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TOPIC: To determine whether individuals with developmental dyslexia present differences in visual and oculomotor functions
compared with age-matched controls.

CLINICAL RELEVANCE: Developmental dyslexia affects a substantial proportion of school-aged children, with prevalence estimates
ranging between 3% and 6%, depending on diagnostic criteria. It is characterised by persistent reading difficulties despite normal
intelligence and education. Although phonological deficits are well established, the contribution of visual and oculomotor
anomalies remains debated. Identifying consistent visual differences may support more comprehensive assessments and targeted
interventions alongside educational strategies.

METHODS: This systematic review and meta-analysis, registered in PROSPERO (CRD420251119429), included observational case-
control studies comparing visual and oculomotor functions in individuals with developmental dyslexia and age-matched controls.
Searches were conducted in PubMed, Web of Science, and Scopus. Outcomes included binocular vision, oculomotor performance,
accommodation, visual acuity, refractive error and contrast sensitivity. Methodological quality was assessed using the MINORS tool
and certainty of evidence using GRADE.

RESULTS: Twenty-six studies with 8 to 124 participants per group were included. Dyslexic individuals showed significantly greater
near exophoria (mean difference 0.84 prism diopters, 95% Cl: 0.22 to 1.46) and reduced near fusional vergence ranges, including
negative (-6.42 prism diopters, 95% Cl: -8.65 to —4.19) and positive fusional vergence (-6.72 prism diopters, 95% Cl: -8.66 to -4.77),
all p <0.01. Oculomotor differences included a higher number of fixations, longer fixation duration, more regressions and reduced
saccade amplitude. No significant group differences were found for refractive error or visual acuity.

CONCLUSIONS: Children with developmental dyslexia exhibit consistent binocular and oculomotor anomalies that may increase

visual effort during reading. Incorporating targeted assessment of these functions into vision care may complement
multidisciplinary management. Further research is needed to clarify their clinical relevance.
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INTRODUCTION
Vision and its associated oculomotor functions are fundamental to
many aspects of daily life, with reading standing out as one of the
most visually and cognitively demanding tasks, especially in
childhood, when both visual and neurological development are
ongoing [1]. Saccadic eye movements (rapid, coordinated shifts in
fixation) are critical for fluent reading, allowing efficient processing
of text by bringing new words or symbols onto the fovea [2, 3].
The precision of these movements depends on both ocular motor
control and a complex interplay with attentional and cognitive
systems [1]. This coordination develops throughout childhood,
mirroring improvements in reading skills and frontal cortex
maturation [2, 4].

Developmental dyslexia is a common neurodevelopmental
disorder, with population-based studies reporting prevalence

estimates generally ranging between approximately 3% and 6%
in school-aged children, depending on diagnostic criteria and
assessment methods [5-8]. Higher prevalence figures are often
reported when learning disabilities are considered as a broader
category rather than developmental dyslexia specifically. Char-
acterised by persistent difficulty in learning to read despite normal
intelligence and schooling [1, 9], dyslexia is typically linked to
phonological deficits, challenges in mapping letters to sounds that
lead to slow reading, poor comprehension and frequent spelling
errors [10, 11]. However, visual and oculomotor anomalies are also
frequently reported, prompting ongoing debate as to whether
they are a consequence or a contributing factor in dyslexia [9, 12].

In this context, neurocognitive models emphasise that devel-
opmental dyslexia is not a unitary disorder but a heterogeneous
condition in which distinct cognitive deficits may differentially
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KEY POINTS

® Children with developmental dyslexia show consistent
differences in eye movement control and eye coordina-
tion, indicating that visual factors may contribute to
reading difficulties in a subset of affected individuals.

® Basic measures of eyesight, such as clarity of vision and
focusing accuracy, do not differ between dyslexic and
typical readers, confirming that dyslexia cannot be
explained by simple visual or optical problems.

® Including assessment of eye movement efficiency and
eye coordination in clinical evaluations may help identify
visual contributors to reading effort and support more
comprehensive approaches to dyslexia management.

contribute to similar reading impairments. Neuroimaging evi-
dence from Danelli et al. [13] demonstrates that phonological,
visual magnocellular and motor/cerebellar systems converge on
partially overlapping yet functionally distinct neural substrates,
supporting the notion that multiple pathways can lead to
comparable reading difficulties. Importantly, not all individuals
with developmental dyslexia exhibit the same pattern of cognitive
or visual deficits. Neuroimaging and cognitive evidence indicate
that phonological, visual magnocellular and motor/oculomotor
impairments may differentially contribute to reading difficulties
across individuals, rather than constituting a single core deficit. As
demonstrated by Danelli et al. [13], partially overlapping but
functionally distinct neural systems can converge on similar
reading impairments, supporting the existence of heterogeneous
profiles and potential subtypes of dyslexia. This heterogeneity has
important implications for both the interpretation of group-level
findings and the development of individualised assessment and
intervention strategies.

Studies have consistently found that children with dyslexia
show abnormal eye movement patterns during reading, including
more fixations and regressions, longer fixation durations and
increased frequency of disconjugate saccades compared to
controls [11, 14-18]. Some of these issues, such as higher
vergence errors, are thought to stem from poor binocular
coordination of saccades, leading to greater visual effort and
transient diplopia [11, 14-16]. Thus, effective reading depends not
only on accurate saccades but also on precise binocular
coordination, supported by adaptive interactions between sac-
cades and vergence [14, 16, 19]. Experimental data indicate that
artificially disrupting the vergence-accommodation relationship
with prisms or lenses can worsen saccadic disconjugacy, high-
lighting the importance of integrated visual control [20].

