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Abstract: Previous studies on animal models suggested that visual areas involved in motion 50 

processing could undergo important cortical reorganizations following retinal damages. This 51 

could have major implications for patients suffering from macular degeneration (MD), one 52 

leading cause of vision loss. Here, we performed fMRI recordings in a group of maculopathy 53 

patients (including individuals suffering from age-related macular degeneration or from 54 

Stargardt’s Disease) and a control group to characterize the motion processing cortical 55 

network in MD patients and determine whether this network is modified following the onset of 56 

the scotoma. We used an experimental protocol based on random-dot kinematograms (RDKs) 57 

classically employed to characterize motion-selective areas in the brain. To ensure that the 58 

visual information processed by the two groups was equivalent, the visual field in each control 59 

participant was masked using an artificial scotoma directly derived from clinical measurements 60 

in their paired patient. We found that in MD patients, translational motion elicited significant 61 

and robust activations in a restricted cortical network which included the human V5/MT+ 62 

complex (hMT+), areas V3A and V6, and a portion of primary visual areas (V1, V2 and V3) 63 

connected to peripheral vision. Importantly, the same patterns of responses were also 64 

observed in control participants. Moreover, the extent and strength of activation within these 65 

motion-selective areas did not differ significantly between the two groups. Altogether, these 66 

results suggest that in humans, the motion-selective network does not undergo significant 67 

large-scale cortical reorganizations following the onset of MD. 68 

 69 

 70 

Significance statement: Motion processing in the visual cortex of patients with macular 71 

degeneration has never been characterized. Here, we performed fMRI recordings in 7 72 

maculopathy patients and found robust motion-selective activations in a cortical network which 73 

included the human V5/MT+ complex (hMT+), areas V3A and V6, and a portion of primary 74 

visual areas connected to peripheral vision. These activations closely align with those reported 75 

in participants with normal vision in the literature and do not significantly differ from those 76 
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measured in a group of age and gender-matched control participants who viewed the motion 77 

stimuli with a matched artificial scotoma. Altogether, our results suggest that the motion-78 

selective network does not undergo significant large-scale reorganizations in maculopathy 79 

patients following the onset of the scotoma. 80 

 81 

1. Introduction 82 

 83 

Macular degeneration (MD) is a visual pathology that alters the outer layers of the central 84 

retina, resulting in central vision loss. Its most common form is age-related macular 85 

degeneration (AMD) which develops after 60 years and currently affects over 67 million of 86 

patients in Europe (Li et al., 2020). Macular degeneration can also affect younger populations 87 

under the form of Stargardt disease (STG) which usually onsets during adolescence but can 88 

also appear later in life (Late-Onset Stargardt Disease; Westeneng-van Haaften et al., 2012). 89 

Despite their different origins, both diseases result in a loss of visual acuity and decreased 90 

contrast sensitivity, with severe consequences on patient's quality of life as they impair 91 

recognition and mobility (Hassan et al., 2002; Kuyk & Elliott, 1999; Marron & Bailey, 1982; 92 

Wood et al., 2009). MD patients usually rely on peripheral vision, which has a much lower 93 

spatial resolution compared to central vision, to process their visual environment (Musel et al., 94 

2011; Peyrin et al., 2017; Tran et al., 2011). Most of them develop a preferred retinal locus 95 

(PRL) outside the scotoma for ocular fixation (Fletcher & Schuchard, 1997). This overuse of 96 

peripheral vision was hypothesized to lead to cortical reorganizations in visual cortex (Baker, 97 

2005), notably in neural populations which previously processed central vision. However, the 98 

associated neural mechanisms remain poorly understood. Most studies on cortical 99 

reorganisation in MD patients focused on the primary visual cortex (see however Little et al., 100 

2008 or Ramanoël et al., 2018). Recordings using functional magnetic resonance imaging 101 

(fMRI) demonstrated that stimuli presented in peripheral vision activated portions of area V1 102 

connected to the scotoma (Dilks et al., 2009), but it is now accepted that this effect is 103 
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dependent on the cognitive tasks and low-level visual features, and only reflect unmasking of 104 

cortical feedbacks (Masuda et al., 2008, 2021; Morland, 2015). Interestingly, recent studies 105 

on animal models suggested that cortical reorganization after MD can be more pronounced in 106 

higher-level visual cortex, notably along the dorsal pathway. Using fMRI, Shao et al., (2013) 107 

found that visual responses in area MT, a dorsal region processing motion, were significantly 108 

modified in a macaque monkey with juvenile MD. In a cat model, Burnat et al., (2017) showed 109 

that the posteromedial lateral suprasylvian area PMLS (the homologue of primate cortical area 110 

V5/MT; Villeneuve et al., 2006) and to a lesser degree area 7 (which is also motion sensitive; 111 

Pigarev & Rodionova, 1998) had enhanced activity following the induction of a central retinal 112 

lesion in adult animals. These enhancements were associated with better performances in a 113 

motion task. In humans, a recent study showed that functional connectivity between the 114 

portions of early visual areas (V1, V2, and V3) that respond to peripheral vision and MT was 115 

enhanced in individuals with central vision loss (Fleming et al., 2024). Another study in 116 

psychophysics reported that self-induced motion perception from peripheral stimuli was 117 

increased in MD patients (Tarita-Nistor et al., 2008), suggesting some degree of plasticity in 118 

cortical areas processing motion. It is thus possible that neural responses in the motion-119 

selective cortical network of MD patients are enhanced following the onset of their scotoma 120 

but this hypothesis has never been tested using functional neuroimaging. 121 

  122 

Here, we employed an fMRI protocol commonly used to identify cortical areas selective to 123 

motion (see e.g., R. Tootell et al., 1995b or Zeki et al., 1991) in seven MD patients and seven 124 

age and gender-matched controls, whose central visual field was masked using simulated 125 

scotomas of the same positions and dimensions as those of their corresponding patients. Our 126 

main objectives were to characterize the motion processing cortical network in MD patients 127 

and to determine whether this network undergoes significant large-scale reorganisations 128 

following the onset of the scotoma. We tested if the cortical areas within this network are 129 

similar or different between the two populations and whether their associated BOLD responses 130 
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are comparable. To complete our analysis, we performed psychophysical measurements to 131 

assess the motion discrimination thresholds in both groups.  132 

 133 

2. Methods 134 

 135 

2.1 Participants: Seven maculopathy patients (age range: 50 - 81) were recruited from the 136 

Retina Center of the Purpan Hospital of Toulouse and from the Ophthalmology center of the 137 

Grenoble Hospital (CHUGA) in France (see Table 1). Five of them were diagnosed with age-138 

related macular degeneration (AMD), while the two others suffered from late-onset Stargardt 139 

disease. They all had dense central bilateral scotomas and a stable preferred retinal locus in 140 

at least one eye. None of them suffered from other visual illnesses. The experiments were 141 

also conducted in 7 age- and gender-matched controls with normal (or corrected to normal) 142 

vision. Age differences between patients and controls were all less than two years except for 143 

the control of MD2 (81) who was 76 (despite a broad screening procedure, we did not manage 144 

to find an older volunteer). Importantly, each control participant underwent the experiments in 145 

the same center as their paired patient. None of the participants suffered from general long-146 

term illnesses. In order to evaluate their cognitive functions and their psychological states, 147 

they all underwent the Mini-Mental State Examination (MMSE) and the Beck Depression 148 

Inventory (BDI-II), respectively. All of them had a score above 23 for the MMSE and below 19 149 

for the BDI-II. All participants gave their written informed consent and the protocol was 150 

approved by the French Ethics Committee (CPP) of Sud Mediterranée IV (2022-00957-36).  151 

 152 

 153 

 154 

 155 

 156 

 157 
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Subjects Sex Age Diagnosis 

Visual 
acuity 

Tested 
eye 

Scotoma 
radius PRL polar 

angle (θ), 
deg 

PRL 
eccentricity 

(ρ), deg 
LE       RE deg 

    

