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INTRODUCTION

Age-related Macular Degeneration (AMD) is one of the main causes of low vision in industrialized countries and affects about 20% of the population over 65 years [START_REF] Klein | The prevalence of age-related maculopathy by geographic region and ethnicity[END_REF][START_REF] Wong | Global prevalence of age-related macular degeneration and disease burden projection for 2020 and 2040: a systematic review and meta-analysis[END_REF]. Like other macular diseases such as Stargardt's disease, cone dystrophy or myopic maculopathy, AMD causes a central field loss (CFL) that severely impairs reading, an activity that is usually the main complaint of these patients [START_REF] Brown | Characterizing functional complaints in patients seeking outpatient lowvision services in the United States[END_REF][START_REF] Elliott | Demographic characteristics of the vision-disabled elderly[END_REF][START_REF] Mangione | Identifying the content area for the 51-item National Eye Institute Visual Function Questionnaire: results from focus groups with visually impaired persons[END_REF][START_REF] Wolffsohn | The changing face of the visually impaired: the Kooyong low vision clinic's past, present, and future[END_REF].

Currently-available treatments for AMD cannot always restore central vision and, in that case, patients' support is mainly based on low-vision rehabilitation and the use of visual aids [START_REF] Meyniel | Revisiting Vision Rehabilitation[END_REF]. However, the use of these visual aids, whose principles are essentially based on magnification, is not sufficient to restore reading performance in patients with AMD [START_REF] Chung | Psychophysics of reading XVIII -The effect of print size on reading speed in normal peripheral vision[END_REF][START_REF] Legge | Psychophysics of reading in normal and low vision[END_REF][START_REF] Li | Low vision and methods of rehabilitation: a comparison between the past and present[END_REF]. This is why many efforts have been made to improve reading speed in peripheral vision by manipulating other visual factors such as: [START_REF]d'avoir tenté de les débaucher (corrompre) L'homme est bon par nature, la société ne fait que le dégrader (dépraver) Avec son passé, cela n'a pas été très difficile de le dépraver (dégrader) Cette association compte plus de curieux que de disciples (adhérents) Il faudrait encore leur demander d'appeler les adhérents[END_REF] text presentation mode, e.g. static, scrolling or flashing one word at a time [START_REF] Bowers | Preferred retinal locus and reading rate with four dynamic text presentation formats[END_REF][START_REF] Fine | Benefits of rapid serial visual presentation (RSVP) over scrolled text vary with letter size[END_REF][START_REF] Rubin | Low vision reading with sequential word presentation[END_REF]; (2) characteristics of the text, e.g. font [START_REF] Bernard | A New Font, Specifically Designed for Peripheral Vision, Improves Peripheral Letter and Word Recognition, but Not Eye-Mediated Reading Performance[END_REF]Bragg et al., 2017;[START_REF] Mansfield | Psychophysics of reading XV -Font effects in normal and low vision[END_REF], text orientation [START_REF] Calabrèse | Does Vertical Reading Help People with Macular Degeneration: An Exploratory Study[END_REF], letter, word or interline spacing [START_REF] Bernard | Page mode reading with simulated scotomas: a modest effect of interline spacing on reading speed[END_REF][START_REF] Blackmore-Wright | Enhanced text spacing improves reading performance in individuals with macular disease[END_REF][START_REF] Calabrèse | Small effect of interline spacing on maximal reading speed in low-vision patients with central field loss irrespective of scotoma size[END_REF][START_REF] Chung | The effect of letter spacing on reading speed in central and peripheral vision[END_REF][START_REF] Chung | Reading speed does not benefit from increased line spacing in AMD patients[END_REF][START_REF] Yu | Effect of letter spacing on visual span and reading speed[END_REF]; (3) perceptual learning, i.e. the performance improvement that follows practice of a sensory task [START_REF] Chung | Letter-recognition and reading speed in peripheral vision benefit from perceptual learning[END_REF][START_REF] Chung | Improving reading speed for people with central vision loss through perceptual learning[END_REF]. Mixed results have been obtained in terms of the clinical efficiency of these manipulations.