One influential framework is the magnocellular theory, which
posits that dysfunction in the magnocellular visual pathway,
critical for motion detection, fixation stability and saccades, may
underlie some visual and phonological symptoms of dyslexia
[21, 22]. Still, neuroimaging studies suggest a bidirectional
relationship: interventions that improve reading skills can also
normalise activity in visual motion areas such as V5/MT [23-25],
supporting a complex, reciprocal relationship between vision and
reading.

Beyond oculomotor function, binocular vision parameters were
also evaluated, including vergence function (convergence and
divergence) and fusional vergence ranges [9]. The prevalence of
visual anomalies among dyslexic children varies widely, from less
than 20% to nearly 80%, depending on the study and population
[11, 26]. While many studies report normal visual acuity and
stereoacuity in dyslexic children [16, 27], others find higher rates
of accommodative insufficiency, convergence insufficiency or
reduced fusional vergence [28-30].
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These findings matter to eye care practitioners, as undetected
visual anomalies, even if not the primary cause of dyslexia, may
worsen reading difficulties and impact academic achievement
[9, 31]. There is also a high degree of comorbidity between
dyslexia and visual dysfunction, which supports the need for
careful visual assessment in all children with reading problems
[32].

Ophthalmic assessment in dyslexia often includes the Devel-
opmental Eye Movement (DEM) test, which evaluates saccadic
function through rapid number naming [33-35]. As highlighted in
the comprehensive review by Facchin et al. [36], the DEM test is a
simple and widely used psychometric tool with available
normative data across multiple languages and populations, and
it has demonstrated clinical utility in identifying vision-related
reading difficulties. However, the DEM primarily captures a
functional aspect of eye movements associated with reading
performance rather than providing a direct, objective measure-
ment of oculomotor parameters. While DEM scores correlate with
reading performance and help distinguish oculomotor from
phonological deficits, their ability to quantify eye movement
quality directly is debated [37, 38], and few studies combine DEM
with objective eye tracking, especially in dyslexic children [39].

The link between vision and dyslexia remains controversial in
the literature. Major societies, including the American Academy of
Pediatrics and American Academy of Ophthalmology, state that
current evidence does not support a causal role for mild visual
anomalies in learning disabilities such as dyslexia and caution
against therapies without proven benefit [40]. However, many
optometric authorities believe that correcting visual problems can
ease reading for affected children, even if vision is not the root
cause [32, 41, 42].

Given the heterogeneity in published data and ongoing clinical
uncertainty, high-quality evidence synthesis is needed to clarify
the extent, nature and significance of visual dysfunction in
dyslexia. To address this gap, the present review provides the
first meta-analysis to quantify and compare a broad range of
visual and oculomotor outcomes systematically between indivi-
duals with dyslexia and controls. The findings aim to clarify the
clinical relevance of these differences for vision science and to
inform multidisciplinary management of reading disorders.

METHODS

Research Question and PICOS Framework

This systematic review and meta-analysis were registered in
PROSPERO (International Prospective Register of Systematic
Reviews; registration number: CRD420251119429) and conducted
according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [43] and the AMSTAR-2 (A
Measurement Tool to Assess Systematic Reviews) methodological
standards [44] (see Fig. 1). A completed PRISMA 2020 checklist is
provided as Supplementary Material (Additional file 1). The last
literature search was completed on 28 July 2025.

The research question was formulated using the PICOS framework
to ensure methodological rigour and relevance. Specifically, it aimed
to determine whether children, adolescents and adults diagnosed
with developmental dyslexia (Population) present significant differ-
ences in visual and ocular function parameters (Outcomes) compared
to age-matched individuals without dyslexia (Comparator). All
included studies were observational case-control designs (Study
design), and the exposures of interest were a wide range of visual and
ocular function assessments (Intervention/Exposure), including mea-
sures of binocular vision (such as stereopsis, near point of
convergence (NPC), heterophoria and fusional vergence), oculomotor
performance (saccades, fixations, regressions, latency, velocity,
disconjugacy), accommodative function, visual acuity, refractive error
and contrast sensitivity.
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Fig. 1

Primary outcomes focused on quantifying differences between
dyslexic and control groups in these visual and oculomotor
domains. Secondary analyses explored the influence of demo-
graphic variables, diagnostic approaches and methodological
heterogeneity across studies. Through this comprehensive
approach, the present review sought to synthesise the available
evidence on visual function in dyslexia, highlight areas of
consensus and divergence and identify priorities for future
research.

Eligibility Criteria

Studies were included if they met the following criteria: an
observational case-control design; participants diagnosed with
developmental dyslexia based on clearly defined diagnostic criteria
and an age-matched control group without dyslexia; assessment of at
least one visual, binocular, accommodative or oculomotor outcome,
including measures of binocular vision, oculomotor performance,
accommodative function, visual acuity, refractive error or contrast
sensitivity and availability of sufficient quantitative data to allow
effect size calculation. Studies were excluded if they were case
reports, case series or lacked a control group; systematic or narrative
reviews; duplicate publications derived from the same dataset or if
they demonstrated insufficient methodological rigour, defined as a
very low methodological quality rating according to the Methodo-
logical Index for Non-Randomized Studies (MINORS) criteria. Addi-
tional exclusion criteria included non-comparable or incomplete
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PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram of study selection.

demographic data, unclear or inadequate diagnostic criteria for
dyslexia, absence of relevant visual or oculomotor outcomes or data
that could not be quantitatively compared or pooled for meta-
analytic synthesis, such as missing means and standard deviations.