MD1 F 75 AMD 0.14 0.15 L 9.72 152.6 10.4 

MD2 M 81 AMD 0.03 0.48 R 5.3 -36.1 1.1 

MD3 F 66 AMD 0.6 0.23 L 7.31 -22.7 2.1 

MD4 M 73 AMD 0.23 0.22 L 9.84 180 9.58 

MD5 M 75 AMD 0.05 0.23 R 6.15 12.31* 28.5 0.9 

STG1 F 50 STG 0.4 0.7 L 5.18 0 0 

STG2 M 69 STG 0.25 0.25 R 5.87 90 5.22 

CTRL1 F 74 - 1.54 1.80 R - - - 

CTRL2 M 76 - 1.03 1.13 R - - - 

CTRL3 F 67 - 1.11 0.61 L - - - 

CTRL4 M 71 - 1.27 1.73 L - - - 

CTRL5 M 77 - 0.96 1.71 R - - - 

CTRLSTG1 F 52 - 1.31 0.99 L - - - 

CTRLSTG2 M 68 - 1.43 2 R - - - 

Table 1: Characteristics of MD patients and age-matched controls included in the study. Precisions 158 

about the diagnosis of patients (AMD for Age-related Macular Degeneration, STG for late-onset 159 

Stargardt’s disease), the decimal visual acuity for the left (L) and right (R) eye, as well as the polar 160 

coordinates (angles and eccentricities) of the Preferred Retinal Locus (PRL) are included. Patients and 161 

their controls carried out the experiments in the same centers, i.e in Toulouse or in Grenoble. Controls 162 

for MD patients 1 to 5 are labelled CTRL1 to CTRL 5. Controls for STG patients STG1 and STG2 are 163 

labelled CTRLSTG1 and CTRLSTG2. It should be noted that because MD5 had an elongated scotoma, 164 

we used an ellipse rather than a disk for the artificial scotoma of his control. In this case, the two values 165 

provided in the ‘scotoma radius’ column (marked by an asterisk) provide the lengths of the ellipse semi-166 

minor and semi-major axes. 167 

 168 

For each participant, the eye with the better acuity was determined using the Sloan letters of 169 

the Freiburg Visual Acuity Test (Bach, 2007). In most participants, this eye was stimulated 170 

during the experiments and the other eye was patched. Only patients MD1 and STG1 were 171 

stimulated in the other eye because it was the only one with a stable preferred retinal locus 172 

(PRL, see below). In their case, the eye with the better acuity was patched. 173 

 174 
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2.2 Scotoma size: For each patient, an ophthalmologist delineated the border of the 175 

scotoma from the fundus of the eye captured by standard and autofluorescence imaging (see 176 

Figure 1-A for MD3, other examples are provided in Supplementary figure 1-1). The area of 177 

the scotoma (in square degrees of visual angles) was extracted using MATLAB (MathWorks, 178 

Natick, MA, USA). This area was used to compute the simulated scotoma of the age- and 179 

gender-matched controls (see below). 180 

 181 

2.3 Position of the Preferred Retinal Locus (PRL) in maculopathy patients: MD 182 

patients usually develop a new locus of ocular fixation following the onset of their scotoma. To 183 

test for the presence of such preferred retinal locus (PRL) and to determine its location, we 184 

performed spectral-domain optical coherence tomography (see Figure 1-B). During the 185 

measure, patients were instructed to fixate a light produced by the OCT. Patients with a 186 

developed PRL naturally used it to direct their gaze, thereby allowing us to record its retinal 187 

coordinates. This process was repeated three times with a short break in between 188 

acquisitions, to ensure that the measure was stable (see Contemori et al., 2024). Table 1 189 

reports the average PRL locations across these three measures (see Maniglia et al., 2018 or 190 

Guénot et al., 2022 for more details). It is important to note that two patients (MD5 and STG1) 191 

relied on central vision for fixation, indicating that they retained some residual visual function 192 

near their fovea despite significant damages to their maculas, as shown in Supplementary 193 

Figure 1-1. As will be demonstrated, the inclusion of these patients does not introduce biases 194 

into our fMRI results. 195 

 196 
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Figure 1: Estimation of the scotoma size and PRL position in one typical patient (MD3). These values 197 

are used to define the artificial scotoma masking the central visual field in the associated control 198 

participant. It should be noted that all retinal images in this figure have been inverted horizontally to be 199 

aligned with the visual field. The letters on panel A and B specify the orientation of the images (L: Left; 200 

R: Right; D: Down; U: Up). A) An autofluorescence imaging of the eye fundus is acquired. The border 201 

of the scotoma is delineated and the associated surface is used to calculate the radius of the scotoma 202 

in degrees of visual angle, given that 288µm on the image corresponds to 1 degree of visual angle. B) 203 

Patients were instructed to fixate a central light and we measured the x and y position of their PRL with 204 

spectral-domain optical coherence tomography (Spectralis Optical Coherence Tomography [OCT]; 205 

Heidelberg Engineering, Heidelberg, Germany). This process was repeated three times (leftward panel) 206 

and the final coordinates (green dot on the rightward panel) were the average across these three 207 

measures. Here, the position of the fovea is marked by a red dot. From the surface of the scotoma and 208 

the position of the PRL, it is possible to simulate the patient’s visual field. C) During the fMRI 209 

experiments, MD patients were instructed to fixate a central cross (shown here in green) with their PRL. 210 

Controls had to fixate a red cross at the position corresponding to their paired patient’s fovea while an 211 

artificial scotoma was displayed in dark gray. The dotted lines (not shown during the experiments) 212 

specify the four quadrants of the patients’ and controls’ visual fields in this case: upper-left (‘UL’), upper-213 

right (‘UR’), lower-left (‘LL’) and (‘LR’). The screen (in light gray) dimensions provided here (20° x 15°) 214 

are those used in the two MRI centers. The percentage displayed on the top of the graphics specifies 215 

the visible portion of the screen (i.e., the surface that is not obscured by the artificial scotoma) in this 216 

case. 217 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 218 

 219 

2.4 Artificial scotoma and viewing conditions in control participants: For each 220 

control participant, we masked the central visual field using an artificial scotoma as in previous 221 

studies (Christen & Abegg, 2017; Gupta et al., 2018). This simulated scotoma had the same 222 

surface as the one measured in the associated patient (see the ‘Scotoma size’ section) and 223 

was centered on the fovea (except for CTRL2 and CTRL 3 where the artificial was shifted to 224 

the left because MD2’s and MD3’s scotoma occupied a larger portion of the left visual 225 
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hemifield). Control participants were instructed to gaze on a fixation cross that we displayed 226 

at the position of their paired patient’s fovea (see the red cross on Figure 1-C). In this case, 227 

the center of the screen fell on the visible part of their visual field, at the PRL location of their 228 

paired patient. For all control participants, artificial scotomas were simplified as a disk except 229 

for CTRL5 for which we used an ellipse to more closely match the real shape of MD5 scotoma, 230 

which was very elongated (see Supplementary figure 1-1). This protocol permits patients and 231 

controls to receive comparable visual inputs. It notably equalizes the position and surface of 232 

the occluded part of the visual field (see Guénot et al., 2022). 233 

 234 

2.5 Motion stimuli: Motion stimuli were adapted from the experimental protocol of a 235 

previous electrophysiological study (Graziano et al., 1994). They consisted in translational 236 

patterns defined from randomdot kinematograms (RDKs) (see Figure 2-A) generated with 237 

Matlab (R2017a). The RDKs contained bright non-overlapping dots (diameter: 0.2°) moving 238 

on a homogenous dark background with a high contrast (100%). They had a density of 0.3945 239 

dots per square degree of visual angle. When a dot reached the border of the display screen, 240 

it was immediately relocated at a random position. This process permits to equalize mean 241 

luminance and dot density across the screen during the experiments. Each dot moved at a 242 

velocity of 7°/s, which corresponds to the average preferred speed of neurons in macaque MT 243 