In this paper, we explore another consequence for CFL patients of the necessity of using their eccentric vision. Words processed in the periphery provide a very ambiguous low-level visual input, due for instance to confusions between letters [START_REF] Pelli | Crowding: a cortical constraint on object recognition[END_REF], which should induce a high influence of lexical inference processes (Legge et al., 1997;Legge et al., 1997). Basically, when faced with an ambiguous percept (say a three-letter string starting with "c" and ending with "r"), a patient would make a guess about the most likely word having induced this percept (probably "car"). Thus, word frequency is expected to influence the speed with which a guess would be made. This is consistent with a recent investigation of eye movements in AMD patients during short-sentences reading that reported clusters of fixations that significantly reduce reading speed (Calabrèse et al., 2016). The clusters in some parts of a sentence indicated that specific words required dozens of fixations before successful identification, while the other ones were read with fewer fixations. The presence/absence of clusters was a significant predictor of reading speed, independently of the perceptual span size [START_REF] Calabrèse | Eye movements and reading speed in macular disease: the shrinking perceptual span hypothesis requires and is supported by a mediation analysis[END_REF]. Interestingly, these clusters were more likely to occur in sentences containing a low-frequency word. This new finding suggested that low-frequency words might cause a local slowing of reading speed (i.e. a dense cluster of fixations) due to more difficult lexical access. However, the authors were not able to quantify the strength of the word frequency effect because their protocol did not allow for a clear determination of which word was being processed when a cluster occurred.

The main goal of the present work is to investigate this question further and study the direct effect of word frequency on word reading speed in individuals with bilateral macular disease.

For normally sighted readers, factors such as word familiarity or word frequency are known to affect reading performance at different perceptual levels. To the best of our knowledge, the quantitative relationship between word frequency and natural reading performance with CFL has not been investigated yet. This contrasts with the wealth of the literature for normally sighted observers [START_REF] Ferreira | Eye movements in reading and information processing: Keith Rayner's 40 year legacy[END_REF][START_REF] Kliegl | Tracking the mind during reading: the influence of past, present, and future words on fixation durations[END_REF][START_REF] Rayner | Eye movements in reading and information processing: 20 years of research[END_REF]. The main goal of the present study is thus to test whether word frequency affects word reading speed in individuals with CFL: it is expected that high-frequency words would lead to shorter reading times than low-frequency words. Two distinct analyses were performed to test the effect of word frequency on reading performance: Analysis 1, using absolute values of frequency (in occurrences/million) and Analysis 2, using frequency categories (low vs. high).

We used a reading presentation mode, known as "self-paced reading", that has never been used before in low-vision reading studies. Self-paced reading has been extensively used in psycholinguistic studies as a proxy for natural reading [START_REF] Aaronson | Performance theories for sentence coding: Some quantitative evidence[END_REF][START_REF] Just | Paradigms and processes in reading comprehension[END_REF][START_REF] Mitchell | The effects of context and content on immediate processing in reading[END_REF]. In this context, natural reading, also called eyemediated reading, refers to the natural process of reading that is used in daily life and requires eye movements; this has to be contrasted with paradigms such as RSVP (Rapid Serial Visual Presentation) requiring few or no eye movements since all words are presented one at a time at the same position [START_REF] Rubin | Reading without saccadic eye movements[END_REF]. With the self-paced reading paradigm, sentences appear as a whole, with all words masked and revealed only one at a time.

Compared to other sequential word presentation modes, the self-paced reading paradigm reduces the amount of meaningful text to a single word, while maintaining the overall spatial layout of the sentence. Given that only one word is available to the reader at any given time, this paradigm makes it possible to identify in real time which word is being read, and thus to accurately measure the actual time spent reading each word.

Our secondary goal was to introduce the technique of text simplification and its potential benefit to facilitate reading performance with CFL. Text simplification is the process of reducing the complexity of a text by modifying the vocabulary or the syntax, while preserving its informational content [START_REF] Shardlow | A survey of automated text simplification[END_REF]. The purpose of this technique is to transform a text into a different one, which will convey the same message, while being easier to read and understand by a broader audience [START_REF] Saggion | Automatic Text Simplification[END_REF]. Text simplification techniques have been applied to dyslexic and aphasic patients and have been shown to improve reading performance [START_REF] Siddharthan | A survey of research on text simplification[END_REF]. However, text simplification has not yet been considered for CFL patients. The present work constitutes a first step towards the investigation of the simplification significance for this specific population. By testing the effect of word frequency on individuals with CFL, we focused on a small part of text simplification: the lexical substitution. Our results on word frequency suggest that lexical simplification techniques in general could be used successfully as a new reading aid for individuals with CFL.