Information Sources

A comprehensive and systematic literature search was performed
using three major electronic databases, PubMed, Web of Science
and Scopus, without restrictions on publication date or language.
To ensure thorough coverage, reference lists of all included
articles were screened manually to identify additional relevant
studies that may have been missed in the initial database search.

Search Methods for Identification of Studies

The search strategy combined controlled vocabulary and free-text
terms related to dyslexia and visual function, including: (‘dyslexia’
OR ‘dyslexic’) AND ('saccadic movement’ OR ‘saccades’ OR
‘stereopsis’ OR ‘ocular motility’ OR ‘vergence dysfunction’ OR
‘oculomotor’ OR ‘oculomotor dysfunction’ OR ‘contrast sensitivity’
OR ‘refractive errors’ OR ‘binocular vision” OR ‘convergence
insufficiency’ OR ‘accommodation disorder’). Complete search
strategies for each database are provided in Additional file 2. Two
reviewers independently assessed study eligibility at both the
title/abstract screening and full-text review stages. Disagreements
were resolved through discussion and consensus. No language
restrictions were applied and studies published in languages other
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than English were translated and included when relevant data
were available.

Data Extraction and Data Items

Two authors (APO and CMP) independently extracted data from
all eligible studies. For each included study, key characteristics
were collected, such as first author's name, year of publication,
country or region, study design, sample size for dyslexic and
control groups, mean age of participants, diagnostic criteria for
dyslexia and the specific visual or oculomotor parameters
assessed. Discrepancies in data extraction or study inclusion were
resolved through discussion and consensus, without the need for
a third reviewer. Record management, including duplicate
removal and tracking of study eligibility, was conducted using
Microsoft Excel (microsoft.com).

The primary variables extracted included measures of binocular
vision (e.g., stereopsis, NPC, heterophoria, fusional vergence),
oculomotor performance (number and duration of fixations,
saccades, regressions, saccade amplitude, latency, velocity,
disconjugacy), accommodative function, visual acuity, refractive
error and contrast sensitivity. Additional variables, such as
country/region, age range, diagnostic methods for dyslexia and
reporting of confounding factors (e.g., exclusion of neurological or
ophthalmic comorbidities), were also recorded to support
subgroup analyses and assessment of methodological
heterogeneity.

Risk of Bias Assessment

The methodological quality and risk of bias of the included
observational studies were assessed independently by two
reviewers using the MINORS developed by Slim et al. [45] (see
Table 1). The MINORS tool evaluates key aspects of study design,
including the clarity of study objectives, consecutive inclusion of
participants, appropriateness of inclusion criteria, objectivity of
outcome assessments and adequacy of follow-up.

For comparative studies (case-control design), the total MINORS
score ranges from 0 to 24, with studies classified as very low
quality (0-6), low quality (7-10), moderate quality (11-15) or high
quality (16-24). Although the MINORS instrument also provides a
scoring system for non-comparative studies, only comparative
(case-control) studies were included in this review. Any disagree-
ments in quality assessment were resolved through discussion
until consensus was reached.

Assessment of Results

For continuous outcomes measured on the same scale, mean
differences (MD) with 95% confidence intervals (Cl) were
calculated. When outcomes were reported using different
measurement scales, standardised mean differences were used
to facilitate comparability across studies. For dichotomous out-
comes, odds ratios (OR) with 95% Cl were computed. Statistical
heterogeneity among studies was assessed using the P statistic
and interpreted as low (<25%), moderate (25-50%) or high (>50%)
heterogeneity. A fixed-effects model was applied when hetero-
geneity was not significant (<50%), while a random-effects
model was used when heterogeneity was substantial. Missing or
incomplete data were addressed in accordance with methodolo-
gical recommendations outlined in the Cochrane Handbook for
Systematic Reviews of Interventions [46]. All statistical analyses
and figure generation were performed using Review Manager
(RevMan) version 5.4.1 (revman.cochrane.org).

Publication Bias

Potential publication bias was assessed through visual inspection
of funnel plots generated using Review Manager (RevMan) version
5.4.1. Asymmetry in the funnel plot was interpreted as a possible
indication of publication bias, reflecting the potential non-
publication of smaller studies with null or inconclusive results.
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Additional Analyses

Sensitivity analyses were performed to evaluate the robustness of
the pooled results by sequentially removing studies identified as
highly influential within each outcome domain. These analyses
allowed assessment of the impact of individual studies on overall
effect estimates and contributed to a better understanding of
sources of heterogeneity, particularly for key outcomes such as
oculomotor parameters, binocular vision and visual acuity. All
analyses were conducted using Review Manager (RevMan) version
5.4.1, applying a random-effects model when significant hetero-
geneity was present. Furthermore, the certainty of evidence for
each outcome was evaluated using the GRADE (Grading of
Recommendations, Assessment, Development and Evaluation)
approach, considering factors such as risk of bias, inconsistency
among studies, imprecision of effect estimates and potential
publication bias [47]. All assessments were performed indepen-
dently by two reviewers. Discrepancies were addressed through
discussion and when necessary, a third author was consulted to
reach consensus.