(Priebe et al., 2006). This speed is in agreement with those used in previous fMRI studies on 244 

motion processing (6°/s in Zeki et al., 1991, 8°/s in (Huk et al., 2002). These translational 245 

motion stimuli were used for the fMRI recordings (see the next section) and for the 246 

psychophysical measurements (see the ‘Experimental protocol for the psychophysical 247 

measurements’ section).  248 

 249 

2.6 Experimental protocol for fMRI measurements: In both Toulouse and Grenoble 250 

MRI platforms, stimuli were displayed on a large screen and covered 20°x15° of visual angle. 251 

fMRI recordings were performed using a block-design. Each run consisted of 312 s and were 252 
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divided into 6 identical cycles of 52 s (see Figure 2-A). Each cycle started with a baseline 253 

period of 10 s during which only a red fixation cross of 1° of visual angle was displayed on a 254 

black screen. It was followed by a block of 16s of uniform motion, then by another 10 s of 255 

baseline and finally by a block of 16 s with static dots. During motion blocks, a new pattern of 256 

translational motion during which all the dots moved either upward or downward was 257 

presented every 2 s. These patterns last 1.8 s and were separated by short periods (0.2 s) 258 

during which the screen went black and only the fixation cross was presented. The same 259 

principle was applied during the blocks of static dots (a new pattern was displayed for 1.8 s 260 

every 2 s). During both translational motion and static dot blocks, an artificial scotoma masked 261 

the central vision of control participants.  262 

 263 

Figure 2: Experimental protocols. A) fMRI recordings were performed using a block-design. Runs 264 

lasted 312 s and contained 6 identical cycles of 52 s. Each cycle started with a baseline period of 10 s 265 

during which only a red fixation cross was displayed on a black screen. It was followed by a block of 16 266 

s of uniform motion (shown here in blue), then by another 10 s of baseline and finally by a block of 16 267 

s with static dots (in red). During motion blocks, a new pattern of translational motion during which all 268 

the dots moved either upward or downward was presented every 2 s. These patterns last 1.8 s and 269 

were separated by short periods (0.2 s) during which the screen went black and only the fixation cross 270 

was presented. The same principle was applied during the blocks of static dots (a new pattern was 271 

displayed for 1.8 s every 2 s and patterns were separated by 0.2 s). B) During psychophysical 272 

recordings, participants had to report the perceived motion direction of the stimuli (either upward or 273 

downward). We manipulated motion coherence and estimated thresholds corresponding to 80 percent 274 

of correct detections. For illustration, an upward motion trial is shown at 20% of coherence. Signal dots 275 
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are shown in white and noise dots in gray for better visibility on the figure (all the dots were white during 276 

the experiment). During all the recordings (fMRI and psychophysics), participants had to fixate a red 277 

cross that was central for patients (who used their PRL) and at the position corresponding to their paired 278 

patient’s fovea for controls. This red fixation cross was always present on the screen. 279 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 280 

 281 

This protocol is classically employed to identify motion selective cortical areas (Zeki et al., 282 

1991; Watson et al., 1993; Tootell et al., 1995b; Huk et al., 2002). The visual display of the 283 

stimuli and its temporal synchronization with the acquisition of the fMRI data was controlled 284 

using the EventIDE software (Okazolab). A red fixation cross was displayed during all the 285 

functional recordings, in the center of the screen for patients (who directed their gaze with their 286 

PRLs) and at the position corresponding to their paired patient’s fovea for controls (see 287 

above). As shown in the central columns of Figures 3 and 4, the visible portion of the stimuli 288 

covered most of the screen for the majority of participants. The exceptions were MD5 and his 289 

control, for whom 42% of the screen was visible. In order to make sure that all participants 290 

correctly directed their gaze and were focused on the visual stimuli, a white circle (0.75° of 291 

radius) was randomly displayed for 200 ms on the center of the screen during the runs (10 292 

displays per run on average). Its size and duration were determined from pilot experiments. 293 

Participants were instructed to press a button on a gamepad whenever they detected it. Even 294 

though this task was not easy (notably for patients who were fixating with their PRLs), they all 295 

performed it well (mean percentage of correct detection for patients: 80; and controls: 90) and 296 

we thus kept all the runs for further analyses. 297 

 298 

2.7 (f)MRI recordings: (f)MRI recordings were performed at 3T (Achieva dStream 3.0T TX, 299 

Philips, NL) at Toulouse NeuroImaging Center (ToNIC, Toulouse, France) and at IRMaGe 300 

MRI facility (Grenoble, France). Importantly, both MRI platforms are equipped with the same 301 

MR hardware configuration (with Quasar Dual gradient system and dStream architecture 302 

supporting MultiBand-accelerated acquisitions, 32 channel head coil). They were operated 303 
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using the same software version (R5.7.1). This permits to minimize the differences between 304 

the recordings performed in the two cities, although we emphasize that each patient from one 305 

center was matched with a control from the same center. We acquired two high-resolution 306 

anatomical images of the participant’s brain using a T1-weighted magnetization-prepared 307 

rapid gradient-echo (MPRAGE) sequence (repetition time, TR = 8.1 ms; echo time, TE = 3.7 308 

ms, flip angle = 8°; FOV: 240 x 240 mm; voxel size = 1 x 1 x 1 mm; 170 sagittal slices). These 309 

anatomical images were first co-registered and then averaged together to be used as a 310 

reference to which the functional images from all the experiments were aligned. Functional 311 

images were collected with a T2 * weighted gradient-echo echoplanar imaging (EPI) sequence 312 

(TR = 2000 ms, TE = 30 ms, flip angle = 75°, SENSE factor = 1.6; multi-band (MB) = 3; FOV: 313 

224 x 224 mm; matrix size: 112 x 110 mm; voxel size = 2 x 2 x 2 mm, 63 transverse slices, 314 

dyn = 156). 315 

 316 

2.8 (f)MRI data analyses: MRIQC v.13.1.0 was used to check the quality of all our 317 

functional recordings (Esteban et al., 2017). We did not observe any out-of-range runs in our 318 

data, indicating negligible head-movement. We thus kept all the measurements for further 319 

analyses. Pre-processing of fMRI data included slice scan time correction, 3D motion 320 

correction using trilinear/sinc interpolation, and a linear trend followed by a high-pass filtering 321 

using Fourier analysis with a cut-off at 3 cycles. For each participant, functional data were co-322 

registered on the anatomy. Functional and anatomical data were brought into anterior 323 

commissure - posterior commissure (ACPC) space using cubic spline interpolation and then 324 

transformed into standard Talairach (TAL) space (Talairach & Tournoux, 1988). For further 325 

analyses, the volume time courses were spatially smoothed at 4 mm FWHM.  326 

 327 

Individual analyses were performed on each node of the participant’ cortical tessellations by 328 

fitting a general linear model (GLM) to the corresponding blood oxygen level-dependent 329 

(BOLD) signal. The model contained 2 main regressors, representing the 2 experimental 330 
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conditions: uniform motion (either upward or downward) and control (static dots). These 331 

regressors were convolved with a model of the human hemodynamic response function. We 332 

also introduced 8 regressors of non-interest in our model. 6 of them corresponded to the 333 

translation and rotation of the head estimated during the motion-correction step of the pre-334 

processing (see above). The two last ones were time-courses captured within the ventricles 335 

and the white-matter. This operation permits to reduce the noise in the data (see e.g., Audurier 336 

et al., 2022). For each participant, the beta weights obtained from the GLM were subsequently 337 

used to perform univariate analyses (t-scores) at the whole-brain level. All these analyses 338 

were realized using the BrainVoyager software (v23, Brain Innovation, Maastricht, the 339 

Netherlands) (Goebel et al., 2006). Results are shown on inflated surfaces, obtained by 340 

segmenting the white and gray matter, as well as the cerebrospinal fluid, and reconstructing 341 

a surface at the boundary of the white and gray matter. Statistical maps are mainly thresholded 342 

at p-value < 10-3 (uncorrected), as is often the case in individual-level fMRI analysis (see e.g., 343 

Aedo-Jury et al., 2020). 344 

 345 

Group-level analyses were performed within independently defined regions of interest (ROIs). 346 

These ROIs were given by spheres in the volumetric space centered on the Talairach 347 

coordinates provided in previous studies for areas hMT+  (Watson et al., 1993), V3A (R. B. H. 348 

