011). However, this adaptation 

rarely restores normal visual function. 

Peripheral vision alone is often insufficient to support tasks requiring high spatial 

frequency (HSF) processing, such as reading or face recognition (Logan et al., 2020; Calabrèse 

et al., 2011). However, low spatial frequencies (LSF) remain relatively preserved (Musel et al., 

2011; Peyrin et al., 2017). This dissociation reflects the anatomical specialization of the visual 

system. The central retina is dominated by parvocellular pathways tuned to HSF, whereas the 

peripheral retina is primarily magnocellular and more sensitive to LSF (Curcio & Allen, 1990; 

Curcio et al., 1990; Wässle et al., 1990). Behavioral studies confirm that patients retain LSF-

based categorization abilities but are markedly impaired when recognition relies on HSF 

(Musel et al., 2011; Peyrin et al., 2017; Ramanoël et al., 2018). These findings support the idea 

that residual peripheral vision can support certain perceptual functions, particularly the 

extraction of global scene structure. 

Understanding which visual functions are preserved despite central lesions and how 

functional adaptations emerge is a key issue for both clinical research and practice, as it guides 

the development of appropriate rehabilitation strategies and supports patients’ psychosocial 

adjustment (Mitchell & Bradley, 2006). In a recent study, Faurite et al. (2025) addressed these 

questions by comparing scene recognition performance in patients with MD and in age and 

gender matched sighted controls. All participants were tested monocularly, with the non-tested 

eye covered with a patch. This was essential because the characteristics of the visual deficit 

such as scotoma size, location of the PRL, and visual acuity often differ between the two eyes. 

Testing one eye at a time allowed for precise control over the retinal area used for fixation and 

stimulation. Participants performed a scene categorization task with images filtered in low or 

high spatial frequencies. Patients used their PRL to fixate, while controls were tested under 

matched visual constraints, maintaining fixation on the retinal location corresponding to their 

paired patient’s fovea, within an artificial scotoma. This design allowed to compare groups 

under equivalent peripheral viewing conditions. Behavioral performance was measured during 

an fMRI session to assess both accuracy and associated brain activity. Patients exhibited 

significantly lower performance than controls for both types of stimuli, with a more 

pronounced deficit for high spatial frequencies. Functional MRI analyses revealed reduced 

activation in occipital areas and in the parahippocampal place area (PPA), particularly for high-
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frequency scenes. In contrast, low-frequency processing was relatively preserved and 

associated with increased activity in higher-level cognitive and oculomotor regions. These 

findings show that macular disease alters spatial frequency processing even within the residual 

visual field and that partial compensation can emerge through functional reorganization. This 

dual pattern of degradation and adaptation highlights the need to better understand which 

functions can be supported by peripheral vision, and how to promote them effectively in 

rehabilitation. 

In this context, several rehabilitation programs have been developed to help patients 

make better use of their residual vision. Most of them have focused on optimizing the use of 

the preferred retinal locus (PRL), typically through fixation tasks with real-time feedback to 

improve oculomotor control and reading performance (Culham et al., 1997; Rosengarth et al., 

2013; Melillo et al., 2020). Such training can lead to improvements in visual acuity and reading 

speed, and sometimes in quality of life or mental health outcomes (Seiple et al., 2005; Sahli et 

al., 2020). In addition, microperimetric biofeedback training in AMD has been reported to 

enhance luminance contrast sensitivity more strongly at LSF than at HSF (Barboni et al., 2019), 

an effect interpreted by the authors as resulting from improved fixation stability and PRL 

positioning. Overall, these oculomotor-based interventions can indirectly facilitate access to 

residual visual information, but they do not directly train the spatial-frequency processing 

mechanisms that limit perceptual performance in peripheral vision. 

To complement these oculomotor approaches, perceptual learning has emerged as a 

promising method to enhance residual visual functions. This technique involves repeated 

exposure to specific visual tasks and has been shown to induce long-lasting improvements in 

contrast sensitivity, visual acuity, and higher-level visual functions (Karni & Sagi, 1991; Casco 

et al., 2004; Chung, 2011; Maniglia et al., 2016; Sasso et al., 2019). Among the few studies 

targeting perceptual abilities in macular disease, Maniglia et al. (2018) applied a perceptual 

learning protocol based on lateral masking. Patients were trained to detect low-contrast Gabor 

patches flanked by high-contrast elements, presented at their PRL. The flankers were arranged 

in collinear or orthogonal configurations at varying distances to probe lateral interactions, 

which reflect the size and functional properties of perceptual fields. In healthy observers, the 

distance at which flankers shift from inhibiting to facilitating target detection varies with 

eccentricity, being shorter in central than in peripheral vision, consistent with the organization 

of receptive fields (Maniglia et al., 2011). Maniglia et al. (2011) found that some patients 

exhibited reduced collinear inhibition, a pattern typically associated with smaller, more fovea-

like perceptual fields. After training, a further reduction in collinear inhibition was observed in 
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patients but not in controls, suggesting functional reorganization in cortical regions associated 

with the PRL. 

While promising, these protocols typically rely on low-level visual stimuli and do not 

directly address higher-order visual functions. In this context, we sought to extend perceptual 

learning to more ecological and cognitively demanding tasks. 

This study aimed to test whether training with spatially filtered real-world scenes could 

enhance scene categorization in peripheral vision, particularly in patients with MD. Unlike 

conventional perceptual learning paradigms using simple stimuli, we used complex, 

ecologically valid images to engage higher-level visual functions. To our knowledge, this is 

the first study to evaluate scene-based perceptual training using spatial frequency manipulation 

in peripheral vision, offering novel insights into both clinical rehabilitation and healthy aging. 

We hypothesized that patients with MD would show greater deficits for high spatial frequency 

scenes, and that training would help compensate for this impairment. To this end, we developed 

a training protocol using filtered real-world scenes to strengthen visual adaptations in patients 

with MD. Ten patients took part in the training, including the seven reported in the previous 

study (Faurite et al., 2025). Over 12 sessions spread across four weeks, they categorized scenes 

filtered in either LSF or HSF while maintaining fixation with their PRL. The same task was 

used before and after training evaluations to assess improvements in performance. However, 

the images used during training differed from those used in the evaluations, ensuring that gains 

were not due to stimulus repetition. To assess whether the observed effects were specific to 

MD or could also occur in the context of normal aging, we included a group of age- and gender-

matched healthy controls. Each patient was paired with a control participant who performed 

the same training under equivalent peripheral viewing constraints. Specifically, each control 

was instructed to maintain fixation on the retinal location corresponding to their matched 

patient’s PRL, and viewed the scenes through an artificial central scotoma replicating the exact 

size and position of the patient’s visual field loss. This individualized design allowed for a 

direct comparison under strictly matched peripheral vision conditions and helped isolate the 

impact of the pathology from age-related changes. 