Ethics Statement

This study did not meet the criteria for human subjects research as
defined by our institution, as it did not include patient data.
Therefore, it did not require institutional review board approval or
informed consent. The study adhered to the Declaration of
Helsinki.

RESULTS

Study Selection

A total of 1603 records were initially retrieved from PubMed
(n = 223), Web of Science (n =677) and Scopus (n = 703) (Fig. 1).
After removal of duplicates and screening of titles and abstracts,
953 records were excluded. Exclusion criteria at this stage
included studies focused on non-dyslexic populations, those not
addressing visual or ocular parameters, lack of a control group,
case reports or review articles. Subsequently, 650 full-text articles
were assessed for eligibility. Of these, 627 were excluded due to
non-comparative data, dissimilar demographic characteristics,
incomplete data, high risk of bias or unavailability of shared data.
Additionally, two relevant studies were identified through manual
review of reference lists. In total, 26 studies met the inclusion
criteria and were included in the qualitative synthesis and meta-
analysis: Barela et al. [48], Bonifacci et al. [49], Brenk-Krakowska
et al. [50], Bucci et al. [51], Bucci et al. [18], Bucci et al. [30],
Cornelissen et al. [52], Darvishi et al. [53], De Luca et al. [54],
Feizabadi et al. [55], Hawelka et al. [56], Huang et al. [57], Jafarlou
et al. [58], Jainta and Kapoula [14], Moiroud et al. [39], Mukhtar
et al. [59], Pan et al. [60], Quercia et al. [61], Razuk et al. [62],
Seassau et al. [15], Tiadi et al. [63], Trauzettel-Klosinski et al. [64],
Vagge et al. [65], Vilhena et al. [66], Ward and Kapoula [67] and
Ward and Kapoula [12].

Study Characteristics

Table 2 summarises the key characteristics of the 26 observational
case-control studies included in this meta-analysis, all of which
investigated ocular and visual function parameters in individuals
with dyslexia compared to age-matched controls. The studies were
conducted across diverse geographic regions, including Brazil,
Poland, Italy, France, the United Kingdom, Iran, Austria, China,
Nigeria, Germany and Portugal. Sample sizes ranged from 14 to 124
participants, with mean ages spanning from approximately 8 to 22
years. All studies employed non-randomised, observational, case-
control designs and investigated a broad array of visual functions.
These included oculomotor parameters (such as saccades, fixations
and pursuit movements), binocular coordination (fixation disparity,
fusional vergence, heterophoria and convergence), accommodative
function, stereopsis, visual acuity, contrast sensitivity and eye
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movement dynamics during reading tasks. Most studies used
standardised diagnostic criteria for dyslexia, including international
diagnostic batteries (such as the Batterie Analytique du Langage
Ecrit (L2MA), the Dyslexia and Dysorthography Evaluation battery
(DDE-2), the MT Reading Test and Diagnostic and Statistical Manual
of Mental Disorders—based protocols) and assessments by multi-
disciplinary teams or certified specialists. None of the included
studies declared conflicts of interest.

Outcomes

Figure 2 presents the pooled results for binocular vision
parameters in individuals with dyslexia compared to control
groups. Stereopsis was analysed across seven studies [15,
30, 53, 59, 61-63], including 214 participants with dyslexia and
209 controls. The overall mean difference was 16.56 (95% Cl:
—46.66 to 37.78), indicating no statistically significant difference
between groups, with considerable heterogeneity (= 100%).

For the NPC, nine studies [15, 30, 39, 53, 55, 59, 61-63] with 254
dyslexic and 262 control participants yielded a pooled mean
difference of 1.09 (95% Cl: —0.31 to 2.49), also not statistically
significant and high heterogeneity was observed (# = 99%).

Regarding heterophoria, four studies [15, 30, 59, 63] assessed
near heterophoria (150 dyslexic, 149 controls) and two studies
[59, 61] assessed far heterophoria (36 dyslexic, 32 controls). The
pooled mean difference for near heterophoria was 0.84 (95% ClI:
0.22 to 1.46), which was statistically significant and indicated
higher exophoria in dyslexic individuals (#=83%). For far
heterophoria, the pooled mean difference was 0.62 (95% Cl:
—0.41 to 1.64), not reaching statistical significance (P = 81%).

For fusional vergence ranges, six studies [15, 30, 39, 59, 62, 63]
evaluated near negative fusional vergence (NFV) break (201
dyslexic, 200 controls), showing a significant pooled mean
difference of —4.02 (95% Cl: —6.35 to —1.69), indicating reduced
NFV in the dyslexia group (P=99%). Six studies
[15, 30, 39, 59, 62, 63] assessed near positive fusional vergence
(PFV) break (181 dyslexic, 180 controls), with a pooled mean
difference of —6.72 (95% Cl: —8.66 to —4.77), again demonstrating
significantly reduced PFV among dyslexic individuals (= 96%).
For distance NFV break (two studies [39, 59]) and distance PFV
break (two studies [39, 59]), no significant group differences were
found, with pooled mean differences of 0.20 (95% Cl: —2.68 to
3.08) and —0.62 (95% Cl: —2.89 to 1.66), respectively.