Tootell et al., 1997) and V6 (Pitzalis et al., 2010). Within each ROI, we computed the 349 

differences between the averages percentages of signal changes (PSCs) during the 350 

translational motion condition and during its control condition (static dots). For each group, we 351 

first determined whether these differences of PSCs were significantly different from zero 352 

across participants. We used Wilcoxon sign-rank tests because it is non-parametric and thus 353 

does not assume that the data are normally distributed. Then, we tested whether the 354 

differences of PSCS were different between the two groups (MD patients and controls), also 355 

using Wilcoxon sign-rank tests. Here, data were paired between each patient and his/her 356 

control to reflect the fact that each pair received the same visual stimulations. To complete our 357 

statistical analyses and determine how much evidence favors the alternate hypothesis (H1: 358 
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the differences of PSCs are not the same between the two groups) against the null hypothesis 359 

(H0) in a given ROI, we also computed the Bayes factor using the R-code open source JASP 360 

program. This factor is given by the ratio of the likelihood of the alternate hypothesis (H1) to 361 

the likelihood of the null hypothesis (H0). Values weaker than one favors the null hypothesis 362 

whereas values greater than one favors its alternative (Raftery, 1995). We used spheres with 363 

a radius of 10 mm, a value which leads to a cortical surface in line with the one reported for 364 

area hMT+ (see Kolster et al., 2010). It should be noted that the analyses were also repeated 365 

with radius values of 5 and 15 mm to make sure that the choice of this parameter did not 366 

influence our results.  367 

 368 

2.9 Experimental protocol for psychophysical measurements: The psychophysical 369 

measurements were performed separately from the fMRI recordings, and outside the MRI 370 

scanner. During the experiment, participants sat in a chair whose height was adapted in order 371 

to adjust the height of the eyes to the center of the screen. Their head was placed on a head-372 

support device clamped on top of a table and equipped with both chin and forehead supports. 373 

The chair and head-support devices were positioned so as to ensure a fine alignment between 374 

the participants’ head and trunk axes. Participants had to keep this position as constant as 375 

possible. Dot stimuli of 0.2° in size were presented on computer screens using a large portion 376 

of the visual field (58.1° × 43.8° of visual angle in Toulouse and 48.6° x 30.7° in Grenoble) to 377 

maximize coverage of peripheral vision. As for the fMRI recordings, during the whole 378 

experiment, participants had to fixate a red cross monocularly (the other eye was patched). 379 

This cross was central for patients (who used their PRL) and at the position corresponding to 380 

their patient fovea for age-matched controls.  381 

 382 

We used the same random dot kinematogram stimuli as for the fMRI experiments (see the 383 

‘Motion stimuli’ section), except that here, each dot had a limited lifetime of 200 ms (12 frames 384 

at 60 Hz). At the end of its lifetime, it was randomly reassigned to a new spatial position. To 385 
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avoid a coherent flickering of the stimulus every 200 ms, each dot initial age was randomly 386 

picked between 0 and 166 ms (11 frames) at the beginning of each trial. We chose to 387 

manipulate lifetime to permit a direct comparison of the psychophysical results with those 388 

obtained in a previous study using the same paradigm, but performed on other MD patients 389 

(Guénot et al., 2022). It should be noted that we used unlimited lifetimes for the fMRI 390 

recordings in order to maximize the BOLD responses of motion selective areas, and hence to 391 

facilitate their localization.  392 

 393 

A forced binary decision task was used to estimate motion discrimination thresholds. Stimuli 394 

were presented in blocks of 64 trials. Each block lasted about 3 min. Each trial started with 395 

the presentation of the stimulus for 200 ms. Participants had to report whether the motion of 396 

the stimulus was upward or downward. They were instructed to respond as quickly as possible 397 

while maximizing their performances. Responses reported after 2 s were considered as 398 

incorrect. After each trial, an auditory feedback indicated whether the chosen direction was 399 

correct or not. During each block, we manipulated motion coherency (i.e., the percentage of 400 

dots moving along the same direction while the other dots had random directions) and 401 

estimated the thresholds corresponding to 80% of correct detection using an adaptive 402 

Bayesian approach (QUEST, see below). Participants completed 4 blocks. The first block was 403 

considered as a training and not included in the analyses. Breaks were included (3 minutes 404 

on average) between blocks to reduce fatigue. The whole experiment was completed in one 405 

session of about 20 minutes. 406 

 407 

2.10 Robust estimation of motion coherence thresholds: Because it is complicated 408 

for MD patients to perform long psychophysical experiments, we used the QUEST adaptive 409 

procedure to obtain rapid, efficient and robust estimations of motion coherence thresholds 410 

(Guénot et al., 2022, 2023). QUEST is based on a Bayesian approach assuming that the 411 

psychophysics function underlying the participant performance follows a Weibull distribution. 412 
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During a block, the estimated parameters of this function were updated after each trial on the 413 

basis of the participant’s response. Coherence values corresponded to the current maximum 414 

likelihood estimate of the threshold. We fixed the maximum number of trials at 64 as it was 415 

previously shown that this value leads to robust thresholds in most circumstances (Watson & 416 

Pelli, 1983). We used an initial threshold value of 58 % based on previous recordings using 417 

the same stimuli in MD patients (Guénot et al., 2022).  418 

  419 

3. Results 420 

 421 

In this section, we first detail the fMRI activation patterns observed in our MD patients and 422 

their controls. Next, we describe the results of the psychophysical experiment and their 423 

relationship with BOLD responses.  424 

3.1 Motion-selective responses in the cortex of MD patients and their controls 425 

Figure 3 shows the motion-selective activations (t-scores, p-value < 0.001, uncorrected) 426 

obtained in one typical MD patient (MD3, upper panel) and her control (CTRL3, lower panel) 427 

displayed on enlarged lateral views of their inflated individual cortical surfaces. Motion-428 

selective activations in the other participants are shown in Figure 4. Activations displayed on 429 

medial views for all participants are shown on Figure 5. In all these figures, cortical nodes with 430 

significantly stronger responses to translational motion than to static dots appear in hot colors 431 

(yellow/red) while nodes with significantly stronger responses to the opposite contrast are 432 

shown in cold (blue) colors. Data were thresholded at p-value < 10-3 (uncorrected).  433 

 434 
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 435 

Figure 3: Comparison between BOLD responses to the translational motion condition and to its control 436 

condition (static dots) in one representative patient (MD3) and her age- and gender-matched control 437 

(CTRL3). Activations are shown on inflated individual cortical surfaces. Gyri appear in pale gray while 438 

sulci are shown in darker gray. Cortical nodes with significantly stronger responses to translational 439 

motion appear in yellow/red colors while nodes with significantly stronger responses to static dots are 440 

shown in blue. Data were thresholded at p-value < 10-3 (uncorrected). It should be noted that area V3A 441 

in the right hemisphere of MD3 was detected using a threshold p-value of 10-2 and it is thus not visible 442 

here. Colored lines provide the anatomical positions of the Inferior Occipital Sulcus (IOS, in olive green), 443 

of the Lateral Occipital Sulcus (LOS, in green), of the Transverse Occipital Sulcus (TOS, in purple), of 444 

the ventral part of the Anterior Occipital Sulcus (AOSv, in cyan), and of the Superior Temporal Sulcus 445 

(STS, in red). The central panel illustrates visual stimulation in this case. During the fMRI recordings, 446 

MD3 fixed the center of the screen (green cross) with her PRL while CTRL3 gazed at the position of 447 

MD3’s fovea (red cross). The dark disk is the artificial scotoma (see Figure 1 for more details on its 448 

definition). The dotted lines (not shown during the recordings) specify the positions of the horizontal and 449 
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vertical meridians. We also provide the coherence thresholds (CoTh) estimated through psychophysical 450 

measurements.  451 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 452 

 453 

In all participants, translational motion elicited significantly stronger responses in a cortical 454 

network that is mainly localized within the dorsal visual pathway (i.e., in occipito-parietal areas) 455 

and within early visual areas. It should be noted that this network is very restricted when 456 

compared to the one obtained by contrasting responses to visual stimulation versus baseline 457 

(ocular fixation) and which covers the majority of the posterior part of the brain and notably 458 

includes areas along the ventral pathway (lateral and medial views of the corresponding 459 

activations maps are provided in Supplementary Figures 4-1 and 4-2). In the following, we first 460 

focus on responses within cortical regions that were consistently reported as motion-selective 461 

in the literature. Then, we describe our results in early visual areas and in other parts of the 462 

brain. 463 

3.2 Activations in area hMT+: In all MD patients and their controls, we observed 464 

significantly stronger responses to translational motion than to static dots within (or posterior 465 

to) the ventral part of the anterior occipital sulcus (AOSv, in cyan in Figure 3), in between the 466 

inferior (IOS, in olive green) and the lateral (LOS, in green) occipital sulci (see Figures 3 and 467 