METHODS

Participants

29 participants were recruited from December 2016 to June 2017 from the Low-Vision Clinic of the La Timone Hospital (Marseille, France). Recruited patients had to present a bilateral central scotoma, accompanied or not by an additional peripheral lesion and be fluent French readers. Patients with ophthalmologic disorders other than maculopathy (e.g. glaucoma) or cognitive disorders were not included. There was no minimal visual acuity threshold. Among the 29 patients recruited, 6 were excluded from the study because they could not read an entire block of text due to their low-functional vision. 23 participants (14 females) were included in the present work. They had different etiologies: atrophic AMD (n = 11), exudative AMD (n = 2), Stargardt's disease (n = 4), cone dystrophy (n = 1) and myopic retinopathy (n = 5) [START_REF] Kumar | Insight into high myopia and the macula[END_REF][START_REF] Silva | Myopic maculopathy: a review[END_REF][START_REF] Vongphanit | Prevalence and progression of myopic retinopathy in an older population[END_REF]. Mean age (± SD) was 72 ± 15 125 years and ranged from 32 to 88. Mean best-corrected visual acuity was 0.87 logMAR. 

Apparatus and stimuli

Stimuli were displayed on an LCD HP LE2201W monitor with a 60Hz screen refresh rate.

Within the full display area of this monitor (47.4 x 29.6 cm; 1680 x 1050 pixels), a 1400 x 1050 pixel window was used to display our stimuli. At the viewing distance of 40 cm, this window subtended 56° x 42°. Stimuli were created with the PsychoPy library [START_REF] Peirce | PsychoPy--Psychophysics software in Python[END_REF][START_REF] Peirce | Generating stimuli for neuroscience using PsychoPy[END_REF]. Characters were black on a white background. Sentences were aligned to the left and displayed in Courier (non proportional font). Print size was chosen optimally for each participant as the value of his/her Critical Print Size, measured before testing with a French computerized version of MNREAD [START_REF] Calabrèse | Eye movements and reading speed in macular disease: the shrinking perceptual span hypothesis requires and is supported by a mediation analysis[END_REF][START_REF] Calabrèse | Does Vertical Reading Help People with Macular Degeneration: An Exploratory Study[END_REF]. Reading was monocular (eye with better visual acuity) with an appropriate correction for near vision (wide-field Metrovision lenses).

Reading material

Reading material was created in French using ReSyf, a French graded lexicon [START_REF] Billami | ReSyf: a French lexicon with ranked synonyms[END_REF] and Lexique3, a French lexical database [START_REF] New | The use of film subtitles to estimate word frequencies[END_REF]. First, we created hundreds of pairs of synonyms by selecting a word of any frequency along with its higher frequency synonym. We used the frequency of the lemma, which includes all the inflexional variants of a word (e.g. gender, number, tense, etc.). Lemma frequency (in occurrences / million) was estimated from a corpus of French film subtitles. Among the synonym pairs created, we then selected the ones that met the following criteria: (1) same number of characters within a pair (ranging from 5 to 10 characters);

(2) frequency ratio between a high-frequency word and its low-frequency synonym comprised between 5 and 10. A total of 32 pairs of synonyms were selected (Figure 1 -Step 1).

From these 32 pairs of target words, we then created 32 pairs of matching sentences so that each word from a pair could fit at the end of either sentence of the corresponding sentence pair. To this end, pairs of sentences were specifically designed to fit the single common sense of a synonym pair. An example is given in Figure 1, with the polysemic word 'records', that means both 'documentation' and 'discs', and its synonym 'archive'. In the sentence "This is probably one of my favorite records", records and archive convey different senses and cannot be considered interchangeable synonyms anymore. Therefore, acceptable sentences for this synonym pair must refer to the meaning 'documentation' only. Apart from this context constraint, all sentences were created similar in length (41 to 65 characters), with a maximum difference of 5 characters within a pair (Figure 1 -Step 2). Lastly, we created our final reading material by combining these sentence pairs with their matching pairs of synonyms (Figure 1 -Step 3). In Condition 1, the first word of a pair was assigned to the first sentence of the corresponding pair, while the second word was assigned to the second sentence, thus creating 64 full sentences. In Condition 2, the "sentence -word" matching was reversed to create a different set of 64 full sentences. These two experimental conditions allowed us to counterbalance any potential effect of the sentence itself (structure, complexity, predictability) by randomly assigning participants to Condition 1 or 2 [START_REF] Steen-Baker | The effects of context on processing words during sentence reading among adults varying in age and literacy skill[END_REF]. Figure 1 illustrates the full creation process. 