Overall, these results indicate that while stereopsis and NPC did
not differ significantly between groups, individuals with dyslexia
showed significantly greater near exophoria and reduced near
fusional vergence ranges (both NFV and PFV) compared to
controls. Heterogeneity was substantial for most outcomes,
suggesting variability among studies.

Figure 3 presents the pooled results for refractive error and
distance monocular visual acuity in individuals with dyslexia
compared to control groups. Refractive error was analysed in two
studies [53, 59] comprising 54 participants with dyslexia and 54
controls. The pooled mean difference was —0.11 (95% Cl: —0.46 to
0.24), indicating no statistically significant difference between
groups (P =47%).

Distance monocular visual acuity was assessed in three studies
[52, 59, 66], with a combined sample of 113 participants with
dyslexia and 113 controls. The overall mean difference was —0.03
(95% ClI: —0.08 to 0.01), also showing no significant difference
between groups (P = 27%).

The total pooled analysis, combining both refractive error and
visual acuity outcomes (167 participants per group), showed an
overall mean difference of —0.03 (95% Cl: —0.08 to 0.01), again not
reaching statistical significance. Heterogeneity was low across
outcomes (* = 18%), indicating consistency among studies.

Overall, these findings suggest that neither refractive error nor
distance visual acuity differs significantly between individuals with
dyslexia and control groups.

Ophthalmic and Physiological Optics
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Dyslexia Control Mean difference Mean difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Stereoacuity
Bucci et al. (2014)[30] 69 7.8 30 68 6.7 30 2.6% 1.00 [-2.68 , 4.68] e
Darvishi et al. (2025)[53]  94.2 73.6 32 60.9 12 32 0.9% 33.30[7.46 , 59.14] —_—
Mukhtar et al. (2024)[59] 45 224 22 40 225 22 2.7% 5.00[3.67 , 6.33] -
Quercia et al. (2020)[61] 197.14  27.01 14 120 0.01 10 1.7% 77.14[62.99, 91.29] »
Razuk et al. (2018)[62] 61 24 18 60 17 18 27%  1.00[-0.36, 2.36] b
Seassau et al. (2014)[15] 58 45 43 47 45 42 27% 11.00[9.09, 12.91] -
Tiadi et al. (2016)[63] 60 10.4 55 66 15.5 55 2.6% -6.00[-10.93,-1.07] =
Subtotal (Wald?) 214 209 16.0% 16.56 [4.66 ,37.78] P g

Test for overall effect: Z = 1.53 (P = 0.13)

Heterogeneity: Tau? (REML®) = 790.43; Chi? = 197.24, df = 6 (P < 0.00001); I = 100%

1.1.2 Near Point of Convergence

Bucci et al. (2014) [30] 32 0.5 30 3 0.6
Darvishi et al. (2025)[53] 7.1 1 32 7 0.8
Feizabadi et al. (2018)[55] 5.25 1.36 27 4.95 117
Moiroud et al. (2018)[39] 6.5 0.7 13 6 0.5
Mukhtar et al. (2024)[59]  13.6 85 22 10.1 58
Quercia et al. (2020)[61] 10.64 0.63 14 4.6 0.55
Razuk et al. (2018)[62] 3.8 0.6 18 3.6 0.4
Seassau et al. (2014)[15]  3.55 0.28 43 4.14 0.32
Tiadi et al. (2016)[63] 3 22 55 218 29
Subtotal (Wald?) 254

Test for overall effect: Z=1.52 (P =0.13)

Heterogeneity: Tau? (REML®) = 4.26; Chi2 = 718.39, df = 8 (P < 0.00001); I = 99%

1.1.3 Phoria Near

Bucci et al. (2014) [30] 22 07 30 33 0.7
Mukhtar et al. (2024)[59] 10 3.3 22 7 3.2
Seassau etal. (2014)[15] 229  0.82 43 283 092
Tiadi et al. (2016)[63] 22 0.7 55 -25 15
Subtotal (Wald?) 150

Test for overall effect: Z = 2.66 (P = 0.008)

Heterogeneity: Tau? (REML®) = 0.29; Chi = 14.28, df = 3 (P = 0.003); I = 83%

1.1.4 Phoria Far

Mukhtar et al. (2024) [59] 2 1.68 22 2 1.26
Quercia et al. (2020)[61] 1.71 0.26 14 0.65 0.31
Subtotal (Wald?) 36

Test for overall effect: Z = 1.18 (P = 0.24)
Heterogeneity: Tau? (REML®) = 0.45; Chi? = 5.23, df = 1 (P = 0.02); I = 81%

1.1.5 Near NFV Break

Bucci et al. (2014) [30] 105 0.8 50  17.9 11
Moiroud et al. (2018)[39] 13 0.8 13 13 07
Mukhtar et al. (2024)[59] ~ 10.2 39 22 118 5
Razuk et al. (2018)[62] 10 3 18 17 4
Seassau etal. (2014)[15] 102  0.74 43 143 084
Tiadi et al. (2016)[63] 106 05 55 146 03
Subtotal (Wald?) 201

Test for overall effect: Z = 3.39 (P = 0.0007)