4). The Talairach coordinates of the local maxima (t-scores) measured in this region are 468 

provided in Table 2. Averages values in the left and right hemispheres for patients ([-42±2; -469 

71±2; 5±2] and [41±2; -66±2; 2±2]) and controls ([-42±2; -64±2; 4±3] and [42±2; -63±2; 3±2]) 470 

were similar. These anatomical locations and coordinates are in very good agreement with 471 

those reported in the literature for area hMT+ (e.g., [-41; -69; 2] and [41; -67; 2] in Watson et 472 

al., 1993 or [-47; -76; 2] and [44; -67; 0] in Dumoulin, 2000). To confirm that our data reflected 473 

motion-selective activations in this area, we used independently defined regions of interest 474 

(ROIs) centered on the Talairach coordinates provided by Watson et al., (1993) for hMT+ and 475 

tested whether the differences between the percentages of signal change (PSCs) measured 476 



 

20 

during the translational motion condition and during its control (static dots) were significantly 477 

different from zeros across participants in this ROI (see the ‘Methods’ section). This was the 478 

case for both groups (Wilcoxon sign-rank tests, p-value = 0.0156 in MD patients and p-value 479 

= 0.0078 in controls, see Figure 6-A). Importantly, we did not find significant differences 480 

between the differences in PSCs observed in this ROI for the two groups (Wilcoxon paired 481 

sign-rank tests, p-value = 0.1094, Bayes factor = 1.6). As an additional analysis, we also 482 

considered the activation extent within this ROI and found that they did not significantly differ 483 

between the two groups (see Supplementary figure 6-1). Altogether, these results suggest 484 

that both MD patients and their controls have motion-selective responses in area hMT+ and 485 

that these responses do not significantly differ between the two populations.  486 

3.3 Activations in area V3A: In all MD patients and their controls, we observed significantly 487 

stronger responses to translational motion within the transverse occipital sulcus (in purple on 488 

Figure 3, see also Figure 4, for some participants, we had to decrease our threshold to a p-489 

value of 10-2, uncorrected) at similar Talairach coordinates between the two groups ([-18±2 -490 

81±2 16±3] and [21±3 -80±2 22±4] for patients and [-22±2 -80±1 25±3] and [23±1 -76±1 20±2] 491 

for controls on average (see Table 2). These anatomical locations and coordinates are in very 492 

good agreement with those reported in the literature for area V3A (e.g., [±14; -84; 19] in Tootell 493 

et al., 1997 or [±18; -78; 25] in Pitzalis et al., 2006). For both groups, we confirmed that our 494 

data reflected motion-selective activations in this area from statistical analysis within an ROI 495 

centered on the Talairach coordinates provided by Tootell et al. (1997) (Wilcoxon sign-rank 496 

tests, p-value = 0.0078 in MD patients and p-value = 0.0234 in controls, see Figure 6-B and 497 

above). We did not find significant differences between the differences of PSCs observed in 498 

this ROI for the two groups (Wilcoxon paired sign-rank tests, p-value = 0.469, Bayes factor = 499 

0.5), nor between their activation extents (see Supplementary figure 6-1). Altogether, these 500 

results suggest that both MD patients and their controls have motion-selective responses in 501 

area V3A and that these responses do not significantly differ between the two populations.  502 
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3.4 Activations in area V6: In six MD patients and their controls (all participants except 503 

MD3 and CTRL3), we observed significantly stronger responses to translational motion in the 504 

upper part of the cuneus, within the posterior branch of the parieto-occipital sulcus (POS) at 505 

similar Talairach coordinates between the two groups ([-12±2 -76±2 29±3] and [12±3 -73±3 506 

31±3] for patients and [-14±2 -74±2 32±3] and [11±1 -75±1 35±3] for controls on average, see 507 

Table 2). These anatomical locations and coordinates are in very good agreement with those 508 

reported in the literature for area V6 (e.g., [±9; -78; 34] in Pitzalis et al., 2010). For both groups, 509 

we confirmed that our data reflected selectivity to translational motion in this area from 510 

statistical analysis within an ROI centered on the Talairach coordinates provided by Pitzalis et 511 

al. (2010) (Wilcoxon sign-rank tests, p-value = 0.0156 in MD patients and p-value = 0.00781 512 

in controls, see Figure 6-B and above). We did not find significant differences between the 513 

differences of PSCs observed in this ROI for the two groups (Wilcoxon paired sign-rank tests, 514 

p-value = 0.297, Bayes factor = 0.7), nor between their activation extents (see Supplementary 515 

figure 6-1). Altogether, these results suggest that both MD patients and their controls have 516 

motion-selective responses in area V6 and that these responses do not significantly differ 517 

between the two populations.  518 

3.5 Activations in early visual areas and relationship to retinotopic properties: 519 

In all participants, we also observed motions selective activations below and above the most 520 

anterior part of the calcarine sulcus (see Figure 5). These regions correspond to the portions 521 

of primary visual areas (V1, V2 and V3) connected to peripheral vision. Their stronger 522 

responses to translational motion are not surprising given that a vast proportion of their 523 

neurons are motion-direction selective (Dumoulin et al., 2003). Here as well, we did not 524 

observe different patterns of activations in statistical parametric maps between groups (Figure 525 

5). It should be noted that for patients whose scotoma covers a larger surface in one visual 526 

hemifield (because their PRL is lateralized) and for their controls (MD1/CTRL1, MD2/CTRL2, 527 

MD3/CTRL3 and MD4/CTRL4), motion-selective activations were generally stronger in the 528 

hemisphere ipsilateral to the scotoma (i.e., contralateral to the visual hemifield that receives 529 
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more visual inputs) which reflects the retinotopic properties of early visual areas (see e.g., 530 

Benson & Winawer, 2018). In V3A, hemispheric asymmetries were also observed for these 531 

participants but they were less pronounced, reflecting the fact that neural receptive fields in 532 

this area are bigger than in areas V1, V2 and V3 (e.g., Barton & Brewer, 2017 reported 533 

population receptive fields with radiuses between 4 and 6° at eccentricities comparable to 534 

those in our study). We did not observe hemispheric asymmetries in areas hMT+ and V6, 535 

probably because these areas have very large receptive fields which overlap with the 536 

ipsilateral visual hemifield (for hMT+, see Huk et al., 2002; for V6, see Pitzalis et al., 2010). 537 

For hMT+, this is notably true in its hMST functional subdivision.  538 

3.6 Additional activations: Beyond the activations reported above, we also observed 539 

motion-selective responses in other parts of the brain but they were not as reliable and robust 540 

across participants. In some patients and their controls (MD2/CTRL2, MD3/CTRL3, 541 

MD4/CTRL4, STG1/CTRLSTG1 and STG2/CTRLSTG2, see also on the right hemisphere of 542 

CTRL5), we notably observed motion-selective activations in the fundus of the superior 543 

temporal sulcus (STS, in red on Figure 3) and also (but less frequently) on its lower bank (MD3 544 

in the right hemisphere, MD4 in the right hemisphere, CTRL5 in the left hemisphere) or within 545 

the middle temporal sulcus (MTS, CTRL2). These activations could correspond to the human 546 

posterior temporal sulcus (pSTS) area, which is selective to biological motion (Grossman & 547 

Blake, 2002) and which preferentially encodes peripheral vision (Barton & Brewer, 2017). The 548 

associated Talairach coordinates are in good agreement with those reported for this area in 549 

the literature (see supplementary Table 2-1) but an ROI-based analysis using a sphere 550 

centered on the coordinates provided by Barton and Brewer (2017) did not confirm its 551 

implication (Wilcoxon sign-rank tests, p-value = 0.109 in both MD patients and controls, see 552 

Supplementary Figure 6-2). 553 

In some participants (MD3, MD4, CTRL1 and CTRL2), additional motion-selective activations 554 

were also observed in the parietal cortex and notably within the intra-parietal sulcus, where is 555 

located the ventral intraparietal (VIP) area, which is motion selective (Bremmer et al., 2001).  556 
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 557 