 

2. Method 

2.1. Participants 

Ten patients with MD and ten age- and gender-matched normally sighted controls were 

included in the study (Table 1). Patients were recruited from the Ophthalmology Department 

at Grenoble University Hospital (CHUGA) and the Retina Center at Purpan Hospital in 
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Toulouse. Seven of them were diagnosed with atrophic age-related macular degeneration 

(AMD) and three with a late form of Stargardt disease (STG). All patients had a confirmed 

diagnosis of macular disease characterized by bilateral central atrophy on multimodal imaging 

(fundus autofluorescence and spectral domain-optical coherence tomography, SD-OCT) and 

demonstrated a stable preferred retinal locus in at least one eye. Comprehensive 

ophthalmological screening ruled out additional ocular or neurological conditions that could 

affect peripheral vision or the visual pathways, including glaucoma, ocular hypertension, 

peripheral retinal dystrophies or degenerations, diabetic or hypertensive retinopathy with 

peripheral involvement, optic neuropathies, significant media opacities (corneal and lens 

diseases), or neurological disorders. All patients had bilateral central scotomas, with foveal 

sparing observed in patients MD2, MD5, and MD6. Each patient was matched with a control 

participant of the same gender, with an age difference of less than two years, except for MD2 

(81 years) and the respective control C2 (75 years). One younger patient with STG (MD10, 

aged 25) with early-onset macular disease was also included in the sample. Given the strong 

age difference with the rest of the group, this participant and their matched control were taken 

into account in additional sensitivity analyses described in the Results section. 

None of the participants reported chronic general medical conditions. Cognitive and 

psychological status were assessed using the Mini-Mental State Examination (MMSE) and the 

Beck Depression Inventory-II (BDI-II). All participants scored above 23 on the MMSE and 

below 19 on the BDI-II, indicating the absence of cognitive impairment or clinical depression. 

All participants provided written informed consent prior to inclusion. The study was approved 

by the French ethics committee (Comité de Protection des Personnes Sud Méditerranée IV, 

2022-00957-36). 
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Table 1. Demographic and clinical characteristics of MD patients and their matched controls. The table 
includes the patient’s code, gender, age and diagnosis (AMD or STG). Visual acuity for the left eye and 
right eye is reported in logMAR. Scotoma size is given as the radius in degrees. *For MD5, scotoma 
radius provides two values because this patient’s scotoma was elliptical. Preferred fixation values are 
provided in polar angle (θ) and eccentricity (ρ) in degrees, as well as in degrees along the x- and y- 
radius. Foveal sparing is indicated as “Yes” if the preferred fixation position is within the first 1° of 
visual eccentricity. Each patient is numerically paired with a control subject matched for age and 
gender. Visual acuity was assessed using the Freiburg Visual Acuity Test (FrACT; Bach, 2007). Values 
corresponding to the tested eye are shown in bold. 
 

Patients MD1 MD2 MD3 MD4 MD5 MD6 MD7 MD8 MD9 MD10 
Gender (F: Female | M: Male) F M F M M F M M F M 

Age (years) 75 81 66 73 75 50 69 74 73 25 

Diagnosis AMD AMD AMD AMD AMD STG STG AMD AMD STG 

Visual acuity 
Before training 
(LogMar) 

Left eye +0.8 +1.5 +0.2 +0.7 +1.3 +0.2 +0.6 +1.0 +0.9 +0.4 

Right eye +0.8 +0.3 +0.6 +0.7 +0.6 +0.2 +0.6 +1.2 +0.3 +0.2 

Visual acuity 
After training 
(LogMar) 

Left eye +0.9 +1.5 +0.3 +0.6 +1.0 +0.3 +0.7 +0.9 +0.2 +0.4 

Right eye +0.9 +0.3 +0.8 +0.4 +0.6 +0.2 +0.6 +0.9 +0.1 +0.2 

Tested eye (L: Left | R: Right) L R L L R L R L R R 

Atrophy area (mm²) 23.08 7.29 13.95 25.44 24.72 7.99 9.09 21.12 0.1 1.82 

Scotoma radius (deg) 9.72 5.3 7.31 9.84 6.15 
12.31* 5.18 5.87 8.25 0.62 2.64 

Preferred fixation polar angle 
θ (deg) 152.64 -36.11 -22.7 180 28.47 0 90 -170.64 -90 -84.24 

Preferred fixation eccentricity 
ρ (deg) 10.36 1.05 2.12 9.58 0.94 0 5.22 8.8 2.9 6.77 

Preferred fixation 
coordinates (µm) 

X axis 3239 -245 -565 2761 239 0 0 -2499 0 195 

Y axis -1370 179 236 0 130 0 -1503 -410 -847 -1940 

Preferred fixation 
coordinates (deg) 

X axis 9.2 -0.85 -1.96 9.58 0.83 0.0 0.0 -8.68 0.0 0.68 

Y axis -4.76 0.62 0.82 0.0 0.45 0.0 -5.22 -1.43 -2.9 -6.74 

Foveal sparing No Yes No No Yes Yes No No No No 

Matched controls C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 

Gender (F: Female | M: Male) F M F M M F M M F M 

Age (years) 74 75 67 71 77 52 68 76 70 26 

Visual Acuity 
Before training 
(LogMAR) 

Left eye -0.2 0.0 0.0 -0.1 0.0 -0.1 0.0 -0.2 -0.2 -0.3 

Right eye -0.3 0.0 +0.2 -0.2 -0.2 0.0 -0.3 0.2 -0.1 -0.3 

Visual Acuity 
After training 
(LogMAR) 

Left eye -0.1 -0.2 -0.1 0.0 +0.1 -0.1 -0.1 -0.2 0.0 -0.3 

Right eye -0.2 -0.2 +0.3 -0.2 -0.2 0.0 -0.3 -0.1 0.0 -0.3 

Tested eye (L: Left | R: Right) R R L L R L R L R R 

 

2.2. Visual Assessment and Scotoma Characterization 

Patients first underwent monocular visual acuity assessment using the ETDRS (Early 

Treatment Diabetic Retinopathy Study) scale, as part of a comprehensive ophthalmological 
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examination that included refraction assessment and updating of optical correction when 

necessary. Visual acuity was assessed in order to confirm that patients met the inclusion 

criterion of having a monocular acuity better than 20/400 in the trained eye. Visual acuity was 

measured under the patients’ habitual optical correction. Scotoma contours were delineated 

from autofluorescence fundus images by an ophthalmologist, who also calculated their surface 

area (in mm²) for each eye (see Figure 1 and Table 1). Scotoma radius (in degrees of visual 

angle) was then estimated, assuming that 288 μm on the image corresponds to 1° of visual 

angle. For patient MD5, whose scotoma was elliptical, width was also measured along both 

vertical and horizontal axes. 

