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Pulsed lighting for adults with 
Dyslexia: very limited impact, 
confined to individuals with severe 
reading deficits
Eole Lapeyre, Jean-Baptiste Melmi, Pascale Colé & Aurélie Calabrèse

The goal of this study is to evaluate the impact of pulsed lighting on the reading performance of 
young adults with dyslexia. A total of 42 participants were recruited, including individuals diagnosed 
with developmental dyslexia and adults without reported reading difficulties. The severity of each 
participant’s reading deficit was assessed on a continuous scale using a reading impairment score, 
derived from four reading tests: an isolated-word reading test, a pseudoword reading test, and two 
reading fluency tests. The impairment score ranged from 0 (no impairment) to 4 (severe impairment 
across all tests). To examine the potential effect of pulsed lighting, we measured (1) sentence reading 
speed, expressed as a reading accessibility index (ACC), and (2) text comprehension, expressed as a 
comprehension score. These measures were taken under three lighting conditions: standard lighting, 
pulsed lighting, and a combination of the two. Linear mixed-effects models were applied to assess 
the effects of lighting on ACC and comprehension, controlling for the reading impairment score. We 
found no effect of lighting conditions on either ACC or comprehension, except in the most impaired 
readers, who showed a small but significant increase of 7% in ACC. However, even with pulsed lighting, 
impaired readers did not reach the performance level of skilled adult readers. In conclusion, the study 
did not demonstrate a clear positive impact of pulsed lighting on the reading skills of adults with 
dyslexia.

Developmental dyslexia (hereafter, dyslexia) is the most frequent neurodevelopmental disorder, affecting 
approximately 7% of the population1. According to the Diagnostic and Statistical Manual of Mental Disorders 
5th Ed2. , dyslexia is a specific learning disorder characterized by inaccurate (or slow and effortful) decoding and 
word reading that may impair reading comprehension, as well as poor spelling skills, despite normal intelligence 
and appropriate educational opportunities. In the literature, several deficit hypotheses have been proposed as 
possible causal explanations of dyslexia. These include the auditory hypothesis3, the phonological hypothesis4, 
the cerebellar/motor hypothesis5 or the visual hypothesis6 (for a review, see7). Several visual hypotheses of 
dyslexia have already been proposed: the visual-attention span deficit hypothesis8, the orientation of visual 
attention deficit hypothesis9,10 and, more recently, the iconic memory and visual-short-term memory transfer 
deficit hypothesis11,12. The common idea to all these hypotheses is that the associated visual deficit would disrupt 
the generation of words orthographic coding, resulting in impaired multi-letter string processing13.

Recently, physicists Le Floch and Ropars proposed another visual hypothesis, attributing dyslexia to a 
specificity in the Maxwell’s centroids (the blue cone-free areas at the center of each retina)14. Using a foveascope 
of their design, these authors were able to map Maxwell’s centroids in both eyes of skilled readers and dyslexic 
adults. They reported dissimilar blue cone-free areas in skilled readers (a circular area in the dominant eye and 
an elliptical one in the non-dominant eye), associated with an established eye dominance. This asymmetry was 
absent in adults with dyslexia, who experienced circular blue cone-free areas in both eyes and no eye dominance 
(despite a normal ocular status). The authors hypothesized that this lack of asymmetry might prevent dyslexic 
individuals from having ocular dominance. While the typical brain receives visual information from both optic 
nerves, it relies preferentially on the input from the dominant eye15. It is only at the end of the developmental 
period (~ 8 years) that children’s eye dominance stabilizes, bringing about a decrease in mirror reversal errors16. 
According to Le Floch and Ropars’ hypothesis, the lack of asymmetry found in individuals with dyslexia would 
prevent the brain from focusing preferentially on one input, leading to perturbations in the brain’s central 
connectivity. This would result in an undetermined afterimage dominance, with the primary and mirror images 
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coexisting and possibly causing confusion regarding the identification of mirror letters (e.g., b and d). However, 
this hypothesis is still subject to strong controversy17.

There is some evidence that temporal modulations of light frequency and luminance can influence 
perception of visual afterimages18–20. Based on such mechanisms, Le Floch and Ropars developed a set-up using 
Hebbian pulse-width modulated lighting in order to erase the disturbing afterimage perceived by individuals 
with dyslexia, thus removing the mirror image21. After running a letter identification task on five dyslexic 
participants, they concluded that pulse-width modulated lighting can compensate for the lack of binocular 
rivalry in this population and thus improve overall reading skills. However, this result may be subject to caution 
for several reasons. First, only a very small sample of participants with dyslexia was tested and no description 
of the diagnosis or functional deficit of these participants was provided. Second, the authors only tested letter 
recognition performance, which does not necessarily transfer to the higher-level skill of reading. Lastly, the 
authors gave very little detail about the characteristics of the lighting conditions that they used, making it hard 
to replicate their results.

Therefore, the goal of the present work is to assess the impact of pulsed lighting on the reading skills of a larger 
sample of individuals with dyslexia. Importantly, throughout this work, dyslexia is considered as a multifactorial 
condition ranging along a continuous spectrum rather than as a dichotomic status (control vs. dyslexic). This 
framework allows us to better understand and account for the reported heterogeneity in reading profiles of 
adults with dyslexia22–24. Thus, in Cavalli et al. (2018)22, 18% of a sample of university students with dyslexia 
achieved normative text reading fluency performances, while exhibiting a performance deficit in single-word and 
pseudoword reading. Another example of the heterogeneity of reading profiles in the dyslexic population comes 
from Parrila et al. (2007)24. These authors reported that 75% of their sample of adults with dyslexia achieved 
reading comprehension scores within the norms (when reading without time pressure), while 93% continued 
to show deficits in written word recognition and decoding skills. This heterogeneity in the manifestations of 
dyslexia (possibly due to compensatory mechanisms, see25 for a discussion) led us to calculate an overall reading 
impairment score for each participant. This measure, based on four reading test scores (namely, an isolated-
word reading test, a pseudoword reading test and two reading fluency tests), ranged from 0 (no impairment) 
to 4 (pathological threshold reached on all tests). In line with the current conception of dyslexia developed by 
Pennington (2006)26, this score allowed us to consider reading performance on a continuum rather than on 
a dichotomous scale and to evaluate the impact of different lighting conditions (pulsed versus control) as a 
function of individual reading profiles.