 558 

Figure 4: Comparison between BOLD responses to the translational motion condition and to its control 559 

condition (static dots) in all participants, except MD3 and her control (CTRL3), whose data are provided 560 

on enlarged views in Figure 3. Significantly stronger responses to motion are shown on lateral views of 561 

the cortical surfaces for MD patients (leftward panels) and their controls (rightward panels). See Figure 562 

3 for the details of the legend.  563 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 564 

 565 
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    hMT+ V3A V6 

MD1 
LH -47; -71; 4 -17; -86; 13 -9; -74; 33 

RH 49; -66; -4 22; -84; 12 7; -77; 34 

MD2 
LH -43; -66; 7 -22; -77; 18 -6; -80; 24 

RH 32; -66; 12 13; -78; 22 4; -78; 21 

MD3 
LH -47; -66; 5 -16; -82; 14 X 

RH 38; -64; -2 29; -73; 32* X 

MD4 
LH -43; -73; -2 -27; -72; 9* -17; -72; 23 

RH 49; -64; -5 29; -78; 27 20; -69; 24 

MD5 
LH -39; -73; 13 -11; -77; 29 -13; -70; 32 

RH 40; -66; 7 18; -81; 33 19; -69; 34 

STG1 
LH -33; -78; 0 -11; -87; 7 -12; -81; 38* 

RH 37; -70; -1 11; -84; 8 6; -74; 34* 

STG2 
LH -42; -73; 8 -22; -83; 21 -12; -77; 21 

RH 43; -67; 5 24; -80; 19 18; -72; 38 

CTRL1 
LH -44; -64; 15 -20; -79; 31 -16; -69; 34 

RH 49; -65; 11 24; -75; 21 13; -67; 45 

CTRL2 
LH -42; -58; 7 -22; -73; 32 -19; -68; 46 

RH 38; -54; 6 21; -66; 28 10; -70; 45 

CTRL3 
LH -36; -60; 3 -20; -77; 31 -15; -71; 31 

RH 38; -63; -3 26; -68; 24 14; -69; 27* 

CTRL4 
LH -40; -70; -4 -21; -79; 17 -13; -72; 31 

RH 48; -68; 3 19; -82; 23 7; -75; 29 

CTRL5 
LH -40; -69; -7 -21; -79; 14 -12; -84; 15 

RH 38; -70; 0 29; -77; 19 9; -81; 27* 

CTRLSTG1 
LH -47; -63; 13 -20; -89; 26 -6; -75; 34 

RH 45; -59; 2 23; -82; 15 12; -80; 33 

CTRLSTG2 
LH -47; -69; -2 -29; -87; 22 -18; -78; 30 

RH 35; -63; -1 18; -81; 10 10; -81; 36 

Average 
patients 

LH -42±2; -71±2; 5±2 -18±2; -81±2; 16±3 -12±2; -76±2; 29±3 

RH 41±2; -66±2; 3±2 21±3; -80±3; 22±4 12±3; -73±3; 31±3 

Average 
controls 

LH -42±2; -64±2; 4±3 -22±1; -80±2; 25±3 -14±2; -74±2; 32±3 

RH 42±2; -63±2; 3±2 23±1; ±-76±1; 20±2 11±1; -75±1; 35±3 

Literature 
LH -41; -69; 2 -14; -84; 19 -9; -78; 34 

RH 41; -67; 2 14; -84; 19 9; -78; 34 

Table 2: Talairach coordinates of the different motion-selective areas observed in our study (hMT+, 566 

V3A and V6). Coordinates are provided for each MD patient and his/her control. The ‘*’ symbol indicates 567 

the coordinates for which a more permissive threshold has been used, i.e p<10-2. The table also 568 

provides average coordinates across each group as well as average coordinates reported in previous 569 

studies for these 3 areas (Watson et al., 1993 for hMT+; Tootell et al., 1997 for V3A and Pitzalis et al., 570 

2010 for V6). 571 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 572 
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 573 

We saw that two patients (MD5 and STG1) relied on central vision for fixation, indicating that 574 

they retained some residual visual function near their fovea (see the ‘Methods’). To ensure 575 

that their inclusion did not bias our results, we replicated all statistical analyses described 576 

above excluding these patients (and their matched controls) and found consistent effects (see 577 

Supplementary Figure 6-3).  578 

 579 

 580 

581 
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 582 

Figure 5: Comparison between BOLD responses to the translational motion condition and to its control 583 

condition (static dots) in all participants. Significantly stronger responses to motion are shown on medial 584 

views of the cortical surfaces for MD patients (leftward panels) and their controls (rightward panels). 585 

See Figure 3 for the details of the legend. 586 
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 588 

 589 

Figure 6: Motion-selective activations in the hMT+ (A), V3A (B) and V6 (C) ROIs. For each patient and 590 

their age-matched control (connected by lines), colored dots provide the differences between the 591 

average (across voxels and hemispheres) percentages of signal changes (PSCs) during the 592 

translational motion and control (static dots) conditions. For each group, the boxplots provide the first 593 

quartile, median, last quartile, and the extreme PSC difference. Stars (* or **) indicate that the PSC 594 

difference is significantly different from zero (p-values < 0.05 or <0.01, respectively). Statistical analyses 595 

based on paired Wilcoxon sign-rank tests did not reveal significant differences between activations in 596 

the two groups (p-values > 0.05 for the three ROIs). 597 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 598 

 599 

 600 

3.7 Motion-direction discrimination thresholds and their relationship with BOLD 601 

responses 602 

The motion direction discrimination thresholds estimated in each MD patient and their age-603 

matched control (see the ‘Material and Methods’ section) are provided in Figure 7-A. 604 

Thresholds varied between 0.37 and 0.99 in patients (0.37 for MD3 whose fMRI data are also 605 

shown on Figure 3; 0.67 on average) and between 0.21 and 0.98 in control participants (0.21 606 

for CTRL3, see Figure 3; 0.58 on average). We did not find significant differences between 607 

the thresholds measured in the two groups (Wilcoxon signed-rank test, p-value = 0.1698, 608 
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Bayes factor = 0.25). Altogether, these results confirm Guénot et al.’s (2022) results where 609 

motion direction discrimination thresholds did not significantly differ between MD patients and 610 

their age-matched controls under identical experimental conditions (see Figure 5 in Guénot et 611 

al., 2022). 612 

 613 

Figure 7: Behavioral results and relationship with cortical responses in motion-selective ROIs. A) 614 

Motion-direction discrimination thresholds estimated in the two groups. The boxplots show the different 615 

values for the first quartile, median, last quartile, and the extreme data points. The cross represents the 616 

means for both groups. Dots provide the individual data points of the distributions. It should be noted 617 

that they were slightly offset horizontally to improve their visibility. B) Differences between the average 618 

percentages of signal changes (PSCs) during the translational motion and control (static dots) 619 

conditions in the hMT+ ROI as a function of coherence thresholds. Dots and triangles respectively 620 

correspond to MD patients and controls. Spearman correlation coefficients rho (⍴) are shown (the 621 

associated p-values were respectively 0.1389 for patients and 0.5560 for controls). Data in the V3A and 622 
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V6 ROIs are respectively provided in panels C and D. The p-values associated with the Spearman 623 

correlation coefficients were 0.1667 and 0.2357 in area V3A and 0.8397 and 0.5560 in area V6 for 624 

patients and control participants, respectively. The x-axis was cropped at 0.2 for better visibility. 625 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 626 

Next, we examine whether the performances measured in psychophysics are correlated with 627 

fMRI activations in motion-selective areas. For each participant, panels B, C and D of Figure 628 

7 show the differences between the averages percentages of signal changes (PSCs) during 629 

the translational motion condition and during its control condition (static dots) in areas hMT+, 630 

V3A and V6 as a function of motion-discrimination thresholds. For each group, we provide the 631 

corresponding Spearman correlation coefficients. This measure tests whether the data are 632 

monotonically related and do not assume normality. Although stronger responses to motion 633 

stimuli were generally associated with lower perceptual thresholds (Spearman coefficients 634 

were mostly negative), we did not observe any significant correlations in the data (p-values > 635 