OCT (Optical Coherence Tomography) was used to identify the preferred retinal locus 

(PRL) for each eye and to determine its retinal coordinates relative to the anatomical fovea 

(Table 1). During this examination, patients were instructed to fixate the OCT internal 

luminous target while three short fixation recordings were acquired for each eye. PRL stability 

was assessed from these repeated acquisitions, and a PRL was classified as stable when patients 

consistently used the same eccentric fixation region across recordings without a systematic 

shift to another retinal area. MD1 had developed a stable PRL only in the left eye, which was 

selected for testing. Despite presenting a central scotoma, MD6 showed foveal sparing and 

maintained foveal fixation in both eyes, a phenomenon frequently observed in late-stage STG 

(van Huet et al., 2014). Five patients fixated near the fovea in both eyes. The other seven 

patients had developed a stable PRL at the border of the scotoma in each eye. 

For MD2, MD3, MD5, MD8, MD9, and MD10, the tested eye was chosen based on the 

best visual acuity (better than 20/400), following common practices in low-vision research, 

particularly when studying compensation mechanisms. Previous studies have shown that the 

PRL tends to be more stable and better optimized in the eye with higher acuity (Tarita-Nistor 

et al., 2023). For MD4, MD6, and MD7, whose acuity was similar in both eyes, the choice of 

tested eye was left to the participant. 

Artificial scotomas were then constructed for each control participant based on the 

shape, radius, and surface area of the tested eye of their matched patient (Figure 1; see also 

Guénot et al., 2022, and Michaud et al., 2025). These artificial scotomas were circular, except 

for the one derived from MD5, which had an elliptical shape. Scotoma size and PRL location 

were used to align each artificial scotoma within the control participant’s visual field, relative 

to the matched patient’s PRL, and to constrain fixation accordingly during the experiment (see 

Procedure). In this study, the anatomical extent of retinal atrophy derived from fundus 

autofluorescence and OCT was therefore used as a pragmatic proxy for the spatial extent of 
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vision loss when defining artificial scotomas in controls. We acknowledge that anatomical and 

functional scotoma boundaries do not necessarily coincide, particularly in cases of partial 

foveal sparing or PRLs located close to the scotoma border. Systematic functional mapping of 

the scotoma with microperimetry would provide a more direct characterization of sensitivity 

loss, but such measures were not available for all patients and could not be integrated 

homogeneously across participants. The use of anatomical measures nevertheless allowed 

standardized, individualized matching between patients and controls and the imposition of 

comparable peripheral viewing constraints in both groups. 

 
Figure 1. For each MD patient, autofluorescence images are displayed following the radiological 
convention: the anatomical left side of the retina (L) appears on the right of the image, and the 
anatomical right side (R) appears on the left. The images were then horizontally flipped to match the 
visual field orientation: the inferior (I) retina is shown at the top and the superior (S) retina at the bottom. 
The foveal position is indicated by a red dot, and the preferred fixation point by a green dot. For each 
matched control, the figure depicts the scotoma representation together with the positions of the fovea 
and fixation on a screen with the same dimensions as the stimuli used in both experiments (20° × 15° 
of visual angle). This depiction accounts for the optical inversion of the retinal image: the right visual 
field is shown on the right, the left visual field on the left, the upper visual field at the top, and the lower 
visual field at the bottom. 
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Control participants used their habitual, up-to-date optical correction and had normal 

or corrected-to-normal visual acuity (better than 0.1 LogMAR in the tested eye) and no history 

of ocular pathology. Visual acuity was measured before and after training using the Sloan 

letters of the Freiburg Visual Acuity Test (FrACT; Bach, 2007). 

 

2.3. Stimuli and Procedure 

The stimuli set was based on 80 photographs of real-world scenes (40 indoor and 40 

outdoor scenes). Twenty of these scenes were used before and after training assessments. The 

remaining 60 images were used during the 12 training sessions and divided into three lists of 

20 images each. Stimuli were created in MATLAB 2020b (MathWorks Inc., Sherborn, MA). 

Monitor gamma was estimated using a calibration device (Spyder5ELITE, Datacolor), and 

images were inverse-gamma corrected during stimulus construction to linearize luminance. All 

spatial filtering and contrast normalization were performed in linear luminance space. 

Each image (see Figure 2) was filtered to create low spatial frequency (LSF) stimuli 

using three low-pass filters with cutoff frequencies set at 1, 1.4, and 2 cycles per degree (cpd, 

corresponding to 20, 28, and 40 cycles per image), and high spatial frequency (HSF) stimuli 

using three high-pass filters with cutoff frequencies set at 2.9, 4.6, and 6 cpd (corresponding to 

58, 64, and 120 cycles per image). The frequency content of the scenes was filtered by 

multiplying the Fourier-transformed images by Gaussian filters. The standard deviation of each 

filter, defined by its cutoff frequency, ensured a standard 3 dB attenuation. The cutoff 

frequency was varied to modulate task difficulty. 

We then normalized the luminance contrast of all LSF and HSF stimuli to a mean 

luminance of 128 on a 256-level grayscale scale, and to a root mean square (RMS) contrast of 

0.1 (i.e., 25.6 on a 256-level grayscale scale). RMS normalization increased the contrast of 

HSF images while reducing that of LSF images. This manipulation was intended to eliminate 

any contrast bias, to prevent patients from experiencing excessive difficulty in categorizing 

HSF-filtered scenes (Peyrin et al., 2017), and to avoid ceiling effects in the categorization of 

LSF scenes. To preserve filtering conditions, the stimuli were resized to subtend a visual angle 

of 20° × 15° (i.e., 873 × 640 pixels), and were viewed at a distance of 55 cm. Because of 

potential left-right asymmetries in scene content and the risk of parts being masked by the 

scotoma, each stimulus was presented in both its original and mirrored configurations. All 

stimuli used in this study are available on the Open Science Framework (OSF) repository: 

https://osf.io/7hksz/. 
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Figure 2. Examples of low spatial frequency (LSF) and high spatial frequency (HSF) scene stimuli 
from the indoor and outdoor categories. Stimuli were filtered using multiple cutoff frequencies: LSF 
images with low-pass filters at 1, 1.4, and 2 cycles per degree (20, 28, and 40 cycles per image), and 
HSF images with high-pass filters at 2.9, 4.6, and 6 cycles per degree (58, 64, and 120 cycles per image). 
Note that the perceived spatial frequency content may be affected by image downscaling for illustrative 
purposes. 
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Stimuli were presented using Psychtoolbox (Brainard, 1997; Kleiner et al., 2007) 

integrated with MATLAB 2020b (MathWorks Inc., Sherborn, MA). The room was consistently 

kept dimly lit, and the monitor served as the main source of illumination during stimulus 

presentation, ensuring a stable light-adaptation state across sessions and participants. Ambient 

illumination was therefore maintained at a constant level that did not vary across visits. The 

same scene categorization task was used before, during, and after training sessions. However, 

different sets of images were used during training and testing to avoid repetition effects. 

Participants completed 14 sessions in total, in the following order: one before training 

evaluation session, twelve training sessions over four weeks, and one after training evaluation 

session. Participants completed twelve training sessions over four weeks, corresponding to 

approximately three sessions per week. Sessions were scheduled according to participant 

availability, with at least 24 hours between consecutive sessions and no more than one session 

completed per day. Because training effects were evaluated within each participant relative to 

their own baseline performance, variability in testing time does not prevent assessing whether 

performance improved over the course of training. 