Methods
Participants
We tested 42 young adults (17 males) aged 19 to 27 years old (mean±SD = 21±2), including individuals with 
no reported reading difficulties and individuals with diagnosed developmental dyslexia. All participants were 
native French speakers, with normal or corrected-to-normal vision and normal audition. All were university 
students with equivalent school-leaving qualifications and ranged from first-year postgraduate to fifth-year 
postgraduate. Participants with a previous diagnosis of dyslexia (established earlier in life by a speech therapist, 
either during childhood or adolescence) were recruited from the Aix-Marseille University Disability Service. 
Comorbidities with dyslexia were distributed as follows: dysorthographia (67%), specific oral language disorder 
(22%), dyscalculia (19%), developmental coordination disorder (15%) and attention deficit hyperactivity 
disorder (11%). Written Informed consent was obtained from all participants when they were enrolled. All 
received monetary compensation for their participation. The experiment followed the tenets of the Declaration 
of Helsinki and was approved by the local ethics committee of Aix-Marseille University.

Experimental protocol
Each participant came to the laboratory for two 90-minute sessions: a pre-test session, followed within a month 
by the experimental test session (Fig. 1). All tests were administered by a single experimenter in an empty room 
(e.g., no windows or shelves) to avoid any distractions.

Pre-test session
Screening tests
All participants completed a series of French tests to screen for individual reading skills. The French version of 
the Adult Reading History Questionnaire (ARHQ) and Anamnesis27 were used to screen for dyslexia. IQ levels 
were estimated both verbally using the French version of the Peabody Picture Vocabulary Test (PPVT, EVIP in 
French)28 and non-verbally with Raven’s Matrices29. Phonological short-term memory and phonemic awareness 
were also tested with the EVALEC toolset30. Individual results are reported in the Supplementary Material.

Reading tests
Four standardized reading tests were run to estimate a reading impairment score for each participant. First, we 
used a standardized version of the Alouette test31 developed for adults22 to assess reading skills. This test consists 
of a series of real words embedded in meaningless but grammatically and syntactically correct sentences. Hence, 
dyslexic and poor readers cannot use contextual information to compensate for their written word recognition 
difficulties. Participants were asked to read the 265-word text aloud as rapidly and as accurately as possible 
within a maximum of 3 min. A reading efficiency score combining speed and accuracy was computed for each 
participant and considered pathological below the cut-off value of 402.222. A standardized test of isolated word 
reading was used to measure the efficiency of the orthographic procedure (pathological cut-off value of 99 
(https://osf.io/zmf82/)32. The efficiency of the decoding procedure was tested with an analogous standardized 
pseudoword reading test (pathological cut-off value of 105). Last, a reading fluency test (pathological cut-off 
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value of 186) was also used. For each test, a score was computed: 0 (normal) or 1 (pathological for dyslexia). For 
each participant, all four scores were summed, providing a final Reading Impairment Score ranging between 0 
(i.e. normal scores in all tests) and 4 (i.e. pathological scores in all tests).

Visual tests
For each participant, binocular visual acuity was measured with prescribed correction, if any, using the ETDRS 
letter chart33. Corrected visual acuity was normal for all participants, with a mean value of 0.0 ± 0.1 logMAR. 
Sighting eye dominance was estimated as follows: participants were asked to extend their arms and place their 
hands together at a 45-degree angle to create a triangular opening between their thumbs and forefingers. The 
hand opening was centered on a distant object and the participants had both eyes open. Closing each eye one at 
a time, the dominant eye was defined as the one that made it possible to keep the target object centered within 
the opening. The test was repeated four times. Eye dominance was estimated as: strong if participants responded 
consistently from test #1 to test #4; weak if they did not identify their dominant eye from test #1 but responded 
consistently once they did; none if the target object disappeared from the opening when closing both their left 
and right eye on all 4 tests. Based on this test, 83.3% of our participants showed a strong ocular dominance, 9.5% 
showed a weak ocular dominance and 4.7% showed no ocular dominance. Detailed results are given in Fig. 2 
and Supplementary Material.

Experimental test session
During this session, two different tests were run to estimate the influence of pulsed lighting on reading 
performance: a sentence reading test and a reading comprehension test. Both tests were performed under several 
lighting conditions detailed below.

Reading speed test
The MNREAD chart34 is a standardized reading test designed to estimate reading speed as a function of print 
size through a series of short sentences. Participants are presented with 60-character sentences (~ 10 words) and 
asked to read them out loud, one at a time, as fast and accurately as possible. Each new sentence is presented 
in a smaller type size than the previous one until it becomes so small that reading is impossible. All sentences 
were printed on cardboard in Times font on three lines of justified text. MNREAD was presented at a distance of 
80 cm in its regular polarity (black print on a white background). The reading time (in seconds) and accuracy (in 
number of misread words) of each presented sentence were measured and used to derive a reading speed value 
in words per minute. As per the MNREAD guidelines, the reading ACCessibility index (ACC) was then derived 
for each test35,36. The ACC is a single-valued score that represents each participant’s visual access to commonly 
encountered printed material, where 0.0 means no access to print, 1.0 represents average normal performance 
and values greater than 1.0 indicate that individuals exceed the mean for normally sighted young adults.