Reading procedure and experimental design

Sentences were presented within 4 blocks of 16 trials (8 pairs of sentences) each. Participants were randomly assigned to Condition 1 or 2 and read between two and four blocks, depending on their individual reading speed and level of fatigue. Sentences were displayed with the self-paced reading paradigm and presented randomly within each block (Figure 2). Participants were instructed to read aloud as quickly and accurately as possible as soon as the sentence appeared. At the beginning of each trial, the experimenter triggered the display of a sentence, which appeared on the screen with the first word unmasked and all other words masked by strings of "x". Participants were in charge of revealing the whole sentence, one word at a time, using a keyboard in front of them. They could either unmask forward or backward (to reveal again words they already read) as many times as they wanted. When participants considered they had finished reading the sentence accurately (no matter which word was unmasked at that moment), they said the word "stop" and the experimenter stopped the trial.

A preliminary training phase with short sentences (French proverbs) was performed to familiarize the participant with the task and protocol. When the participant was comfortable with the keys and instructions, the test phase began and the blocks of sentences were presented.

Reading time (in seconds) was programmatically recorded for each word as the time during which it was unmasked. For words unmasked only once, total reading time was equal to the first-pass reading time (i.e. the firstand only -unmasked period). For words unmasked several times, total reading time was the sum of all the unmasked periods. accurately before responding to end the trial.

Statistical analysis

Statistical analyses were carried out using R (Team, 2018) with the following additional Rpackages: ggplot2, tidyr, dplyr, gridextra, lme4, stringr. Analyses 1 and 2 were performed with linear mixed-effects models that allow the modeling of experimental designs with unbalanced repeated measures [START_REF] Bolker | Generalized linear mixed models: a practical guide for ecology and evolution[END_REF][START_REF] Cheng | Real longitudinal data analysis for real people: building a good enough mixed model[END_REF]. For each analysis, several models were first constructed with total reading time and accuracy of each target word as dependent variables. Reading time and word frequency value were transformed in natural logarithm (ln) units. The continuous variables were centered around their mean. In a second step, the Akaike Information Criterion (AIC) and likelihood-ratio tests were used to assess an optimal random-effects structure [START_REF] Zuur | A protocol for data exploration to avoid common statistical problems[END_REF]. Once an optimal model structure had been chosen, significance of the fixed effects was estimated using t-values. Usually, the number of degrees of freedom for the t-values of the fixed effects are not exactly known with mixed-effects models [START_REF] Baayen | Mixed-effects modeling with crossed random effects for subjects and items[END_REF][START_REF] Pinheiro | Immediate and delayed effects of word frequency and word length on eye movements in reading: a reversed delayed effect of word length[END_REF]. However, given the large number of observations in the present study, the t-distribution converges to a normal distribution. Therefore, following standard recommendations, t-values (i.e. estimate/standard error) that were larger than 2 were considered significant, which corresponds to a significance level of 5% in a two-tailed test [START_REF] Baayen | Mixed-effects modeling with crossed random effects for subjects and items[END_REF][START_REF] Gelman | Data analysis using regression and multilevel/hierarchical models[END_REF]. Finally, assumptions underlying the models were visually checked with diagnostic plots of residuals [START_REF] Cohen | Applied multiple regression/correlation analysis for the behavioral sciences[END_REF][START_REF] Pinheiro | Immediate and delayed effects of word frequency and word length on eye movements in reading: a reversed delayed effect of word length[END_REF]. In the Results section fixed-effects estimates are reported along with their t-values and 95% confidence intervals [START_REF] Bates | Fitting Linear Mixed-Effects Models Using lme4[END_REF].

RESULTS

Analysis 1: Effect of word frequency value on reading performance

Here we tested the effect of frequency value of the target words (in occurrences/million) on both reading accuracy and total reading time. On average, target words were read accurately 93% of the time, with individual variations ranging from 69 to 100% depending on participants. We found that the effect of word frequency on reading accuracy was not significant (estimate = 0.005, 95% CI = [-0.003; 0.01]), probably due to ceiling effects. Figure 3 shows the target word total reading time of as a function of target word frequency, for all trials and participants. This relationship was further analysed for correct trials only with a linear mixed-effects model containing the following factors as fixed effects: target word frequency, word length (in number of characters), age, low-vision rehabilitation history (yes or no) and "still reading" (yes or no). The random effects were the following: subjects, per subject frequency slopes, target words and condition (nested within target words). The mixedeffects analysis showed a significant effect of word frequency on reading time, as represented by the black solid line in Figure 3. Results of the model are shown in Table 2. The main factor of interest, word frequency, had a significant effect with a regression coefficient estimate of -0.10 (95% CI = [-0.138; -0.06]). As both reading time and frequency are expressed in natural log units, this means that multiplying frequency (in original units) by 10 multiplies reading time (in original units) by 0.79 (10 ^ -0.10), i.e. a 21 % decrease.