Both patients and controls followed this exact same protocol. The stimuli used before 

and after training assessments were strictly identical. During the training sessions, a different 

set of scenes was used, distributed across three counterbalanced image lists. LSF and HSF 

stimuli were presented in alternating blocks. In each session, participants completed 10 

alternating LSF/HSF blocks of 12 trials each (6 indoor and 6 outdoor scenes), totaling 240 

trials per session. Each session lasted approximately 15 minutes. Stimulus presentation, 

fixation instructions, and task demands were identical across sessions. Each scene was 

displayed for 150 ms on a gray background, followed by a 2000 ms gray interstimulus interval. 

Participants were instructed to categorize each scene as either indoor or outdoor using response 

buttons. Errors and response times were recorded. 

A red fixation cross (1° visual angle) remained on screen throughout the session to 

guide participants' gaze, with fixation instructions differing between patients and controls. All 

participants viewed the display with the tested eye, while the other eye was covered with an 

eye patch. Patients were instructed to fixate the red cross, placed at the center of the scenes, 

using their PRL and to maintain stable fixation. Control participants were tested with the same 

eye as their matched patient, except for C1, who used the other eye because preliminary task 

testing indicated better performance with that eye. No clinical or technical reason was 

identified to explain this difference. Controls were asked to fixate the red cross with their fovea, 

positioned at the same distance from the PRL as in the matched patient, to project visual 
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information onto comparable retinal regions across groups. In controls, an artificial scotoma 

was overlaid on the scenes, replicating the size and location of the matched patient’s visual 

field loss based on the anatomical extent of retinal atrophy and PRL location (Figure 1). The 

parameters of this artificial scotoma were derived from the anatomical estimates described in 

the Visual Assessment and Scotoma Characterization section. The scotoma was black and 

circular in most cases, except for C5, who was shown an elliptical mask replicating MD5’s 

scotoma more accurately. The artificial scotoma was centered on the fovea, except for C2 and 

C3, where it was laterally shifted to account for the asymmetrical extent of MD2 and MD3’s 

scotomas, which extended further into the left visual hemifield. 

 

2.4. Additional evaluations 

Before and after training, we measured visual acuity using the Sloan letters from the 

Freiburg Visual Acuity Test (FrACT; Bach, 2007) for all participants. This test provided a 

logMAR (logarithm of the minimum angle of resolution) measure of visual acuity for each 

participant. We also assessed patients’ mental health using the Beck Depression Inventory-II 

(BDI-II; Beck et al., 1996). This self-report questionnaire includes 21 items, each describing a 

symptom of depression. Each item is rated on a 0-to-3 scale, with higher scores indicating 

greater symptom severity. The sum of all items yields a total score ranging from 0 to 63. In 

accordance with our exclusion criteria, the maximum allowed score was 19. Finally, we 

evaluated vision-related quality of life using the National Eye Institute Visual Function 

Questionnaire (NEI-VFQ 25; Mangione et al., 1998). This 25-item questionnaire covers 

multiple dimensions of vision-related quality of life, including general health, general vision, 

ocular pain, near and distance activities, social functioning, mental health, role difficulties, 

dependency, driving, color vision, and peripheral vision. Each item is scored on a 1-to-5 scale. 

Scores were then converted to a 0-to-100 scale using a standardized conversion table. Higher 

scores indicate better perceived quality of life in the corresponding domain. For example, a 

score of 50 reflects 50% of the maximum possible score. Each domain aggregates several 

items, and a mean score was computed for each domain to provide a global score. 

 

2.5. Data Analyses 

Statistical analyses were conducted using R (R Core Team, 2021) and the lme4 package 

(Bates, Mächler, et al., 2015). We built two models: one to analyze spatial frequency 

processing before training and another to assess the effect of training. To analyze the effects of 

spatial frequency cut-offs, we built separate models for LSF and HSF. Therefore, four models 
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were constructed: two to assess the spatial frequency cut-offs before training (one for LSF and 

one for HSF) and two to assess the effect of training (one for LSF and one for HSF). Due to 

the high error rates observed in patients, the number of valid reaction times was insufficient to 

perform reliable analyses on response latencies. 

In all models, we analyzed trial-level categorization errors using generalized linear 

mixed-effects models (GLMMs) with a binomial error distribution. Incorrect responses were 

coded as 1 and correct responses as 0. GLMMs use each trial as a data point and estimate 

population-level effects (fixed effects) while modeling variability associated with participants 

and stimuli as random effects. This multi-level structure accommodates interindividual and 

item-related variability within the model itself and reduces the need to introduce separate 

covariates for each potential source of variation. GLMMs are well suited for binary outcome 

data, such as correct versus incorrect responses, because they estimate how performance 

changes across conditions while accounting for random variability across participants and 

items. Since analyses are performed on binary trial outcomes rather than aggregated 

percentages, this approach remains appropriate when performance approaches floor or ceiling 

levels in some conditions and avoids distortions associated with bounded data (see also 

Šimkovic & Träuble, 2019). The model examining spatial frequency processing before training 

included fixed effects for group (patients, controls), spatial frequency (LSF, HSF), and scene 

category (indoor, outdoor). The training effect model included fixed effects for group, spatial 

frequency, scene category, and training (before, after). The model examining pre-training LSF 

cut-offs included fixed effects of group (patients, controls), scene category (indoor, outdoor), 

and LSF cut-offs (1, 1.4, 2 cpd). The model assessing the training effect for LSF cut-offs 

included fixed effects of group (patients, controls), scene category (indoor, outdoor), LSF cut-

offs (1, 1.4 and 2 cpd), and training (before, after). Similarly, the model examining pre-training 

HSF cut-offs included fixed effects of group (patients, controls), scene category (indoor, 

outdoor), and HSF cut-offs (2.9, 4.6, 6 cpd). The model assessing the training effect for HSF 

cut-offs included fixed effects of group (patients, controls), scene category (indoor, outdoor), 

HSF cut-offs (2.9, 4.6, 6 cpd), and training (before, after). In all models, participants, scotoma 

radius (x and y axes), distance between preferred fixation and the fovea (x and y axes), and 

stimuli were included as random effects. We specified random intercepts for participants, as 

well as random slopes for spatial frequency, scene category, training, spatial frequency cut-

offs, and their interactions. The same random structure was used for the scotoma radius, 

fixation–fovea distances, and stimuli. To ensure model stability and avoid convergence issues, 

we followed the parsimonious modeling approach recommended by Bates, Kliegl, et al. (2015).  
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The significance threshold was set at p < .05. Post-hoc p-values were Bonferroni-

corrected (multiplying each observed p-value by the number of comparisons, ranging from 2 

to 4 depending on the analysis), using a conservative approach to reduce Type I error risk due 

to multiple testing. 