Heterogeneity: Tau? (REML?) = 7.97; Chi = 495.81, df = 5 (P < 0.00001); I = 99%

1.1.6 Near PFV Break

Buccietal. (2014)[30]  29.1 18 30 369 18
Moiroud et al. (2018)[39] 29 3 13 2 025
Mukhtar et al. (2024)[59]  18.1 58 2 214 74
Razuk et al. (2018) [62] 29 4 18 38 3
Seassau etal. (2014)[15] 289  1.45 43 364 165
Tiadi et al. (2016)[63] 26.7 1 55 35 08
Subtotal (Wald?) 181

Test for overall effect: Z = 6.77 (P < 0.00001)

Heterogeneity: Tau? (REML?) = 5.08; Chi? = 47.31, df = 5 (P < 0.00001); I2 = 96%

1.1.7 Distance NFV Break

Moiroud et al. (2018)[39] 438 0.5 13 3.4 0.2
Mukhtar et al. (2024)[59]  10.2 39 2 18 5
Subtotal (Wald?) 35

Test for overall effect: Z = 0.14 (P = 0.89)
Heterogeneity: Tau? (REML®) = 3.57; Chi2 = 4.86, df = 1 (P = 0.03); I = 79%

1.1.8 Distance PFV Break

Moiroud et al. (2018)[39] 1% 1 13 17 1
Mukhtar et al. (2024)[59]  17.3 54 22 20.1 8.4
Subtotal (Wald?) 35

Test for overall effect: Z = 0.53 (P = 0.59)
Heterogeneity: Tau? (REML®) = 1.58; Chi2 = 1.67, df = 1 (P = 0.20); I = 40%

Total (Wald?) 1106

Test for overall effect: Z = 0.42 (P = 0.68)

Test for subgroup differences: Chi? = 70.22, df = 7 (P < 0.00001), I? = 90.0%

1102 100.0%  0.65[-2.42,3.72] {'

30 27%  0.20[-0.08,048]
32 27%  0.10[-0.34,0.54]
40 27%  0.30[0.33,0.93]
13 27%  0.50[0.03,0.97]
22 26%  350[-0.80,7.80] L
10  27%  6.04[557,651] .
18 27%  0.20[-0.13,053]
42 27% -059[0.72,-0.46]
55 27%  0.82[-0.14,1.78]
262 24.4%  1.09[-0.31,2.49] )

30 27% 1.10[0.75, 1.45]
22 27% 3.00[1.08, 4.92] -
42 27% 0.54[0.17, 0.91]
55  27% 0.30[-0.14, 0.74]
149 10.9% 0.84[0.22, 1.46]

22 27% 0.00[-0.88 , 0.88]
10 27% 1.06 [0.82, 1.30]
32 55%  0.62[-0.41,1.64]

50 27% -7.40[-7.78,-7.02] .
13 27%  0.00[-058,0.58]
22 27%  -1.60[-4.25,1.05] 4

18 27% -7.00[-9.31,-4.69] -
42 27% -410[-4.44,-376] .
55  27% -4.00[-4.15,-3.85] .

200 16.3% -4.02[-6.35, -1.69] ¢

30 27% -7.80[-8.71,-6.89] .
13 27% -3.00[-4.64,-1.36] -]
22 26% -3.30[-7.23,0.63] -1
18  27% -9.00[-11.31,-6.69] -

42 27% -7.50[-8.16,-6.84] .
55 27% -8.30[-8.64,-7.96] .
180 16.2% -6.72[-8.66 , 4.77] ¢

13 27%  140[1.11,1.69] L
22 27%  -1.60[-4.25,1.05] B
35 54%  0.20[2.68,3.08] ¢

13 27%  0.00[-0.77,0.77]
22 26% -2.80[-6.97,137] —~
35  53% -0.62[-2.89,1.66] 4

50 -25 0 25 50
Favours [experimental] Favours [control]

Heterogeneity: Tau? (REML®) = 89.66; Chi? = 7547.78, df = 37 (P < 0.00001); I* = 100%

Footnotes
2Cl calculated by Wald-type method.
bTau? by Restri Maxi Likelil method.

Fig. 2 Pooled binocular vision outcomes (stereopsis, heterophoria (phoria), convergence and fusional vergence) in individuals with dyslexia

and controls.

Figure 4 presents the pooled results for eye movement parameters
during reading and oculomotor tasks in individuals with dyslexia
compared to controls. The number of fixations was assessed in seven
studies [15, 18, 39, 49, 54, 57, 66] (192 dyslexic, 222 controls), yielding a

Ophthalmic and Physiological Optics

significant pooled mean difference of 21.72 (95% CI: 12.38 to 31.06),
with higher fixation counts observed in dyslexic participants (” = 94%).

Duration of fixations (in seconds), reported in eleven studies [12,
14, 15, 18, 49, 54, 56, 57, 60, 62, 64] (259 dyslexic, 256 controls),