Reading comprehension test
Text reading comprehension was measured with a new French standardized test (https://osf.io/zmf82/)32. 
Newspaper articles (~ 500 words each), selected from the French newspaper Le Monde, were read silently 
without time constraints and followed by a series of questions. This newly validated test allows to evaluate literal 
comprehension as well as inferential comprehension skills, namely text-connecting inference skills (which 
require the participant to integrate text information in order to establish local cohesiveness) and knowledge-
based inference skills (which make it possible to establish links between the text content and the reader’s 
personal knowledge). Once participants had finished reading, they answered a series of oral multiple-choice or 
open questions. They were not allowed to go back to the text when answering the questions. A comprehension 
score was assessed, ranging from 0 (i.e., no comprehension) to 100 (perfect comprehension).

Fig. 1.  Overview of all tests run during the pre-test and experimental test sessions. Highlighted in yellow are 
the outcome measures used for the analyses.
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Lighting conditions
Each reading test was administered using different test versions under three lighting conditions: (1) a control 
condition with regular lighting, (2) a pulsed light condition, using high-frequency flickering, and (3) a 
combination condition with both regular and pulsed light. Control lighting was provided by a standard desk 
lamp, set to its standard luminance (136 lumens measured in the laboratory with a Konica Minolta LS-150 
photometer). Pulsed lighting was provided using the Lili Lamp, designed by the Lili for life company and based on 
the patented technology from Le Floch and Ropars. Lili projects a pulsed luminous flux that can be customized 
in terms of both pulsation frequency (between 60 and 120 Hz) and on/off time balance. Frequency and balance 
parameters were optimally chosen by each participant before the experiment. Settings were considered optimal 
when participants felt comfortable reading a mock text presented in front of them on a sheet of paper. The settings 
chosen for each participant are reported in Appendix 1. The luminance of Lili (116 lumens) was noticeably 
lower than in our control condition. To avoid any luminance bias, we added a third condition, combining both 
light settings, in which the luminance (131 lumens) matched our control condition, while pulsed lighting with 
optimal settings was also provided. The order of the lighting conditions was randomized across participants and 
the lighting arrangements hid the different lamps from the participants’ view.

Statistical analysis
Statistical analysis was performed using R statistics37. Linear mixed-effects (LME) models were used to assess the 
effect of lighting conditions on the measure of reading speed (ACC) and the measure of reading comprehension 
(comprehension score), while also taking into account individual values of impairment score. LME models are 
especially appropriate here, since they make it possible to consider the random effects associated with individual 
participants and their repeated measures. A first LME model was fitted with ACC as the dependent variable and 

Fig. 2.  Distribution of our population’s ocular dominance strength, broken down by reading impairment score 
value. Participants with a previous diagnosis of dyslexia are shown with hatching.
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the following independent variables (i.e., fixed effects): reading impairment score, lighting condition and their 
interaction. A second model with the same fixed-effects structure was also fitted with comprehension score as 
the dependent variable. Non-verbal IQ score (Raven) and ocular dominance strength were initially included in 
both models. They were discarded from the final models as they showed no significant influence on the effect of 
lighting. Both models included a random intercept for participants, assuming a different baseline performance 
level for each individual. Both dependent variables (ACC and comprehension score) were normalized using 
natural logarithm (ln) transformation to satisfy the assumptions of parametric statistical tests38,39. Optimal 
model structures were assessed using the Akaike Information Criterion (AIC) and likelihood-ratio tests40. The 
significance of the fixed effects was estimated using t-values. Results were considered significant for t-values 
larger than 2 or smaller than − 2, corresponding to a 5% significance level in a two-tailed test41,42. In the Results 
section, fixed-effects estimates are reported along with their t-values and 95% confidence intervals43.

An a posteriori power analysis was conducted with the mixedpower package in R (Kumle et al., 2021). It 
indicated that a sample size of 40 participants was sufficient to obtain a statistical power above 80% for all effects 
included in the model.

Results
Reading speed (ACC)
According to the LME model, average ACC value of expert readers (Reading Impairment = 0) under control 
lighting was 0.97 (exp(-0.033) – Table 1). For these same readers, reading with pulsed + control lighting led to 
a non-significant increase in ACC by a factor of 1.003 (exp(0.003); t = 0.137; 95% CI = [-0.044 ; 0.050]), and 
an average ACC value of 0.97 exp(-0.033 + 0.003). Pulsed lighting also led to a non-significant change (t = 
-0.248; Fig. 3). Under control lighting, ACC decreased as reading impairment score increased. For instance, an 
increase in impairment score from 0 to 4 leads to a significant decrease in ACC by a factor of 0.68 (exp(-0.382); 
t = -8.840; 95% CI = [-0.468 ; -0.297]), i.e., an average ACC of 0.66 (exp(-0.033-0.382) – Fig. 3). This suggests 
that, for any given individual, the more skills affected by dyslexia are labelled as impaired, the more reading 
speed is impaired. For any impairment scores, we found no significant difference in ACC when reading under 
pulsed + control lighting compared to control lighting. Likewise, there was no significant change in ACC when 
reading under pulsed lighting, compared to control lighting, for dyslexic individuals with an impairment score 
between 1 and 3. However, in the group with the most severe reading skill deficits (impairment score of 4), we 
observed a significant 7% increase in ACC (exp(0.070); t = 2.172; 95% CI = [0.006; 0.134]), raising ACC from 
0.66 under control lighting to 0.70 under pulsed lighting.