We also evaluated the effect of training on other clinical and functional measures: 

visual acuity, quality of life, and mental health. We compared before and after training scores 

using appropriate statistical tests. As a reminder, visual acuity was measured with the FrACT 

test (Bach, 2007), vision-related quality of life with the NEI-VFQ 25 questionnaire (Mangione 

et al., 1998), and mental health with the BDI-II depression scale (Beck et al., 1996). For each 

measure, we used paired Wilcoxon tests (non-parametric), given the small sample size and 

sometimes non-normal distributions. Analyses were performed both on the global score and on 

the subscale scores of the NEI-VFQ 25. For visual acuity, the Wilcoxon test was applied to the 

score of the trained eye. The significance threshold was set at p < .05, with Bonferroni 

correction when multiple comparisons were conducted. 

 

2.6. Hypotheses 

Based on previous findings (Musel et al., 2011; Peyrin et al., 2017; Ramanoël et al., 

2018; Faurite et al., 2025), we anticipated that, before training, patients with macular 

degeneration (MD) would show higher error rates than age-matched controls, especially for 

HSF scenes. This would result in an interaction between group and spatial frequency. We also 

expected that this deficit might vary depending on the scene category, as previously suggested 

(Musel et al., 2011; Faurite et al., 2025), indicating a potential three-way interaction between 

group, spatial frequency, and scene category. 

We then formulated hypotheses regarding the effects of training on scene categorization 

performance. We expected an overall improvement in performance following training, 

particularly in the patient group, reflected in a group × training interaction. Given the more 

pronounced deficit in HSF processing in patients, we anticipated a group × training × spatial 

frequency interaction. Finally, we examined whether the scene category modulated the effect 

of training. To do so, we tested a four-way interaction (group × training × spatial frequency × 

category) to determine whether training yielded greater benefits for specific scene categories 

depending on their spatial frequency content. 
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3. Results 

3.1. Spatial frequency processing before training 

Statistical analyses revealed a significant main effect of the group, β = -3.57, z = -8.4, 

p < .001. Patients (mean ± standard error: 21.58 ± 0.2%) made more categorization errors than 

control participants (7.17 ± 0.13%). A significant main effect of spatial frequency was also 

observed, β = -1.56, z = -2.43, p = .01. Participants (both groups) made more errors for HSF 

scenes (19.27 ± 0.19%) than for LSF scenes (9.46 ± 0.15%). No significant interaction was 

found between group and spatial frequency, β = 1.28, z = 1.54, p = .13, nor between group, 

spatial frequency, and scene category, β = -1.17, z = -0.88, p = .38. These results may be 

influenced by the inclusion of one younger patient (MD10, aged 25, while other patients were 

aged 50–81), who showed a particularly low error rate (Figure 3; 3.69% vs. 22.73% on average 

for the other patients). We also ran a sensitivity analysis on a reduced sample of 9 patients and 

9 matched controls over the age of 50, excluding MD10 and their matched control. 

The new analyses confirmed a significant main effect of group, β = -2.45, z = -3.45, p 

< .001. Patients (23.65 ± 0.22%) made more errors than control participants (7.73 ± 0.14%). A 

significant main effect of spatial frequency was also found, β = -2.21, z = -3.41, p < .001. Both 

groups made more errors for HSF scenes (21.19 ± 0.21%) than for LSF scenes (10.19 ± 0.15%). 

This time, a significant interaction was found between group and spatial frequency, β = 1.46, 

z = 2.93, p = .004. Post-hoc comparisons showed that patients made significantly more errors 

for HSF scenes (29.32 ± 0.31%) than for LSF scenes (13.85 ± 0.24%), β = 2.36, z = 3.32, p = 

.001, while this difference was not significant for controls (HSF: 9.25 ± 0.20%; LSF: 5.08 ± 

0.15%), β = 1.2, z = 1.58, p = .12. Patients made significantly more errors than controls only 

for HSF scenes, β = 1.54, z = 2.98, p = .01; for LSF scenes, the group difference did not reach 

significance, β = 0.93, z = 2.01, p = .14. No significant three-way interaction was found 

between group, spatial frequency, and semantic category, β = -1.09, z = 1.63, p = .10. Thus, 

we again observed a categorization deficit in MD patients, which was more pronounced for 

HSF than for LSF scenes, regardless of semantic category. 

 



19 

 
Figure 3. Error in percentage (%) for each patient (MD) and their matched control (C) when 
categorizing LSF (green) and HSF (red) scenes. Lines connect before and after training performances. 
 

We also examined whether spatial frequency cut-off influenced pre-training 

categorization performance. 

For LSF scenes, we observed a main effect of the spatial frequency cut-off, β = -2.43, 

z = -2.01, p = .04. Post-hoc comparisons revealed that participants (both patients and controls) 

made more errors at 1 cpd (11.39 ± 0.27%) than at 2 cpd (7.93 ± 0.23%), β = -1.92, z = -1.97, 

p = .04. However, the difference between 1 cpd and 1.4 cpd (11.25 ± 0.27%) was not 

significant, β = -0.4, z = -0.47, p = .64, nor was the difference between 1.4 cpd and 2 cpd, β = 

-1.47, z = -1.64, p = .1. There was no significant interaction between spatial frequency cut-off 

and the group, β = -0.01, z = -0.01, p = .99, or between group, spatial frequency cut-off, and 

scene category, β = -1.02, z = -0.63, p = .53.  

For HSF scenes, we observed a significant main effect of spatial frequency cut-off, β = 

-2.66, z = -3.49, p <.001. Post-hoc comparisons revealed that participants (both patients and 

controls) made more errors at 6 cpd (28.09 ± 0.38%) than at both 4.6 cpd (20.47 ± 0.35%), β = 

-1.41, z = -2.23, p = .03, and 2.9 cpd (15 ± 0.31%), β = -2.07, z = -2.85, p = .004. However, 

the difference between 2.9 cpd and 4.6 cpd was not significant, β = -0.52, z = -0.75, p = .46. 

We also observed a significant interaction effect between spatial frequency cut-off and group, 

β = -0.34, z = -3.18, p = .001. Post-hoc comparisons showed that patients made significantly 

more errors than control participants at all HSF cutoffs tested, namely at 6 cpd (Patients: 41.5 

± 0.6%; Controls: 14.72 ± 0.43%, β = −3.03, z = −2.39, p = .02), at 4.6 cpd (Patients: 30.45 ± 

0.56%; Controls: 10.56 ± 0.37%, β = −2.98, z = −2.49, p = .01) and at 2.9 cpd (Patients: 24.72 
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± 0.52%; Controls: 5.28 ± 0.27%, β = −2.46, z = −2.85, p = .004). The spatial frequency cut-

off did not interact with group, and scene category, β = 0.99, z = 0.71, p = .48. 