Estimate

Similarly, we can also express the effect's amplitude in the following way: multiplying frequency (in original units) by 1000 (from 0.5 to 500, i.e. the range where most of our values lie) multiplies reading time (in original units) by 0.5 (1000 ^ -0.10), i.e. a 50 % decrease. It is notable that low-frequency words are on average longer than high-frequency words, so that the frequency effect could have been induced by the confound between word length and word frequency [START_REF] Kliegl | Regression analyses as a tool for studying reading processes: comment on Just and Carpenter's eye fixation theory[END_REF][START_REF] Rayner | Lexical complexity and fixation times in reading: effects of word frequency, verb complexity, and lexical ambiguity[END_REF]) -the correlation was -0.17 in the present study. This possibility was however eliminated here by partialling out the effect of word length in the model. Finally, we did not find any interaction between word frequency and word length (estimate = -0.002, 95% CI = [-0.02; 0.02]. This result is not consistent with previous studies of natural reading in normally sighted skilled readers based on gaze duration [START_REF] Hyönä | Eye fixation patterns among dyslexic and normal readers: effects of word length and word frequency[END_REF][START_REF] Kliegl | Tracking the mind during reading: the influence of past, present, and future words on fixation durations[END_REF]. Because age is a predictor of reading speed, even for people with normal visual acuity and self-reported healthy vision (Calabrèse et al., 2016;[START_REF] Lott | Reading performance in older adults with good acuity[END_REF][START_REF] Warrington | Effects of aging, word frequency, and text stimulus quality on reading across the adult lifespan: Evidence from eye movements[END_REF], we controlled for its effect by including this factor in our model. Although age was found to be non significant, it must be controlled for because it correlates with other factors, such as motor or attention deficits, that influence reading speed [START_REF] Sass | Low-vision reading speed: influences of linguistic inference and aging[END_REF]. The last factor with a statistically significant effect on reading time was the binary "still reading" (estimate = -0.558, 95% CI = [-0.984; -0.132]). According to the model, participants who still read, even a few minutes each day, are expected to have their word reading time multiplied by 0.57 (exp[-0.558]), i.e. a decrease of 43%. Note that similar results were found when using first-pass reading time as the dependent variable, instead of total reading time (Figure 2).

Analysis 2: Effect of word frequency category on reading performance

Within each pair of synonyms, we tested the effect of frequency category (low vs. high) of the target words on both reading accuracy and total reading time. First we found that frequency category did not have a significant effect on target word accuracy within pairs (estimate = -0.009, 95% CI = [-0.04; 0.02]): low-frequency synonyms were not read less accurately than their higher frequency counterpart. To analyse the effect of frequency category on target word total reading time, we removed all pairs containing one or two inaccurately read words.

The linear mixed-effects model was the same as in Analysis 1 except for two points. First, frequency category (low vs. high) was used as a fixed effect (instead of the continuous frequency value factor). Second, the random structure was different to accommodate for the within-pair analysis so that the optimal model contained: the subject factor, the pair factor and the by-pair category frequency factor as random effects. The results of the model are shown in Within-pair frequency category was found to be a significant predictor of target word total reading time (estimate = -0.13; 95% CI= [-0.23; -0.04]). This means that high-frequency words have a reading time that is multiplied by 0.87 (exp[-0.133]) compared to their lowfrequency synonyms (i.e. a 13 % decrease). This effect is represented in Figure 4 by thick solid lines. The dashed lines in this figure show the mean values for each participant, emphasizing that the amplitude of the frequency effect at the population level (solid lines) is quite small compared to the between-subjects differences. Despite being statistically significant, the 13% decrease in reading time induced by higher frequencies does not seem impressive in terms of clinical relevance. This relatively modest decrease is most likely due to the limited frequency ratio assigned to synonyms of each pair. Indeed, the within-pair frequency ratio was set between 5 and 10 in the present work (Figure 1 -step1), with an average of 7.07. Using results from Analysis 1 to predict the amplitude of the frequency category effect without by-pair grouping, we find that total reading time for high-frequency words would be multiplied by 0.82 (7.07 ^ -0.10 -see Table 2) compared to their lowfrequency synonyms. This 18% decrease, predicted from Analysis 1, is thus very close to the 13% reduction found in Analysis 2. We hypothesize that increasing the ratio of frequencies within pair of synonyms should boost the frequency category effect up to a clinically relevant improvement. Finally, we found that the "still reading" factor had a significant effect on total reading time (Figure 4 & Table 3), similar to the one reported in Analysis 1. 