Predictors

Effects on ACC

Estimate Std. Error 95% CI t-value

(Intercept) –0.033 0.032 –0.096–0.031 –1.018

Pulsed –0.006 0.024 –0.053–0.041 –0.248

Pulsed + control 0.003 0.024 –0.044–0.050 0.137

Impairment score 1 –0.104 0.062 –0.228–0.020 –1.665

Impairment score 2 –0.173 0.076 –0.324 – –0.022 –2.267

Impairment score 3 –0.284 0.076 –0.436 – –0.133 –3.732

Impairment score 4 –0.382 0.043 –0.468 – –0.297 –8.840

Pulsed : Impairment score 1 0.005 0.046 –0.086–0.096 0.106

Pulsed + control : 
Impairment score 1 0.004 0.046 –0.087–0.096 0.094

Pulsed : Impairment score 2 0.040 0.056 –0.071–0.152 0.715

Pulsed + control : 
Impairment score 2 0.058 0.056 –0.054–0.169 1.027

Pulsed : Impairment score 3 0.015 0.056 –0.096–0.127 0.268

Pulsed + control : 
Impairment score 3 0.001 0.056 –0.111–0.112 0.014

Pulsed : Impairment score 4 0.070 0.032 0.006–0.134 2.172

Pulsed + control : 
Impairment score 4 0.040 0.032 –0.023–0.104 1.266

Observations 125

Marginal R2 / Conditional R2 0.626 / 0.898

Table 1.  Fixed effects estimates from the LME model. The intercept estimate represents the log-transformed 
ACC when all factors included in the model are at their reference level (categorical variable) or at 0 (discrete 
variable). Reference levels are: control lighting condition and reading impairment score of 0. Interactions are 
represented by the symbol “:”. Factors showing a significant effect on reading time are in bold font. Marginal R2 
(variance of the fixed effects) and conditional R2 (variance of the fixed and random effects) are provided.
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Reading comprehension
According to the LME model, the average comprehension score of expert readers (Reading Impairment = 0) under 
control lighting condition was 51.7 (exp(3.945) – Table 2 - Fig. 4). The score did not significantly changed under 
pulsed + control lighting (56.9 (exp(3.945 + 0.097); t = 0.389) or pulsed lighting only (55.5 (exp(3.945 + 0.072); 
t = 0.292). Similarly, changing lighting conditions did not significantly modify the comprehension scores of 
readers with a reading impairment of 1 or above (t = -0.321; t = -0.585; t = -0.883; t = -0.620; t = -0.233; 
t = 0.222; t = 0.725 and t = 0.329). Finally, changes in reading impairment score did not significantly alter the 
comprehension score (t = 0.405; t = 0.910; t = 0.054 and t = -1.763).

Discussion
The aim of the present study was to test whether pulsed lighting can improve reading performance in individuals 
with dyslexia. To sum up, we found no effect of pulsed lighting on the two reading scores we used, namely 
the MNREAD reading accessibility index (ACC) and a text reading comprehension score, except for the most 
impaired readers. Indeed, for individuals with the higher reading impairment score, we found a small but 
significant positive effect of pulsed lighting, increasing ACC from 0.66 to 0.70. However, this increase should be 
taken with caution for two reasons. First, because it barely reached an arbitrary significance threshold (t = 2.17), 
meaning that it may not hold with data collected from a different sample of individuals. Second, and foremost, 
because its amplitude can be considered quite small, which may not translate into functionally relevant reading 
performance changes in real-life and/or clinical settings. As a matter of fact, the increase in ACC yield by pulsed 

Fig. 3.  ACC grouped by reading impairment score for three different lighting conditions. Small data points 
show the raw data. Large data points represent the model estimates for each score and their 95% confidence 
intervals. Lighting conditions are color-coded as follows: control condition is represented in orange, 
pulsed+control condition in light blue and pulsed only in dark blue.
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lighting in individuals with a reading impairment score of 4 was not sufficient to bring them up to the average 
ACC of those with less severe deficits (impairment score of 3). However, it is worth noting that the small (if 
effective) improvement yield by pulsed lighting in these severely impaired readers was immediate, whereas 
current effective dyslexia interventions, such as phonics training, typically show modest gains and require 
dozens of hours of practice46.

As for the comprehension score, it should be noted that the absence of a significant difference across reading 
impairment scores, even in the control light condition, reduces the possibility of finding an improvement effect 
under pulsed lighting. This lack of difference in reading comprehension performance between university-level 
dyslexic adults and control skilled readers has been reported in several studies before24,32,47,48. The reason for this 
similarity is probably two-fold. On one hand, the test is administered without time pressure, and on the other 
hand, these individuals with dyslexia may have developed compensatory text comprehension procedures32. 
However, it can also be noted that these performances (for all groups) are far from ceiling level, and the most 
impaired individuals could potentially benefit from the effect of pulsed lighting.

Overall, we failed to show a clear positive impact of pulsed lighting on the reading performance of a group of 
young adults with dyslexia. This conclusion is consistent with recent results from a different group, who found 
no significant effect of pulsed lighting (as provided by both a lamp and glasses) on the reading performance of 
children and adults with dyslexia49. These authors inspected the effect of high-frequency light flickering on letter 
naming, isolated word reading and text reading fluency on 35 dyslexic students. Experiments were run with the 
Lexilight lamp, another commercialized lamp providing pulsed light, set to a frequency of 80 Hz. This value is 
close to the setting chosen by most of our participants, who had to select a comfortable setting between 60 and 
120 Hz. For all of the three reading tasks tested, Lubineau et al., 2023 reported no detectable impact of pulsed 
lighting compared to natural light.