SPRINGER NATURE
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Dyslexia Control Mean difference Mean difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Refractive Error
Darvishi et al. (2025) [53] 0.1 0.78 32 0.37 0.53 32 2.2%  -0.27[-0.60, 0.06] -
Mukhtar et al. (2024) [59] 0.33 0.49 22 0.24 0.82 22 1.5% 0.09 [-0.31, 0.49] -
Subtotal (Wald?) 54 54 3.6% -0.11[-0.46, 0.24] ‘
Test for overall effect: Z = 0.61 (P = 0.54)
Heterogeneity: Tau? (REML®) = 0.03; Chi2=1.87,df =1 (P =0.17); 2= 47%
2.1.2 Distance Monocular Visual Acuity
Cornelissen et al. (1995)[52] -0.14 0.05 29 -0.08 0.16 29 38.9% -0.06[-0.12, 0.00]
Mukhtar et al. (2024) [59] 29 13 22 3 1.7 22 0.3% -0.10[-0.99, 0.79] ~I—
Vilhena et al. (2021) [66] 0.02 0.12 62 0.03 0.12 62 57.2% -0.01[-0.05, 0.03]
Subtotal (Wald?) 113 113 96.4% -0.03[-0.08,0.02]
Test for overall effect: Z = 1.24 (P = 0.22)
Heterogeneity: Tau? (REML®) = 0.00; Chi2 = 1.77,df =2 (P =0.41); 2= 27%
Total (Wald?) 167 167 100.0% -0.03 [-0.08, 0.01]

Test for overall effect: Z =1.37 (P =0.17)
Test for subgroup differences: Chi2 = 0.19, df = 1 (P = 0.66), 1> = 0%
Heterogeneity: Tau? (REMLP) = 0.00; Chi? = 4.22, df = 4 (P = 0.38); 1= 18%

Footnotes
aCl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method.

4 2 0 2 4
Favours [experimental] Favours [control]

Fig. 3 Refractive error and distance visual acuity outcomes in individuals with dyslexia compared to control groups.

also showed a small but significant increase in the dyslexia group,
with a pooled mean difference of 0.09 (95% Cl: 0.03 to 0.16;
= 99%).

The number of saccades was analysed in six studies
[15, 39, 49, 57, 62, 65] (131 dyslexic, 131 controls), revealing a
significant pooled mean difference of 9.56 (95% Cl: 3.41 to 15.72;
I =83%), indicating that dyslexic individuals performed more
saccades during tasks.

For amplitude of saccades (in degrees of visual angle), twelve
studies [12, 14, 15, 18, 39, 48, 49, 54, 57, 62, 64, 67] (283 dyslexic,
272 controls) showed a significant overall reduction in the dyslexia
group, with a pooled mean difference of —0.57 (95% Cl: —0.90 to
—0.25; /= 97%).

Near saccadic latency, analysed in three studies [51, 58, 67] (93
dyslexic, 78 controls), was increased significantly among dyslexic
participants, with a mean difference of 30.72 ms (95% Cl: 1.12 to
60.31; > =92%). Saccadic velocity (three studies [48, 58, 67], 89
dyslexic, 86 controls) was reduced significantly in the dyslexia
group, with a pooled mean difference of —22.24°/s (95% Cl:
—4549 to —1.02; P =66%). Saccade duration, analysed in two
studies [48, 67], showed no significant group difference.

The number of regressions was reported in four studies
[15, 49, 65, 66] (134 dyslexic, 137 controls), with a significant
pooled mean difference of 10.19 (95% Cl: 1.83 to 18.54; F* = 74%)
favouring higher regression counts in dyslexic participants. Two
additional studies [54, 64] found a significantly greater percentage
of regressions (mean difference 9.28, 95% Cl: 3.11 to 15.44).

Overall, individuals with dyslexia demonstrated altered oculo-
motor behaviour during reading and visual tasks, characterised by
increased fixation counts and durations, higher numbers of
saccades and regressions, prolonged saccade latency and reduced
saccade amplitude and velocity compared to controls. Although
these findings were consistent in direction across most studies,
substantial heterogeneity was observed for several parameters,
reflecting variability in task demands, eye-tracking methodologies
and participant characteristics.

Figure 5 summarises the pooled results for fixation disparity,
disconjugacy during saccades and vergence latencies in
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individuals with dyslexia versus control groups. Fixation disparity
was assessed in two studies [14, 50] (38 dyslexic, 32 controls),
showing no significant difference between groups (mean
difference 0.04, 95% Cl: —0.04 to 0.12; P =0%). Disconjugacy
during saccades was evaluated in two studies [14, 67] (60 dyslexic,
51 controls), revealing a small but statistically significant pooled
mean difference of 0.11° (95% Cl: 0.05 to 0.18; * = 0%), indicating
greater disconjugacy in dyslexic participants.

Divergence latency (milliseconds) was reported in two studies
[51, 67] (63 dyslexic, 58 controls), with a significant pooled mean
difference of 11.29 ms (95% Cl: 1.55 to 21.03; > = 0%), indicating
increased divergence latency in the dyslexia group. Convergence
latency, also from two studies [51, 67] (63 dyslexic, 58 controls),
was significantly longer in dyslexic individuals, with a pooled
mean difference of 28.83 ms (95% Cl: 17.37 to 40.28; I = 0%). The
overall pooled analysis across these measures (224 dyslexic, 199
controls) yielded a non-significant mean difference of 6.16 (95%
Cl: —1.43 to 13.76). Notably, heterogeneity was low (= 0%)
within individual subgroups, but high for the overall pooled effect
(P = 100%).

These findings indicate that while fixation disparity did not
differ between groups, individuals with dyslexia exhibited
significantly greater disconjugacy during saccades and prolonged
divergence and convergence latencies compared to controls.