 

3.2. Training effects 

Given the atypical performance of the younger patient (MD10), we tested training 

effects on the 9 patients aged over 50 (Figure 4). We compared performance between before 

and after training evaluation sessions. We did not statistically analyze performance across the 

12 training sessions because three different scene lists were used and the list changed every 

four sessions. This design introduces variability linked to stimulus content rather than learning 

alone, which prevents a reliable evaluation of within-training progression. For this reason, 

Figure 5 is provided only as a descriptive illustration of session-by-session performance, while 

statistical analyses focus on identical pre- and post-training evaluation sessions. 

 

3.2.1. Scene categorization performance 

Analyses revealed a significant main effect of training, β = -4.05, z = -5.9, p < .001. 

Participants (patients and controls) made more errors before (15.69 ± 0.13%) than after training 

(7.87 ± 0.1%). No significant interaction between group and training was found, β = -1.06, z = 

-1.23, p = .22, indicating that both groups improved their performance. However, a significant 

interaction between spatial frequency and training was observed, β = -2.63, z = -3.1, p = .002. 

Post-hoc comparisons showed that, across both groups, training significantly improved 

categorization for both LSF scenes (Before: 9.46 ± 0.14%; After: 4.33 ± 0.1%), β = 4.63, z = 

5.83, p < .001, and HSF scenes (Before: 19.27 ± 0.15%; After: 10.67 ± 0.15%), β = 2.01, z = 

2.81, p = .005. Although raw means suggested stronger improvement for HSF, the model-

adjusted estimates revealed a larger effect for LSF (β = 4.63 vs. 2.01), reflecting the true effect 

once interindividual and item-level variance was accounted for. 
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Figure 4. Error rates (%) in scene categorization with spatial frequency filtering for 9 patients and their 
9 matched controls. (a) Data collapsed across scene category. For LSF and HSF, dots represent each 
participant’s performance before and after training. Gray lines connect the two time points for the same 
participant. The left panel shows patients, and the right panel shows controls. (b) Data separated by 
scene category (indoor vs. outdoor). Boxplots indicate the median and quartiles, dots show each 
participant’s mean performance. Black dots represent overall means, and error bars show the standard 
error of the mean. 
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A significant three-way interaction between group, spatial frequency, and training was 

also found, β = -0.65, z = -3.73, p < .001. Post-hoc comparisons showed that the group × 

training interaction was significant for LSF, β = -1.21, z = -2.23, p = .03 (HSF: β = 0.22, z = 

0.19, p = .85): training significantly improved patients' performance for LSF scenes, β = -2.6, 

z = -2.97, p = .006, but not that of controls, β = -1.13, z = -1.55, p = .24. Patients made 

significantly fewer errors for LSF scenes after training (7.41 ± 0.19%) than before (15.11 ± 

0.26%), whereas control participants were already accurate before training (Before: 5.28 ± 

0.16%; After: 1.39 ± 0.08%). This suggests that the overall LSF improvement was mainly 

driven by patients. For HSF scenes, the group × training interaction was not significant, β = 

0.22, z = 0.19, p = .85, indicating comparable improvements in both groups. Performance 

improved for HSF scenes in both patients (Before: 32.22 ± 0.34%; After: 19.81 ± 0.29%) and 

controls (Before: 10.19 ± 0.21%; After: 2.87 ± 0.12%), although improvement in patients 

remained partial due to residual high error rates, while control performance reached ceiling 

levels. Therefore, the global training effect was weaker for HSF than for LSF scenes. 

 

 
Figure 5. Evolution of average error rates across training sessions in MD patients (green) and matched 
controls (red), for scenes filtered in low spatial frequencies (LSF) and high spatial frequencies (HSF). 
Each line represents an individual participant; bold lines show average linear regressions for each 
condition. The x-axis represents training sessions 1–12 and the two evaluation sessions (before and 
after training). 
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A significant four-way interaction between group, training, spatial frequency, and 

semantic category was also observed, β = -5.67, z = -2.55, p = .01. Post-hoc comparisons 

showed that the interaction between spatial frequency, training, and category was only 

significant in patients, β = 4.43, z = 2.17, p = .03 (controls: β = -2.33, z = -0.45, p = .66). In 

patients, training improved performance for LSF scenes across both indoor and outdoor 

categories (see Figure 4b), whereas for HSF scenes the effect was selective. For patients, a 

significant training effect was observed only for HSF outdoor scenes, with a halving of error 

rates (Before: 38.96 ± 0.5%; After: 17.78 ± 0.39%), β = -4.08, z = -3.71, p < .001. HSF indoor 

scenes showed a smaller, non-significant change, β = -1.36, z = -1.45, p = .15 (Before: 25.46 

± 0.44%; After: 21.85 ± 0.42%). 

We also tested the effect of training on categorization performance depending on the 

spatial frequency cut-offs (Figure 6). For LSF, the main effect of spatial frequency cut-off was 

not significant, β = -2.17, z = -1.81, p = .07. However, we observed a significant interaction 

effect between group, spatial frequency cut-off, and training, β = -2.69, z = -2.25, p = .03. 

When tested separately, the two-way interaction between spatial frequency cut-off and training 

was not significant in patients (β = 1.26, z = 0.79, p = .43) nor in controls (β = –0.32, z = –0.15, 

p = .88). The interaction between group and training reached significance only at 2 cpd, β = -

2.6, z = -0.71, p = .03 (1 cpd: β = -0.69, z = -0.87, p = .39; 1.4 cpd: β = -1.44, z = -1.49, p = 

.14), suggesting that patients and controls did not respond in exactly the same way to training 

at this spatial frequency cutoff. However, post-hoc comparisons indicated that the training 

effect was not significant in either group, for patients (Before: 12.26 ± 0.41%; After: 7.5 ± 

0.33%, β = –0.81, z = –0.71, p = .48) or for controls (Before: 3.61 ± 0.23%; After: 0.83 ± 

0.11%, β = –2.38, z = –0.83, p = .40), indicating that the significant interaction should be 

interpreted with caution. The spatial frequency cut-off did not interact with the group, β = -

1.27, z = -1.46, p = .15, nor training, β = 1.59, z = 0.79, p = .43, or scene category, β = -2.03, 

z = -1.31, p = .19, and the four variables did not interact, β = -1.7, z = -0.64, p = .53.  

For HSF, analysis revealed a main effect of spatial frequency cut-off, β = -2.69, z = -

2.34, p = .02. Post-hoc comparisons showed that participants made more errors at 6 cpd (21.47 

± 0.26%) than at both 4.6 cpd (15.99 ± 0.23%), β = -1.58, z = -2.16, p = .03, and 2.9 cpd (11.33 

± 0.2%), β = -1.71, z = -2.03, p = .02. However, the difference between 4.6 and 2.9 cpd was 

not significant, β = 0.26, z = 0.32, p = .75. The spatial frequency cut-off did not interact with 

any other variables (spatial frequency cut-off*group: β = -0.24, z = -0.14, p = .89; spatial 

frequency cut-off*training: β = -3.03, z = -1.66, p = .10; spatial frequency cut-

off*training*group: β = -0.98, z = -0.31, p = .76; spatial frequency cut-
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off*training*group*scene category: β = 0.88, z = 0.16, p = .87), suggesting that the decline in 

performance with increasing cutoff was comparable across groups, training conditions and 

scene categories. 