According to Le Floch and Ropars, reading difficulties encountered by dyslexics can be (at least partially) 
attributed to “internal visual crowding”50. Because this phenomenon can be controlled through Hebb 
mechanisms, these authors uphold the potential benefit of pulsed lighting for letter or word identification14. The 
present work however, focused on text-reading fluency, which differs from word-reading fluency as it relies on 
high-level literacy skills, such as vocabulary and grammatical knowledge in children and adolescents51,52. One 
may argue that even if pulsed lighting can remove low-level internal visual crowding, fluent text reading would 
still require long-lasting remedial work to correct for the impaired lexicons. While this reasoning does support 
the absence of effect reported in the present study, it does not account for the fact that our sample of participants 
shows (oral) vocabulary skills comparable to those of skilled readers. In addition, recent results from Brèthes 
et al. (2022), showed that text-reading fluency performance is only explained by word reading, pseudoword 
reading and spelling skills (i.e., low-level literacy skills) in adult readers with and without dyslexia.

Predictors

Effects on comprehension score

Estimate Sth. Error 95% CI t-value

(Intercept) 3.945 0.192 3.565–4.326 20.544

Pulsed 0.072 0.248 -0.419–0.564 0.292

Pulsed + control 0.097 0.248 -0.395–0.588 0.389

Impairment score 1 0.151 0.374 -0.591–0.894 0.405

Impairment score 2 0.416 0.457 -0.490–1.322 0.910

Impairment score 3 0.025 0.457 -0.881–0.931 0.054

Impairment score 4 -0.457 0.259 -0.971–0.057 -1.763

Pulsed : Impairment score 1 -0.155 0.484 -1.113–0.803 -0.321

Pulsed + control : 
Impairment score 1 -0.283 0.484 -1.241–0.675 -0.585

Pulsed : Impairment score 2 -0.522 0.590 -1.692–0.649 -0.883

Pulsed + control : 
Impairment score 2 -0.366 0.590 -1.537–0.804 -0.620

Pulsed : Impairment score 3 -0.137 0.590 -1.308–1.033 -0.233

Pulsed + control : 
Impairment score 3 0.131 0.590 -1.039–1.301 0.222

Pulsed : Impairment score 4 0.245 0.338 -0.425–0.914 0.725

Pulsed + control : 
Impairment score 4 0.110 0.335 -0.554–0.774 0.329

Observations 125

Marginal R2 / Conditional 
R2 0.079 / 0.231

Table 2.  Fixed effects estimates from the LME model. The dependent variable is the log-transformed 
comprehension score. The intercept estimate represents the log-transformed comprehension score when 
all factors included in the model are at their reference level (categorical variable) or at 0 (discrete variable). 
Reference levels are: control lighting condition and reading impairment score of 0. Interactions are represented 
by the symbol “:”. Factors showing a significant effect on comprehension score are in bold font.

 

Scientific Reports |        (2024) 14:22320 7| https://doi.org/10.1038/s41598-024-73273-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Indeed, individuals with dyslexia did not reach control readers’ performance, even in the pulsed lighting 
condition. This suggests that pulsed lighting is not sufficient to alleviate the reading deficit experienced 
by individuals with dyslexia. Over the years, different visual remediation strategies have also been explored 
to eliminate and/or reduce visual impairment, through visual aids or training. For instance, colored overlays 
have been used to alleviate visual stress (i.e., distortions) in dyslexic reader, but no clear-cut effects have been 
observed53,54. Lawton and Shelley-Temblay (2017) administered visual training to dyslexic children in order 
to restore the functioning of the magnocellular pathway (activated by eye movement), which is thought to 
be deficient and responsible for a lack of synchronization with the parvocellular pathway (activated during 
fixations)55. Using exercises focusing on movement detection and its direction, such training is intended to 
improve the sensitivity and synchronization of magnocellular processing. Another type of training currently 
being investigated involves the use of action video games. These games, which feature fast-moving elements and 
targets, along with numerous spatially and temporally unpredictable events, place considerable emphasis on 
the peripheral visual field as well as on the global visual processing of elements and impose a high motor load. 
Thanks to these features, they strongly solicit the player’s attentional, visual and visual-attentional capacities, 
improvements which would then transfer to reading. In particular, action video games might increase the 
useful size of the visual field and improve the discrimination of rapid sequences of visual stimuli, of the sort 
that occur in reading. Letters in words must be accurately selected from surrounding graphemes through the 
rapid orientation of visual attention before their correct letter-sound translation for word decoding can occur. 
Effective visual attention would improve the perception of visual stimuli and increase the development of letter-
sound connections. Using action video games with children with dyslexia56, reported a significant improvement 
in these children’s reading fluency skills. However57, failed to replicate this effect. Overall, even though a number 
of studies have reported that individuals with dyslexia may use a different visual sampling strategy to read 
texts (e.g., longer fixation durations, shorter saccades and fewer skipped words during first-pass reading58), the 
question of which visual deficit causes this phenomenon remains unanswered. Indeed, the meta-analysis by 

Fig. 4.  Comprehension score grouped by reading impairment score for three different lighting conditions. 
Small data points show the raw data. Large data points represent the model estimates for each score and their 
95% confidence intervals. Lighting conditions are color-coded as follows: control condition is represented in 
orange, pulsed+control condition in light blue and pulsed only in dark blue.
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Peters et al. (2019), comparing three types of visuo-attentional interventions59, and that of Puccio et al. (2023) 
on the effects of action video games60, suggest that several types of visuo-attentional deficits could explain the 
reading difficulties in dyslexia.