0.5, see details in the legend of figure 7). 636 

To complete these analyses, we also tested whether the size of the scotoma could influence 637 

the percentages of signal changes measured in our ROIs but we did not observe significant 638 

effects in both groups (see Supplementary Figure 7-1). This is probably because receptive 639 

fields in these areas are large enough to capture visual inputs outside the scotoma (see also 640 

the ‘Activations in early visual areas and relationship to retinotopic properties’ section). 641 

3.8 Control analyses to verify the robustness of our ROI-based approach 642 

All the ROIs-based analyses in our study used spheres of 10 mm. To make sure that this 643 

choice did not impact our results, we reproduced these analyses with spheres of 5 and 15 mm 644 

of radius and found the same patterns of results.  645 

 646 

 647 
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4. Discussion 648 

 649 

The aim of this study was to characterize the cortical network processing translational 650 

motion in maculopathy patients. We recorded fMRI data in 7 patients and in 7 age- and gender-651 

matched controls using an experimental paradigm based on RDKs classically employed to 652 

identify motion selective areas (Zeki et al., 1991; Watson et al., 1993; Tootell et al., 1995b; 653 

Huk et al., 2002). We also estimated motion-direction discrimination thresholds in each 654 

participant. Stimuli in each control participant were masked using an artificial scotoma of the 655 

same dimension as the scotoma of their paired patients, in order to equalize the visual inputs 656 

received by the two populations. 657 

 658 

A previous study on an animal model (Burnat et al., 2017) demonstrated that inducing 659 

a central retinal lesion in adult cats enhanced neuronal activity in the posteromedial lateral 660 

suprasylvian area (PMLS), the homologue of primate cortical area V5/MT (Villeneuve et al., 661 

2006), and to a lesser extent in area 7, which is also motion-sensitive (Pigarev & Rodionova, 662 

1998). Using a population receptive field analysis, Shao et al. (2013) found that fMRI 663 

activations in area V5/MT were more extensive in a macaque with juvenile MD compared to 664 

control monkeys with a 10° artificial scotoma. Additionally, a recent human study revealed 665 

enhanced functional connectivity between MT and early visual areas responsive to peripheral 666 

vision in individuals with central vision loss (Fleming et al., 2024). Based on these findings, we 667 

hypothesized that the cortical network processing motion might reorganize in MD patients in 668 

the presence of the scotoma through enhanced BOLD signals in motion-selective areas and 669 

eventually through an expansion of these areas. However, our observations indicated that the 670 

cortical networks activated by motion were similar between MD patients and controls, although 671 

with only 2 patients suffering from late-onset Stargardt disease, we cannot make a definitive 672 

statement here. In both populations, our protocol elicited significant and robust responses in 673 

areas hMT+, V3A and V6, as well as within the portion of early visual areas connected to 674 
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peripheral vision. An ROI-based analysis confirmed the implication of these regions and the 675 

associated Talairach coordinates are in good agreement with those reported in the literature. 676 

Importantly, we did not observe significant motion-selective activations outside of this network, 677 

which thus rules out the possibility that new motion areas emerged in patients after the disease 678 

apparition. Furthermore, we found no significant differences in BOLD response amplitudes 679 

and extents between patients and controls in hMT+, V3A, and V6. In V3A and V6, the null 680 

hypothesis was supported by Bayes factors (<1), although a larger sample is needed for firmer 681 

conclusions. In hMT+, a slight trend toward weaker and less extensive activations in patients 682 

compared to controls was noted (Bayes factors = 1.6 and 1.5), but this trend was not significant 683 

and actually goes against our hypotheses about reorganization. Overall, our results do not 684 

indicate any significant large-scale enhancement of the motion-selective network in MD 685 

patients. It is possible that the effects observed by Burnat et al. (2017) in cats (and also in 686 

macaques by Shao et al., 2013) are not transferable to humans. Indeed, it has been suggested 687 

that retinal damage in MD may trigger cortical degeneration in high-level areas (Hernowo et 688 

al., 2014). This raises the possibility that some of the motion-selective regions studied here 689 

could be affected by atrophic processes secondary to sensory deprivation, limiting their 690 

capacity to reorganize. Alternatively, maybe reorganizations exist in humans but task-based 691 

fMRI is not an appropriate neuroimaging technique to capture them since it only provides an 692 

indirect measure of cortical activity (see Calford et al., 2005). 693 

 694 

From their fMRI recordings performed in macaques, Shao et al. (2013) also found that 695 

population receptive field (pRF) size in area V5/MT was significantly smaller in an animal with 696 

juvenile MD. To better understand whether this effect is also present in humans, it will be 697 

important to reproduce retinotopic mapping experiments in MD patients and to perform a pRF 698 

analysis. Although several research groups demonstrated that such an approach is feasible 699 

in patients suffering from different kinds of visual pathology (Carvalho et al., 2022; 700 

Papanikolaou et al., 2014; Silson et al., 2023), it remains a challenge in maculopathy patients 701 

because their eye fixation is usually not stable enough to obtain reliable signals. 702 
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 703 

While numerous neuroimaging studies on cortical reorganization in MD patients 704 

focused on primary visual areas (see e.g., Morland, 2015 for a complete review), much less 705 

investigated how activations in higher-level cortical areas are modified in maculopathy. Little 706 

et al. (2008) found that age-related MD patients had stronger BOLD responses than control 707 

participants in the prefrontal cortex and in the intraparietal sulcus during visually guided 708 

saccade and smooth-pursuit tasks, two cognitive functions that rely on a form of motion 709 

processing. Important modifications in brain activity were also observed in MD patients during 710 

word recognition (Szlyk & Little, 2009) and scene processing (Ramanoël et al., 2018), maybe 711 

because the visual field in control participants was not masked by an artificial scotoma. It was 712 

suggested that enhanced fMRI activations measured in higher-level cortical areas in these 713 

cases reflected a form of compensation for the decreased sensory functions. If we did not 714 

observe significant modifications of brain activity in our case, it might be because motion 715 

perception in MD patients is not significantly impaired in our task and no compensation is thus 716 

needed. 717 

  718 

We estimated motion direction discrimination thresholds in all our participants because 719 

we wanted to replicate one previous result from Guénot et al. (2022) and also to determine 720 

whether fMRI activations in some cortical areas were correlated with motion perception. We 721 

found that discrimination thresholds for lateral motion do not significantly differ between 722 

patients and controls under similar visual conditions. This confirms and further supports the 723 

results of Guénot et al. (2022) which were obtained using the same protocol but with other 724 

groups of patients and controls. While TMS studies suggested that hMT+ is causally involved 725 

in motion perception (Chakraborty et al., 2021; McKeefry et al., 2008; Strong et al., 2017) and 726 

fMRI activations in this area under different motion conditions were shown to correlate with 727 

behavioral reports (Tootell et al., 1995a), we did not observe significant correlations between 728 

BOLD activations in our different motion-selective areas (notably hMT+, V3A and V6) and 729 

perceptual thresholds. It should be noted that in our case, correlations were estimated across 730 
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MD patients (or across controls), while Tootell et al. (1995a) examined intra-individual 731 

correlations across experimental conditions. The important inter-individual variability observed 732 

in motion-discrimination thresholds and in brain activations in our data as well as our limited 733 

number of participants might explain why our results differ. Another explanation could also lie 734 

in the difference between the protocols used during our psychophysical and fMRI experiments. 735 

Indeed, in order to maximize BOLD responses, our stimuli alternated between dots moving 736 

coherently during 1.8s (with an unlimited lifetime) and static dots under the MRI scanner while 737 

our behavioural protocol involved dots moving for 0.2s with a limited lifetime. It was reported 738 

that small changes in paradigm based on random dots can influence the results (Pilly & Seitz, 739 