 

 
Figure 6. Error rates (%) for 9 patients and their matched control participants when categorizing low 
spatial frequency (LSF) and high spatial frequency (HSF) scenes at the different spatial frequency 
cutoffs, before and after training. Black dots indicate the overall mean and error bars show the standard 
error. Boxplots represent the median and quartiles, and individual dots represent each participant’s 
average performance. 
 

 

3.2.2. Visual acuity (FrACT), visual quality of life (NEI-VFQ 25), and mental health (BDI-

II) 

In the 9 patients included in the training analyses, the Wilcoxon paired-sample test 

revealed no significant difference in visual acuity (logMAR) before vs. after training, V = 23, 

p = .55. Although average BDI-II scores decreased after training (6.56 ± 2.03 vs. 4.68 ± 1.56), 

the difference was not statistically significant, V = 15, p = .054. Regarding quality of life, a 

significant improvement was observed on the “dependency” dimension of the NEI-VFQ 25 

(After: 63.33 ± 8.89 vs. Before: 55.83 ± 7.76), V = 2.5, p = .05. No significant changes were 

found for the overall NEI-VFQ 25 score, V = 7, p = .07, nor for other dimensions. 
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4. Discussion 

4.1. Impaired spatial frequency processing in elderly patients with MD 

The behavioral results obtained before training confirm that patients with MD exhibit 

impaired scene categorization, particularly for HSF stimuli. When restricting the analysis to 

the nine patients over 50 years old and their matched controls, we found a significant 

interaction between group and spatial frequency: patients made significantly more errors for 

HSF scenes than for LSF scenes, and also significantly more errors than controls, but only for 

HSF stimuli. In contrast, no significant group difference was found for LSF scenes. These 

findings are consistent with previous work showing that central vision loss in MD primarily 

affects the processing of fine visual details carried by HSF, while LSF-based recognition is 

relatively preserved (Musel et al., 2011; Peyrin et al., 2017; Ramanoël et al., 2018). This 

dissociation is expected given the way central vision loss alters access to spatial frequency 

information. When central inputs are unavailable, visual processing shifts toward more 

eccentric retinal regions dominated by magnocellular pathways, which primarily transmit LSF 

information. As a result, LSF-based recognition remains relatively accessible through 

peripheral vision, whereas HSF processing is strongly degraded. This mechanism provides a 

straightforward explanation for why our patients showed preserved LSF performance relative 

to controls. This mechanism also suggests why training based on coarse visual information 

may help patients make better use of their remaining peripheral vision. Although this difference 

did not reach statistical significance, patients also tended to perform worse than controls for 

LSF scenes. This suggests that peripheral vision, although still functional, does not fully 

compensate for central vision loss.  

To further examine this dissociation, we analyzed performance as a function of the 

specific spatial frequency cutoffs used to generate the filtered images. For LSF scenes, there 

was a significant main effect of cutoff: performance was worse at 1 cpd than at 2 cpd. The 

intermediate cutoff at 1.4 cpd did not significantly differ from either 1 or 2 cpd, suggesting a 

gradual improvement in performance as more spatial detail becomes available. The lack of 

interaction between group and cutoff indicates that this pattern was similar in both MD patients 

and controls. This pattern is consistent with the view that global visual information carried by 

LSF is relatively preserved in MD, although extremely coarse inputs remain challenging to 

interpret. For HSF scenes, performance declined as cutoff frequency increased, and this effect 

was significantly more pronounced in MD patients, who performed worse than controls at all 

cutoffs. The between-group difference grew larger at higher cutoffs, reaching nearly 27% at 6 

cpd, consistent with a strong limitation in fine-detail processing through peripheral vision. 
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Controls also showed reduced accuracy at higher cutoffs, though to a lesser extent, suggesting 

that peripheral HSF processing is challenging even in healthy aging. These findings reinforce 

the idea that not all spatial frequency content is equally accessible in peripheral vision and 

highlight the compounded effects of aging and central vision loss on fine-detail processing. 

Because one patient with Stargardt disease (MD10) was much younger than the rest of 

the MD group (25 years vs. 50–81 years) and showed very low error rates, we also ran a 

sensitivity analysis excluding this participant and the matched control. In the full sample, we 

observed significant main effects of group and spatial frequency, indicating overall poorer 

performance in MD than in controls and greater difficulty for HSF than for LSF scenes in both 

groups. In the reduced sample, the same pattern of main effects was observed and, in addition, 

the interaction between group and spatial frequency reached significance, revealing that the 

HSF deficit in MD was more pronounced than the LSF deficit when the influence of this 

atypical data point was removed. Given our small sample size and limited age range, this 

analysis was used solely as a robustness check. It cannot be interpreted as evidence regarding 

potential age effects on scene categorization. 

Age-matched controls, although free of retinal pathology, also showed reduced 

performance for HSF scenes compared to LSF scenes when central vision was occluded. This 

finding is consistent with previous studies reporting age-related declines in fine-detail 

processing, likely due to decreased visual acuity and contrast sensitivity for HSF in normal 

aging (Elliott et al., 1995; Gittings & Fozard, 1986; Ramanoël et al., 2015). The HSF 

impairment observed in controls may therefore reflect the combined effects of age-related 

visual changes and the experimental constraint of peripheral viewing. Including a control group 

tested under equivalent visual constraints allowed us to determine that part of the performance 

decline for HSF scenes is not specific to MD, but may also result from normative aging when 

only peripheral inputs are available. This observation strengthens the rationale for perceptual 

training protocols targeting spatial frequency processing in peripheral vision, not only for 

rehabilitation in MD but also for supporting visuocognitive function in healthy aging. 

 

4.2. Training effects on spatial frequency processing 

Based on this rationale, we implemented a four-week visual training protocol consisting 

of twelve sessions in patients with MD. The aim was to help compensate for difficulties 

specifically related to HSF processing, and to enhance the use of both LSF and peripheral 

vision for scene recognition. To assess the potential generalizability of the protocol, we also 

included a group of age-matched control participants tested under equivalent peripheral 
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viewing conditions using artificial scotomas. These participants, although free of retinal 

pathology, also showed reduced HSF performance compared to LSF when relying solely on 

peripheral vision. This parallel suggests that such training programs could benefit not only 

clinical populations with central vision loss, but also older adults experiencing normative visual 

decline. 

We observed a significant improvement in scene categorization performance for LSF 

stimuli in patients with MD, whereas no such improvement was observed in age-matched 

controls, whose performance for LSF scenes was already near ceiling before training. This 

suggests that the training enhanced patients’ ability to use global visual cues in peripheral 

vision by strengthening LSF processing. When analyzing LSF cut-offs separately, statistical 

models indicated a group × training effect at 2 cpd. However, this effect was not corroborated 

by post-hoc comparisons within each group, which revealed no significant improvement after 

training. This pattern should therefore be interpreted with caution, as it likely reflects statistical 

noise rather than a robust training effect. 