DISCUSSION

The general objective of this work was to investigate whether and how the degraded visual input of individuals with central field loss alters the processes linking low-level visual analysis of words to lexical access. More precisely, our first purpose was to assess the effect of word frequency on word reading time when individuals with bilateral maculopathy are engaged in natural reading. The dependent variable in our study was the reading time of target words (included within sentences) whose visual and linguistic properties are accurately controlled. This has never been studied before in visually impaired patients during natural reading (i.e. eye-mediated reading).

We used the method of self-paced reading as it allowed us to measure the reading time of individual words either for first-pass reading or for second-and nth-pass reading. Thus, when a word is unmasked for long periods (e.g. 10 sec), we can safely assume that many fixations have been made and constitute a cluster as previously described (Calabrèse et al., 2016).

Results obtained with this method can be fruitfully compared to those from eye movement studies of natural reading [START_REF] Ferreira | Eye movements in reading and information processing: Keith Rayner's 40 year legacy[END_REF][START_REF] Pinheiro | Immediate and delayed effects of word frequency and word length on eye movements in reading: a reversed delayed effect of word length[END_REF][START_REF] Rayner | Eye movements in reading and information processing: 20 years of research[END_REF]. In this huge literature, one important dependent variable is "gaze duration", classically defined as the total fixation time on word n before gaze position moves on to word n+1 for the first time:

this might correspond to one or several fixations (when several fixations are made, they are called "refixations" on the same word). Another measure is "total fixation duration" (sum of all fixations on a word n, including those induced by regressive saccades from words to the right of word n). Gaze duration is typically interpreted as reflecting earlier processes than those measured by total fixation duration. In our study, we assume that our two dependent variables, first-pass reading time and total reading time, are relevant proxies of gaze duration and total fixation duration (the only approximation being that durations of saccades are ignored). It is worth noting that in normal reading, short connector words and articles are often skipped entirely by gaze position, whereas the self-paced reading paradigm forces subjects to fixate on each word of the sentence, possibly modifying their reading behavior.

However, this point is not relevant in the present study becasue none of the target words were short connector words or articles.

Our results show a clear-cut effect of word frequency on word reading time (whether firstpass reading time or total reading time) even after partialling out the effect of word length [START_REF] Kliegl | Regression analyses as a tool for studying reading processes: comment on Just and Carpenter's eye fixation theory[END_REF][START_REF] Rayner | Lexical complexity and fixation times in reading: effects of word frequency, verb complexity, and lexical ambiguity[END_REF]. This result is consistent with recent findings reporting that reading speed was significantly reduced by the presence of clusters of fixations and that these clusters seemed located near the words with the lowest frequency (Calabrèse et al., 2016). This result is also in line with the effect of word frequency for subjects with normal vision: higher frequency words yield faster reading speed. However, the effect of word frequency found in our CFL participants is much greater than what has been reported before for normally sighted subjects. In an influential natural reading study with skilled readers, it was reported that gaze duration decreases from 240 to 207 ms when word frequency is multiplied by 1000 -from 1 to 4 log 10 units [START_REF] Kliegl | Tracking the mind during reading: the influence of past, present, and future words on fixation durations[END_REF]. Despite some differences in methodology between this work and the present study, the 14 % decrease in gaze duration reported in [START_REF] Kliegl | Tracking the mind during reading: the influence of past, present, and future words on fixation durations[END_REF] can be compared to the much larger 50 % decrease that we report in Analysis 1 for the same range of word frequencies. Such difference suggests that low-vision individuals rely more on lexical inference than normally sighted subjects.

Our work might be related to a previous study investigating the effect of word frequency on lexical decision accuracy with normally sighted observers [START_REF] Lee | Is word recognition different in central and peripheral vision?[END_REF]. The task was to decide whether stimuli of different durations and seen either with foveal or peripheral vision were words or pseudo-words. The authors reported that significant frequency effects occurred for the shortest durations in central vision, 25-50 ms, whereas significant frequency effects did not occur in peripheral vision until 100 ms. Although it is difficult to predict how these effects relate to a natural reading task, this study was important because it raised the major question of lexical access in peripheral vision. This important issue was also addressed in "Mr

Chips", an implemented ideal-observer model of low-vision reading [START_REF] Legge | Mr. Chips 2002: new insights from an ideal-observer model of reading[END_REF]Legge et al., 1997). Because this model integrates visual and lexical information to predict the pattern of eye fixations required to read a given text, lexical access constraint is expected to induce frequency effects on fixation duration.