In this study, we used a discrete reading impairment score to grade the overall deficit experienced by dyslexic 
readers. This score represents a reader’s level of impairment over a range of reading skills, namely: speed and 
accuracy, fluency, decoding procedure and orthographic reading procedure. Our results show that the reading 
impairment score is significantly related to ACC: the higher the score, the smaller the ACC (Fig. 3; Table 1). 
In other words, the more pathological markers of dyslexia a reader has, the harder it is to achieve an ACC 
comparable to that of expert readers. This result suggests that considering dyslexic readers’ impairment level 
on a continuum using a reading impairment score of this type may be an efficient and sensitive way to grade 
the overall deficit experienced by such readers. In addition, the present work highlights the use of ACC as a 
potential measure of the impact of dyslexia on reading speed. While, the MNREAD test was first designed to 
assess reading performance in normally sighted and visually impaired individuals, our results suggest that ACC 
may provide an additional measure of reading speed impairment in individuals with dyslexia. Interestingly, the 
significant body of literature available on MNREAD for control readers of all ages would allow researchers to 
measure the impact of developmental dyslexia on reading performance through comparisons with age-specific 
normative data61,62.

Finally, the present study investigated reading using the French orthographic system. It is known that 
the characteristics of orthographic systems may have an influence on the impairment of reading processes 
in dyslexia. For instance, it has been shown that brain activity during reading or reading-related tasks differs 
in people classified as dyslexic compared to skilled readers63,64 and that the amplitude of this difference is 
modulated by orthographic depth65. Therefore, it remains to be tested whether our results can be applied to 
other orthographic systems, the orthographic depth of which may differ from French. Furthermore, while our 
focus was on sentence and text reading skills, future investigations should use isolated words and pseudowords, 
the identification of which requires precise orthographic coding and cannot be accomplished using semantic 
or contextual knowledge, unlike in the case of text reading. This may shed some light on the specificity of 
any potential benefits of pulsed lighting in dyslexia. Finally, while this study focuses on young adults, future 
investigations should consider assessing the impact of pulsed lighting on a cohort of children of different ages 
and reading expertise, as in Lubineau et al., (2023)49.

Data availability
Data will be fully available upon request to the corresponding author (AC).

Received: 19 July 2023; Accepted: 16 September 2024

References
	 1.	 Peterson, R. L. & Pennington, B. F. Seminar: Developmental Dyslexia. Lancet 379, 1997–2007 (2012).
	 2.	 American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders (DSM-5®)  (American Psychiatric Pub., 

2013).
	 3.	 Tallal, P. Auditory temporal perception, phonics, and reading disabilities in children. Brain Lang.9, 182–198 (1980).
	 4.	 Snowling, M. J. Phonemic deficits in developmental dyslexia. Psychol. Res.43, 219–234 (1981).
	 5.	 Nicolson, R. I., Fawcett, A. J. & Dean, P. Developmental dyslexia: the cerebellar deficit hypothesis. Trends Neurosci.24, 508–511 

(2001).
	 6.	 Stein, J. & Walsh, V. To see but not to read; the magnocellular theory of dyslexia. Trends Neurosci.20, 147–152 (1997).
	 7.	 Cole, P. & Sprenger-Charolles, L. La Dyslexie: De L’enfant à L’adulte (Dunod, 2021).
	 8.	 Bosse, M. L., Tainturier, M. J. & Valdois, S. Developmental dyslexia: the visual attention span deficit hypothesis. Cognition. 104, 

198–230 (2007).
	 9.	 Facoetti, A., Corradi, N., Ruffino, M., Gori, S. & Zorzi, M. Visual spatial attention and speech segmentation are both impaired in 

preschoolers at familial risk for developmental dyslexia. Dyslexia. 16, 226–239 (2010).
	10.	 Franceschini, S. et al. Visuo-spatial attention deficit in children with reading difficulties. Sci. Rep.12, 13930 (2022).
	11.	 Castet, E., Descamps, M., Denis-Noël, A. & Colé, P. Letter and symbol identification: no evidence for letter-specific crowding 

mechanisms. J. Vis.17, 2 (2017).
	12.	 Castet, E., Descamps, M., Denis-Noël, A. & Colé, P. Dyslexia Research and the partial Report Task: A First Step toward 

acknowledging iconic and visual short-term memory. Sci. Stud. Read.24, 159–169 (2020).
	13.	 Martelli, M., Di Filippo, G., Spinelli, D. & Zoccolotti, P. Crowding, reading, and developmental dyslexia. J. Vis.9, 141–118 (2009).
	14.	 Le Floch, A. & Ropars, G. Left-right asymmetry of the Maxwell spot centroids in adults without and with dyslexia. Proceedings of 

the Royal Society B (London) (2017).
	15.	 Hubel, D. H., Kuehni, R. G. & Eye Brain, and Vision. Color. Res. Appl.22, 333–334 (1988).
	16.	 Cornell, J. M. Spontaneous mirror-writing in children. Can. J. Psychol. / Revue canadienne de psychologie. 39, 174–179 (1985).
	17.	 Naudet, F., Seidenberg, M. & Bishop, D. V. M. Comment on Le Floch & Ropars ‘Left–right asymmetry of the Maxwell spot 

centroids in adults without and with dyslexia’. Proceedings of the Royal Society B: Biological Sciences 291, 20232060 (2024). (2017).
	18.	 Fiorentini, A. & Ercoles, A. M. Vision with stabilized images and intermittent illumination. Atti Fondatione Georgio Ronchi. 15, 