In contrast, both groups improved for HSF scenes, although patients' improvement 

remained partial due to initially high error rates. These training effects did not differ across 

HSF cutoffs, indicating that the improvements were consistent across the tested high-frequency 

ranges. Interestingly, the improvement in patients was selective to HSF outdoor scenes, which 

had elicited the greatest difficulties before training. This may seem counterintuitive, given that 

indoor scenes typically contain more HSF detail, which corresponds precisely to the type of 

information that patients with MD struggle to process in peripheral vision. However, the higher 

overall density of HSF content in indoor scenes may increase the chances that some diagnostic 

features are still accessible, even under degraded vision. In contrast, outdoor scenes often 

contain fewer and more spatially dispersed HSF cues, which may become entirely inaccessible 

when central vision is lost, making recognition particularly difficult before training but more 

responsive to improvement once compensatory mechanisms are reinforced. 

We also observed a modest improvement in vision-related quality of life following 

training, particularly in the “dependency” subscale. This suggests that perceptual gains may 

have some functional relevance in daily life, even in the absence of measurable changes in 

visual acuity. Part of this benefit may also reflect motivational or relational aspects of the 

intervention, such as frequent contact with the experimenter and the feeling of being supported. 

While such factors are not specific to perceptual mechanisms, they likely contribute to the 

success and acceptability of training programs in older adults. 
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These preliminary results should be interpreted with caution. The small sample size 

limits the generalizability of the findings. Because intensive behavioral training requires strong 

patient commitment over several weeks, recruiting sufficiently large cohorts defined by disease 

type remains challenging. In the present sample, the small number of patients with Stargardt 

disease prevented formal statistical comparisons between etiologies. Future work with larger 

cohorts defined by disease type and with cone and rod mediated functional assessments will be 

necessary to determine whether training efficacy depends on disease etiology. Although the 

observed behavioral improvements are encouraging, future studies are needed to better 

understand the underlying mechanisms. In particular, combining this type of training with 

functional neuroimaging could elucidate how the brain adapts to visual training in peripheral 

vision, and clarify which neurocognitive mechanisms contribute to improved processing of 

spatial frequency information under peripheral viewing conditions. A likely hypothesis is that 

these behavioral improvements rely on plastic changes and functional reorganization within 

cortical regions that process input from the peripheral visual field. Recent findings indicate that 

MD alters spatial frequency processing even within the residual visual field, with marked 

deficits for HSF and relatively preserved processing of LSF. Functional MRI studies have also 

shown that HSF deficits are accompanied by reduced activation in occipital and category-

selective regions, whereas LSF processing engages more distributed cortical networks, 

including frontoparietal and oculomotor areas involved in compensatory mechanisms. In this 

context, the improvement in LSF scene categorization observed after training may reflect an 

enhanced recruitment of these preserved pathways and a more efficient use of predictive and 

attentional resources. Moreover, previous studies have shown that striate areas can undergo 

retinotopic reorganization following central vision loss, with increased responsiveness to 

stimuli presented near the PRL (Baker et al., 2005; Dilks et al., 2009). This cortical adaptation 

may further support the shift toward global visual analysis based on LSF, which remains 

accessible in peripheral vision. 

An additional mechanism that may contribute to the observed training effects is 

improved fixation stability at the PRL. Because the training protocol required repeated 

eccentric fixation on a central target, patients may have developed more stable fixation patterns 

over sessions. Increased fixation stability could ensure that HSF information is sampled with 

greater reliability by the same peripheral retinal region across trials. This may improve the 

overall accessibility of fine scene details, even though their spatial location varies from one 

image to another. Consistent with this possibility, previous work has shown that oculomotor 

training can improve fixation stability in patients with macular disease, with measurable 
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benefits for reading performance (Rosengarth et al., 2013). Although compatible with our 

behavioral findings, this mechanism remains speculative here because fixation stability was 

not directly monitored during training. This limitation motivates future studies combining 

scene-based perceptual training with eye-tracking and potentially pupillometry, in order to 

quantify whether changes in fixation stability or other oculomotor factors contribute to 

behavioral improvements. 

Such functional adaptations are not exclusive to pathological conditions. Even in 

healthy vision, peripheral regions of the visual field are more sensitive to LSF, while HSF are 

preferentially processed through central vision (Henriksson et al., 2008; Musel et al., 2013). 

This intrinsic retinotopic organization supports the notion that peripheral vision is particularly 

suited for the extraction of coarse visual information. In contexts where central input is 

unavailable or suppressed, whether due to disease or experimental constraints as in the current 

study, such coarse cues become essential for recognition. Within predictive coding 

frameworks, early LSF information available in peripheral vision can initiate top-down 

expectations about scene content, thereby facilitating perceptual inference by constraining the 

interpretation of subsequent input (Peyrin et al., 2021). Our findings suggest that visual training 

may enhance these mechanisms, allowing both MD patients and older adults with simulated 

central loss to rely more effectively on coarse-level analysis and predictive guidance in 

peripheral vision. 

Future studies should also assess whether these perceptual improvements generalize to 

other visual tasks, such as object detection, navigation, or face recognition, as well as to real-

life situations. Longitudinal designs will be necessary to determine the stability of training 

effects over time and whether maintenance sessions are needed. In addition, the absence of a 

sham or placebo training condition prevents us from fully disentangling task-specific learning 

effects from non-specific influences such as repeated testing, procedural familiarity, 

motivation, or experimenter contact. Future studies could implement such a control condition, 

for example by training with stimuli with uninformative spatial-frequency content, while 

matching all other aspects of the procedure. Finally, the demonstration of training-related 

improvements suggests that this protocol may provide a useful basis for rehabilitation. Building 

on this result, future clinical applications could combine the training with contrast sensitivity 

function (CSF) assessments to adapt stimulation to each patient’s visual profile, since CSF 

profiles indicate how sensitivity varies across spatial frequencies. This information could be 

used pragmatically to adjust stimulus contrast and spatial-frequency parameters to individual 

residual sensitivity when implementing personalized rehabilitation in routine care. 
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5. Conclusion 

This study provides novel behavioral evidence that spatial frequency training can 

enhance scene categorization in peripheral vision, particularly in patients with MD. 

Improvements were most notable for LSF scenes and, to a lesser extent, for outdoor HSF 

scenes, which initially posed the greatest difficulty. These findings support the potential of 

perceptual learning protocols to compensate for central vision loss by reinforcing the use of 

residual peripheral vision. Beyond clinical applications, the observation that older adults 

without MD also show deficits in HSF processing under peripheral viewing conditions 

highlights a broader phenomenon associated with normal aging. Targeted visual training may 

thus benefit not only patients with MD but also healthy older individuals, by supporting 

peripheral processing and compensatory strategies. In the long term, such interventions could 

help preserve functional autonomy by reinforcing visuocognitive abilities essential to daily life. 
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