Our results do not show any evidence for an effect of word length on word reading time although this effect is commonly reported in eye movement research on natural reading: word reading time increases with word length, mainly as a result of the increasing number of "refixations" [START_REF] Hyönä | Eye fixation patterns among dyslexic and normal readers: effects of word length and word frequency[END_REF][START_REF] Kliegl | Length, frequency, and predictability effects of words on eye movements in reading[END_REF][START_REF] Kliegl | Tracking the mind during reading: the influence of past, present, and future words on fixation durations[END_REF][START_REF] Kliegl | Regression analyses as a tool for studying reading processes: comment on Just and Carpenter's eye fixation theory[END_REF][START_REF] Vitu | Fixation location effects on fixation durations during reading: an inverted optimal viewing position effect[END_REF][START_REF] Vitu | Optimal landing position in reading isolated words and continuous text[END_REF]. Typically, normally sighted readers would make one single fixation on 5-character words and two fixations on 10-character words. This apparent discrepancy about the word length effect between CFL and normally sighted readers is probably due to diverse factors. First, the range of word lengths used in our study is probably too small (relative to the high variability in the dependent variable) to uncover an effect of word length whose amplitude and robustness are known to be smaller than the frequency effect for instance. Word length goes from 5 to 10 characters in the present study, whereas the range of lengths can be as high as 2 to 20 in some studies [START_REF] Kliegl | Tracking the mind during reading: the influence of past, present, and future words on fixation durations[END_REF].

Second, it is possible that the effect of word length is absent, or difficult to measure, in our study because people with CFL systematically make many fixations on nearly all the words of a sentence (Calabrèse et al., 2016;[START_REF] Calabrèse | Eye movements and reading speed in macular disease: the shrinking perceptual span hypothesis requires and is supported by a mediation analysis[END_REF][START_REF] Scherlen | Page mode reading with simulated scotomas: oculo-motor patterns[END_REF]. This high base level would make any subtle difference such as the word length effect more difficult to extract.

The secondary purpose of our work was to consider the potential of text simplification as a valuable tool allowing to improve reading performance of visually impaired patients. One of the many possibilities offered by text simplification is to replace complex words by their simpler synonyms [START_REF] Saggion | Automatic Text Simplification[END_REF], a transformation which requires agreement on a definition of word complexity. In this work, we decided to use word frequency as a surrogate of word complexity. Our second statistical analysis was thus performed on pairs of target word synonyms and showed an effect of relative frequency category (low vs. high) on word reading time: participants read target words of higher relative frequency faster than their lower frequency synonyms.

Importantly, the amplitude of this frequency category effect could be approximated from the mixed-effects model run in Analysis 1, which did not take into account the by-pair grouping.

This result is encouraging because it shows that a moderate frequency effect can be observed between synonyms having a relatively moderate difference in frequency (the frequency ratio ranged from 5 to 10 in the present study, with an average of 7) over a very large range of frequencies. In other words, our results do not apply only to the low frequency words of the French language. They apply to a large range of frequencies (say between 0.5 and 50 occurrences per million -Figure 3) and thus concern a very large number of words. As long as the numerous words lying within this range have synonyms of slightly higher frequency (ratio > about 7), a benefit in reading time is predicted by our statistical analysis. Of course, if synonyms with a higher ratio than 10 exist, they should be chosen preferentially by text simplification algorithms as the predicted reading time decrease would be larger.

Recent advances in the domain of natural language processing, at the frontier between linguistics computer science and artificial intelligence, should allow a large-scale implementation of text simplification methods. Among the current possibilities offered by text simplification, lexical simplification based on word frequency, among other factors, is easy to implement in automated algorithms and could be applied to various contexts (in electronic books, web sites, etc.). Hopefully, reducing the complexity of lexical units in text, without changing meaning, should improve overall reading performance of low-vision readers. We feel that the most important aspect of this improvement would not be the increased performance (e.g. in reading speed) per se but the possibility of keeping a certain level of motivation for reading activities. What our results clearly show is that people who keep on reading are those who read faster. This correlation between the motivation to read and word reading speed may create either a vicious circle or a virtuous one. It seems therefore important to help low-vision persons fight against this pattern. Our hope is that text simplification might encourage low-vision readers to read more and more often, which would, in turn, maintain a certain level of practice preventing them from stopping reading activities altogether.

CONCLUSION

This study showed a robust and large amplitude effect (+ 50%) of word frequency on word reading time when participants with macular diseases read text. The strength of this effect suggests that lexical access in CFL readers heavily relies on inferential processes compared to normally sighted observers. Our study also highlighted the potential benefits of lexical simplification when replacing a word by a synonym of higher frequency. More generally, the long-term challenge of this work is to investigate what aspects of visual, lexical and sentence processing can be simplified in order to significantly improve reading performance of lowvision patients.