2009).  740 

 741 

A limitation of our study is the limited number of participants (7 patients and their 742 

controls). Given this small sample size and our methodology specifically designed to be 743 

suitable in this case, it should be viewed as a case study with matched controls. It is very 744 

challenging to recruit MD patients for neuroimaging experiments and this number can be 745 

explained by the inclusion criteria that we applied. We only recruited patients with no long-746 

term illnesses, with a stable PRL on at least one eye, with typical cognitive functions and 747 

psychological states (as evaluated by the MMSE and BDI-II), and with no contraindication for 748 

fMRI recordings. The present study is nonetheless in line with previous neuroimaging works 749 

in maculopathy patients (e.g., 4 patients were scanned in Ramanoël et al., 2018, 6 in Little et 750 

al., 2008, 8 in Szlyk & Little, 2009 and 6 in Masuda et al., 2021). Because of our small number 751 

of participants, our analyses lack the statistical power to definitively rule out all forms of 752 

reorganization in MD patients (notably, our Bayes factors only indicate a weak evidence 753 

against enhanced responses in patients). The reliable activation maps that we obtained in all 754 

our patients and their controls (with no significant differences between the response strengths 755 

and extent observed within motion selective areas in the two populations) nonetheless suggest 756 

that the motion processing network is preserved and does not undergo large-scale 757 

enhancements in MD patients following the onset of the scotoma. 758 
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 759 

We did not perform whole brain analyses because there was an important variability 760 

between the scotomas and PRL positions of our MD patients and hence between their visual 761 

inputs and between the associated cortical activations. It makes it difficult to obtain reliable 762 

results once fMRI responses across patients (or across controls) are projected onto a global 763 

brain template. This problem is further amplified by the important variability that exists between 764 

the position and extent of functional visual areas across individuals (see e.g., Kolster et al., 765 

2010 for the hMT+ cluster). We rather chose to analyze the data at the individual level and to 766 

characterize the motion-selective network in each patient and their age-matched controls. We 767 

performed group-level pairwise statistics using independently defined regions-of-interest 768 

(ROIs), which permits us to get rid of the multiple comparisons problem (see e.g., Poldrack, 769 

2007).  770 

 771 

Data and code availability: MRI and fMRI [AQ5]data can be downloaded at the 772 

following link using the 'ReVis-MD' study access and upon a justified scientific request: 773 

https://shanoir.irisa.fr/shanoir-ng/welcome    774 

These data have undergone spatial normalization, in compliance with the General Data 775 

Protection Regulation (GDPR) under which this project is carried out. Data used for the 776 

analyses reported in Figures 6 and 7 (differences of PSCs and motion direction discrimination 777 

thresholds) are provided here: 778 

https://osf.io/gpxhz/?view_only=43a1f1993d8742e6ba85ed4889b99a75 779 

 780 
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Supplementary Materials 1011 

 1012 

Supplementary Figure 1-1: Images of the eye fundus and estimation of the scotoma size (left panel) 1013 

and PRL (middle panel) in all patients (except MD3, whose data are provided in figures 1 and 3). The 1014 

right panels show the artificial scotomas used in the corresponding control participants. In each case, 1015 

we provide the visible portion of the stimulus (i.e., the surface that is not covered by the artificial 1016 
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scotoma). It is to be noted that the fovea and the PRL are located at the same place for STG1. See 1017 

Figure 1 for more details. 1018 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 1019 

 1020 

 1021 



 

46 

Supplementary Figure 4-1: Comparison between BOLD responses to visual stimulation and to a blank 1022 

screen on the lateral cortical surfaces of all MD patients (left panels) and their respective controls (right 1023 

panels). See Figure 3 for the details of the legend. 1024 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 1025 

 1026 
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 1027 

Supplementary Figure 4-2: Comparison between BOLD responses to visual stimulation and to a blank 1028 

screen on the medial cortical surfaces of all MD patients (left panels) and their respective controls (right 1029 

panels). See Figure 3 for the details of the legend. 1030 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 1031 

  pSTS 

MD1 
LH X 

RH X 

MD2 
LH X 

RH 51; -48; 10* 

MD3 
LH -47; -46; 2 

RH 53; -51; 5 

MD4 
LH -47; -47; 9 

RH 56; -40; 5 

MD5 
LH X 

RH X 

STG1 
LH -39; -49; 11* 

RH 51; -43; 12* 

STG2 
LH -49; -50; 5 

RH 54; -41; 6 

CTRL1 
LH X 

RH X 

CTRL2 
LH -51; -40; 3 

RH 52; -33; 5 

CTRL3 
LH -46; -38; -1 

RH 43; -42; -1 

CTRL4 
LH X 

RH 55; -35; 10 

CTRL5 
LH X 

RH 44; -35; 1 

CTRLSTG1 
LH -45; -49; 10 

RH 53; -37; 11 

CTRLSTG2 
LH -47; -48; 5 

RH 40; -54; 12 

Average patients 
LH -46±4; -48±8; 7±4 

RH 53±3; -45±3; 8±2 

Average controls 
LH -47±2; -44±1; 4±2 

RH 48±1; -39±1; 6±1 

Literature 
LH -56; -47; 8 

RH 52; -49; 15 

Supplementary Table 2-1: Talairach coordinates of pSTS observed in patients and controls, the 1032 

calculated mean for both patients and controls, and the coordinates reported in Barton and Brewer 1033 

(2017). The ‘*’ symbol indicates the coordinates for which a more permissive threshold has been used, 1034 

i.e p<10-2. 1035 

  1036 
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 1037 

Supplementary Figure 6-1: Activation extents with the hMT+ (A), V3A (B) and V6 (C) ROIs. These 1038 

extents were computed as the percentage of voxels passing a threshold of t-score = 3 within each ROI. 1039 

For each group, the boxplots provide the first quartile, median, last quartile, and the extreme 1040 

percentages of activated voxels. None of the comparison led to significant results for either hMT+ (p-1041 

value > 0.05, Bayes factor = 1.5), V3A (p-value > 0.05, Bayes factor = 0.4) or V6 (p-value > 0.05, Bayes 1042 

factor = 0.4). ROIs were defined as spheres of 10 mm of radius centered on the Talairach coordinates 1043 

provided in the literature (see the ‘Methods’ section) but similar results were obtained when considering 1044 

spheres of 5 and 15 mm of radius. 1045 

 1046 

 1047 

 1048 

Supplementary Figure 6-2: Motion-selective activations in the pSTS ROI. For each patient and their 1049 

age-matched control (connected by lines), colored dots provide the differences between the average 1050 



 

50 

(across voxels and hemispheres) percentages of signal changes (PSCs) during the translational motion 1051 

and control (static dots) conditions. For each group, the boxplots provide the first quartile, median, last 1052 

quartile, and the extreme PSC difference. These differences are not significantly different from zero (p-1053 

values = 0.109 in both MD patients and controls, Wilcoxon test). Statistical analyses based on paired 1054 

Wilcoxon sign-rank tests did not reveal significant differences between activations in the two groups (p-1055 

value > 0.05, Bayes factor = 0.47).  1056 
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 1057 

Supplementary Figure 6-3: Motion-selective activations in the hMT+ (A), V3A (B) and V6 (C) ROIs 1058 

when removing MD5, STG1, or both. For each patient and their age-matched control (connected by 1059 

lines), colored dots provide the differences between the average (across voxels and hemispheres) 1060 

percentages of signal changes (PSCs) during the translational motion and control (static dots) 1061 

conditions. For each group, the boxplots provide the first quartile, median, last quartile, and the extreme 1062 

PSC difference. Stars (* or **) indicate that the PSC difference is significantly different from zero (p-1063 

values < 0.05 or <0 .01, respectively). Statistical analyses based on paired Wilcoxon sign-rank tests did 1064 

not reveal significant differences between activations in the two groups (p-values > 0.05 for the three 1065 

ROIs). 1066 

 1067 

 1068 
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 1069 

Supplementary Figure 7-1: Differences between the average percentages of signal changes (PSCs) 1070 

during the translational motion and control (static dots) conditions in the hMT+ (A), V3A (B) and V6 (C) 1071 

ROIs as a function of the scotoma size, given by the radius of the associated disk (see the ‘Methods’ 1072 

section). The corresponding Spearman correlation coefficients rho (⍴) are shown. None of these 1073 

correlations were significant (p-values > 0.05). For patient MD5 (whose scotoma is elongated, see 1074 

supplementary Figure 1) and his control, we used the semi minor axis of the associated ellipse for the 1075 

scotoma size in this Figure. We obtained similar results when using the semi major axis of the ellipse. 1076 

 1077 

 1078 