618–633 (1960).
	19.	 Gerling, J. & Spillmann, L. Duration of visual afterimages on modulated backgrounds: postreceptoral processes. Vision. Res.27, 

521–527 (1987).
	20.	 Matteson, H. H. After-images observed with intermittent background illumination. Vision. Res.5, 123–132 (1965).
	21.	 Le Floch, A. & Ropars, G. Left-right asymmetry of the Maxwell spot centroids in adults without and with dyslexia. Proceedings: 

Biol. Sci.284, 1–10 (2017).
	22.	 Cavalli, E. et al. Screening for Dyslexia in French-speaking University students: an evaluation of the detection accuracy of the 

Alouette Test. J. Learn. Disabil.51, 268–282 (2018).
	23.	 Laasonen, M., Leppämäki, S., Tani, P. & Hokkanen, L. Adult Dyslexia and attention deficit disorder in Finland–project DyAdd: 

WAIS-III cognitive profiles. J. Learn. Disabil.42, 511–527 (2009).

Scientific Reports |        (2024) 14:22320 9| https://doi.org/10.1038/s41598-024-73273-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	24.	 Parrila, R., Georgiou, G. & Corkett, J. University students with a significant Historyof Reading difficulties:what is and is not 
compensated? Exceptionality Educ. Int.17, 195-220 (2007).

	25.	 Colé, P., Duncan, L. G. & Cavalli, E. Les compensations de l’adulte dyslexique de niveau universitaire. in La dyslexie à l’âge adulte 
(eds. Colé, Pascale, Cavalli, E. & Duncan, L.) 287–324 (De Boeck Supérieur, Paris, France, (2020).

	26.	 Pennington, B. F. From single to multiple deficit models of developmental disorders. Cognition. 101, 385–413 (2006).
	27.	 Lefly, D. L. & Pennington, B. F. Reliability and validity of the adult Reading History Questionnaire. J. Learn. Disabil.33, 286–296 

(2000).
	28.	 Dunn, L. M., Dunn, L. M. & Thériault-Whalen, C. M. Échelle De vocabulaire en Images Peabody: EVIP (PSYCAN, 1993).
	29.	 Raven, J., Raven, J. C. & Court, J. H. Manual for Raven’s Progressive Matrices and Vocabulary Scales. Section 3, Standard Progressive 

Matrices (Including the Parallel and Plus Versions) (Harcourt Assessment, 2003).
	30.	 Sprenger-Charolles, L., Colé, P., Béchennec, D. & Kipffer-Piquard, A. French normative data on reading and related skills from 

EVALEC, a new computerized battery of tests (end Grade 1, Grade 2, Grade 3, and Grade 4)1. Eur. Rev. Appl. Psychol.55, 157–186 
(2005).

	31.	 Lefavrais, P. L'Alouette: test d’analyse de la lecture et de la dyslexie. Paris: Editions Du Centre De Psychologie Appliquée (1967).
	32.	 Brèthes, H. et al. Text reading fluency and text reading comprehension do not rely on the same abilities in University Students with 

and without Dyslexia. Front. Psychol.13, (2022).
	33.	 Ferris, F. L., Kassoff, A., Bresnick, G. H. & Bailey, I. New visual acuity charts for clinical research. Am. J. Ophthalmol.94, 91–96 

(1982).
	34.	 Mansfield, J. S., Ahn, S. J., Legge, G. E. & Luebker, A. A new reading-acuity chart for normal and low vision. Ophthalmic and Visual 

Optics/Noninvasive Assessment of the Visual System Technical Digest, (Optical Society of America, Washington, DC.,) 3, 232–235 
(1993). (1993).

	35.	 Calabrèse, A., Mansfield, J. S. & Legge, G. E. mnreadR, an R package to analyze MNREAD data. version 2.1.3 (2019). https://
CRAN.R-project.org/package=mnreadR.

	36.	 Calabrèse, A., Owsley, C., McGwin, G. & Legge, G. E. Development of a Reading Accessibility Index using the MNREAD Acuity 
Chart. JAMA Ophthalmol.134, 398–405 (2016).

	37.	 Team, R. C. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2020).
	38.	 Howell, D. C. Statistical Methods for PsychologyCengage Learning,. (2009).
	39.	 Tabachnick, B. G., Fidell, L. S. & Ullman, J. B. Using Multivariate Statisticsvol. 5 (Pearson Boston, 2007).
	40.	 Zuur, A. F., Ieno, E. N. & Elphick, C. S. A protocol for data exploration to avoid common statistical problems. Methods Ecol. Evol.1, 

3–14 (2010).
	41.	 Baayen, R. H., Davidson, D. J. & Bates, D. M. Mixed-effects modeling with crossed random effects for subjects and items. J. Mem. 

Lang.59, 390–412 (2008).
	42.	 Gelman, A. & Hill, J. Data Analysis Using Regression and Multilevel/Hierarchical Models (Cambridge University Press, 2007).
	43.	 Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting Linear mixed-effects models using lme4. J. Stat. Softw.67, 1–48 (2015).
	44.	 Lorah, J. Effect size measures for multilevel models: definition, interpretation, and TIMSS example. Large-scale Assessments Educ.6, 

8 (2018).
	45.	 Sullivan, G. M. & Feinn, R. Using effect size—or why the P value is not enough. J. Grad Med. Educ.4, 279–282 (2012).
	46.	 Galuschka, K., Ise, E., Krick, K. & Schulte-Körne, G. Effectiveness of treatment approaches for children and adolescents with 

reading disabilities: a meta-analysis of randomized controlled trials. PLoS One. 9, e89900 (2014).
	47.	 Cavalli, E. et al. E-book reading hinders aspects of long-text comprehension for adults with dyslexia. Ann. Dyslexia. 69, 243–259 

(2019).
	48.	 Deacon, S. H., Cook, K. & Parrila, R. Identifying high-functioning dyslexics: is self-report of early reading problems enough? Ann. 