One asset of our study is that the amplitude of the frequency effect is quantified by a regression coefficient while controlling for other relevant factors. This should allow future research to quantitatively compare whether the frequency effect is more capable of improving reading speed than other factors. Similarly, regression analyses should also help decide if the effects of frequency or other factors are the same for different categories of reading deficits (e.g. dyslexia, aphasia). If differential effects were found, this would suggest that methods of text simplification should be adapted to the specific needs of different reading disorders.
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  Additional information was collected for each individual: lens status, duration of 127 maculopathy, low-vision rehabilitation history and reading habits. The research was approved 128 by the Ethics Committee of the French Society of Ophthalmology (IRB 00008855 Société 129 Française d'Ophtalmologie IRB#1) and carried out in accordance with the Code of Ethics of 130 the World Medical Association (Declaration of Helsinki). Informed consent was obtained 131 from all participants after complete explanation of the nature and possible consequences of 132 the study.

  Visual acuity and lens status are given for the tested eye only. Participants with central scotoma only are highlighted in yellow. Participants with central scotoma and peripheral lesions are highlighted in blue. Participants with a reading time different from 0 were considered as "still reading" (cf Analyses 1 and 2). Missing values are represented by the symbol NA.

Figure 1 :

 1 Figure 1: Creation of the reading material

Figure 2 :

 2 Figure 2: Self-paced Reading paradigm

Figure 3 :

 3 Figure 3: Scatterplot of target word total reading time as a function of word frequency value

Figure 4 :

 4 Figure 4: Effect of frequency category on target word reading time for both the "still reading"

Table 1 : Participants' demographic, visual and reading characteristics.

 1 Table 1 summarizes the participants' demographic, visual and reading

	133								
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	Partici pants	Gen der	Age (years)	Etiology	Disea se onset (years)	Low-vision rehabi litatio n	Visual acuity (logMAR)	Lens status	Daily reading time (min/day)
	1	M		Atrophic AMD	9	Yes	0.5	Phakic	0
	2	M		Atrophic AMD	2	No	1	Phakic	0
	3	F		Atrophic AMD	16	Yes	1	Phakic	0
	4	F		Atrophic AMD	7	No	NA	Pseudophakic	45
	5	F		Atrophic AMD	5	Yes	0.8	Phakic	5
	6	F		Atrophic AMD	6	Yes	1	Phakic	25
	7	M		Atrophic AMD	2	Yes	0.8	Pseudophakic	15
	8	F		Atrophic AMD	12	Yes	0.5	Phakic	10
	9	F		Atrophic AMD	1	Yes	0.7	Pseudophakic	0
	10	F		Atrophic AMD	15	No	0.7	Pseudophakic	60
	11	M		Atrophic AMD	22	Yes	0.6	Phakic	NA
	12	M		Exudative AMD	5	Yes	0.7	Pseudophakic	60
	13	F		Exudative AMD	1.5	Yes	0.5	Pseudophakic	20
	14	M		Stargardt's disease	24	No	1.2	Phakic	360
	15	F		Stargardt's disease	35	Yes	1.3	Phakic	20
	16	M		Stargardt's disease	37	No	1.2	Phakic	60
	17	F		Stargardt's disease	16	No	1	Phakic	120
	18	F		Cone dystrophy	30	No	1	Phakic	NA
	19	M		Myopic retinopathy	15	Yes	1	Phakic	3

Table 2 : Results of the mixed-effects model from Analysis 1: fixed effects estimates. The dependent variable is target word total reading time. The reference level of categorical binary factors is italicized. Factors showing a significant effect on reading time are in bold font.

 2 

Table 3 .

 3 

		Estimate	Standard error t-value	95% Confidence interval
	intercept	2.21	0.27	8.2	[1.7; 2.7]
	Frequency category	-0.133	0.046	-2.882	[-0.227; -0.043]
	Low frequency				
	Word length (n. of characters)	0.051	0.034	1.498	[-0.016; 0.118]
	Age (years)	0.003	0.007	0.501	[-0.009; 0.016]
	Low vision rehabilitation	-0.188	0.214	-0.88	[-0.588; 0.211]
	No				
	Still reading	-0.505	0.24	-2.104	[-0.953; -0.057]
	No				

Table 3 : Results of the mixed-effects model from Analysis 2: fixed effects estimates. The dependent variable is the target words total reading time. The reference level of categorical binary factors is italicized. Factors with a significant effect on reading time are in bold font.
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