Dyslexia. 62, 120–134 (2012).
	49.	 Lubineau, M., Watkins, C. P., Glasel, H. & Dehaene, S. Does word flickering improve reading? Negative evidence from four 

experiments using low and high frequencies. Proc. Biol. Sci.290, 20231665 (2023).
	50.	 Le Floch, A. & Ropars, G. Hebbian Control of Fixations in a dyslexic reader: a Case Report. Brain Sci.13, 1478 (2023).
	51.	 Kim, Y. S. G. & Developmental Component-based model of reading fluency: an investigation of predictors of Word-Reading 

fluency, text-reading fluency, and reading comprehension. Reading Res. Q.50, 459–481 (2015).
	52.	 Rose, L. T. & Rouhani, P. Influence of Verbal Working Memory depends on Vocabulary: oral reading fluency in adolescents with 

Dyslexia. Mind Brain Educ.6, 1–9 (2012).
	53.	 Evans, B. J. W. & Allen, P. M. A systematic review of controlled trials on visual stress using intuitive overlays or the intuitive 

colorimeter. J. Optom.9, 205–218 (2016).
	54.	 Henderson, L. M., Tsogka, N. & Snowling, M. J. Questioning the benefits that coloured overlays can have for reading in students 

with and without dyslexia. J. Res. Special Educational Needs. 13, 57–65 (2013).
	55.	 Lawton, T. & Shelley-Tremblay, J. Training on Movement figure-ground discrimination remediates low-level visual timing deficits 

in the dorsal Stream, improving high-level cognitive functioning, including attention, reading fluency, and Working Memory. 
Front. Hum. Neurosci.11, (2017).

	56.	 Franceschini, S. et al. Action Video games make dyslexic children read better. Curr. Biol.23, 462–466 (2013).
	57.	 Łuniewska, M. et al. Neither action nor phonological video games make dyslexic children read better. Sci. Rep.8, 549 (2018).
	58.	 Franzen, L., Stark, Z. & Johnson, A. P. Individuals with dyslexia use a different visual sampling strategy to read text. Sci. Rep.11, 

6449 (2021).
	59.	 Peters, J. L., De Losa, L., Bavin, E. L. & Crewther, S. G. Efficacy of dynamic visuo-attentional interventions for reading in dyslexic 

and neurotypical children: a systematic review. Neurosci. Biobehav Rev.100, 58–76 (2019).
	60.	 Puccio, G. et al. Action Video games Training in Children with Developmental Dyslexia: a Meta-analysis. Int. J. Human–Computer 

Interact.0, 1–16 (2023).
	61.	 Baskaran, K., Calabrèse, A., Hernandez-Moreno, L., Santos, D. & Macedo, A. F. Reading performance in Portuguese children from 

second to tenth grade with the MNREAD reading acuity test. J. Optometry. 16, 261-267 (2023).
	62.	 Calabrèse, A. et al. Baseline MNREAD measures for normally sighted subjects from childhood to Old Age. Invest. Ophthalmol. Vis. 

Sci.57, 3836–3843 (2016).
	63.	 Maisog, J. M., Einbinder, E. R., Flowers, D. L., Turkeltaub, P. E. & Eden, G. F. A Meta-analysis of functional neuroimaging studies 

of Dyslexia. Ann. N. Y. Acad. Sci.1145, 237–259 (2008).
	64.	 Richlan, F., Kronbichler, M. & Wimmer, H. Functional abnormalities in the dyslexic brain: a quantitative meta-analysis of 

neuroimaging studies. Hum. Brain Mapp.30, 3299–3308 (2009).
	65.	 Martin, A., Kronbichler, M. & Richlan, F. Dyslexic brain activation abnormalities in deep and shallow orthographies: a meta-

analysis of 28 functional neuroimaging studies. Hum. Brain. Mapp.37, 2676–2699 (2016).

Acknowledgements
The authors would like to warmly thank the anonymous reviewers of the present manuscript, for their thorough 
and constructive reviews. We believe that addressing all their comments greatly improved the presentation of 
our work.

Scientific Reports |        (2024) 14:22320 10| https://doi.org/10.1038/s41598-024-73273-3

www.nature.com/scientificreports/

https://CRAN.R-project.org/package=mnreadR
https://CRAN.R-project.org/package=mnreadR
http://www.nature.com/scientificreports


Author contributions
A.C. and P.C. conceived and designed the analysis. E.L. and J.-B.M. collected the data. E.L. and A.C. performed 
the data analysis. E.L., P.C. and A.C. wrote the manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-024-73273-3.

Correspondence and requests for materials should be addressed to A.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by-nc-nd/4.0/.

© The Author(s) 2024, corrected publication 2024 

Scientific Reports |        (2024) 14:22320 11| https://doi.org/10.1038/s41598-024-73273-3

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-024-73273-3
https://doi.org/10.1038/s41598-024-73273-3
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Pulsed lighting for adults with Dyslexia: very limited impact, confined to individuals with severe reading deficits
	﻿Methods
	﻿Participants
	﻿Experimental protocol
	﻿Pre-test session
	﻿Screening tests


	﻿Reading tests
	﻿Visual tests
	﻿Experimental test session
	﻿Reading speed test

	﻿Reading comprehension test
	﻿Lighting conditions
	﻿Statistical analysis
	﻿﻿Results
	﻿Reading speed (ACC)
	﻿Reading comprehension

	﻿Discussion
	﻿References