Sensitivity Analysis

A sensitivity analysis was conducted by excluding specific studies
identified as major contributors to heterogeneity in binocular
vision outcomes (Fig. 6). For the NPC, the exclusion of Moiroud
et al. [39], Quercia et al. [61], Razuk et al. [62] and Seassau et al. [15]
led to a reduced pooled mean difference of 0.22 (95% Cl: 0.04 to
0.40), which remained statistically significant. Importantly, this
adjustment decreased heterogeneity from 99% to 0%, indicating
high consistency across the remaining studies. Similarly, for near
heterophoria, the removal of Bucci et al. [30] and Mukhtar et al. [59]
reduced the pooled mean difference to 0.44 (95% Cl: 0.16 to 0.72)
and eliminated heterogeneity (= 0%). For the near NFV break,
exclusion of Mukhtar et al. [59] resulted in a mean difference of
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Dyslexia Control Mean difference Mean difference
Study or Subgroup Mean SD  Total Mean SD  Total Weight IV, Random,95% Cl IV, Random, 95% CI
3.1.1 Number of fixations
Bonifacci et al. (2023)[49] 96.39 34 18 8212 19.95 42 15%  14.27[256,31.10] 1
Bucci et al. (2012) [18] 9% 9 12 80 6 19 22%  15.00[9.24,20.76] —
De Luca etal. (2013)[54] 722 209 16 309 57 16 19%  32.30(21.69,42.91] _
Huang et al. (2008)[57] 162 113 28 141 43 28 22% 5.10[0.62, 9.58] -
Moiroud et al. (2018) [39] 150 14 13 114 7. 13 20%  36.00[27.49, 44.51] —_—
Seassau et al. (2014) [15] 61 252 43 38 211 42 23%  23.00([22.01,23.99] .
Vilhena et al. (2021)[66] 19% 130 62 155 84 62 06%  4100[247,7953 _—
Subtotal (Wald?) 192 222 127% 21.72[12.38, 31.06] <

Test for overall effect: Z = 4.56 (P < 0.00001)
Heterogeneity: Tau? (REML®) = 123.43; Chi? = 79.88, df = 6 (P < 0.00001); I = 94%

3.1.2 Duration of fixations(seconds)

Bonifacei et al. (2023)[49] 031 007 18 029 004
Bucci et al. (2012)[18] 062 0035 12 032 002
De Luca etal. (2013)[54] 020 004 16 026 003
Hawelka et al. (2010)[56] 0247 043 18 049 014
Huang et al. (2008)[57] 022 0041 28 0198 0.031
Jainta & Kapoula (2011)[14] 0351 0.118 13 028 0085
Pan et al. (2013)[60] 0333 0.042 30 0283 003
Razuk et al. (2018)[62] 053 0.16 18 042 008
Seassau et al. (2014) [15] 0531 0035 43 0276 0016
Trauzettel-Kiosinski et al. (2010)[64] 0.35  0.006 16 025 0.003
Ward & Kapoula (2021)[12] 041 0088 47 0448  0.091
Subtotal (Wald?) 259

Test for overall effect: Z = 2.75 (P = 0.006)
Heterogeneity: Tau? (REMLY) = 0.01; Chi? = 1183.88, df = 10 (P < 0.00001); I* = 99%

3.1.3 Number of saccades

Bonifacci et al. (2023)(49] 6583 2233 18 5676  13.79
Huang et al. (2008)(57] 16 15 28 108 42
Moiroud et al. (2018)[39] 127 17 13 127 9
Razuk et al. (2018)[62] 43 10 18 35 10
Seassau et al. (2014)[15] 50 161 43 3 171
Vagge et al. (2015)[65] 1708 777 11011 327
Subtotal (Wald?) 131

Test for overall effect: Z = 3.05 (P = 0.002)
Heterogeneity: Tau? (REML®) = 37.13; Chi? = 47.74, df = 5 (P < 0.00001); I = 83%

3.1.4 Amplitude of saccades (degrees of visual angle)

Barela et al. (2020) [48] 658 239 12 579 218
Bonifacci et al. (2023)[49] 227 043 18 264 049
Bucdi et al. (2012)[18] 39 03 12 44 03
De Luca etal. (2013)[54] 168 03 16 202 024
Huang et al. (2008)[57] 61 109 28 722 163
Jainta & Kapoula (2011)[14] 242 099 13 209 052
Moiroud et al. (2018)[39] 3 o1 13 3 o1
Razuk et al. (2018) [62] 32 04 18 41 05
Seassau et al. (2014)[15] 284 013 43 403 018
Trauzettel-Kiosinsk et al. (2010)[64] 146  0.20 16 302 052
Ward & Kapoula (2020)[67] 169 14 a7 11 22
Ward & Kapoula (2021)[12] 193 036 47 223 045
Subtotal (Wald) 283

Test for overall effect: Z = 3.47 (P = 0.0005)
Heterogeneity: Tau? (REML®) = 0. hi2 = 609.57, df = 11 (P < 0.00001); I = 97%

3.1.5 Near Saccade latency (milliseconds)

Bucci et al. (2008)[51] 215 1 16 193 7
Jafarlou et al. (2021)[58] 26482 2564 30 20546 2568
Ward & Kapoula (2020)[67] 2733 656 47 2656  63.1
Subtotal (Wald?) 93

Test for overall effect: Z = 2.03 (P = 0.04)
Heterogeneity: Tau? (REML®) = 608.56; Chi = 23.38, df = 2 (P < 0.00001); I* = 92%

3.1.6 Saccade velocity (Degree / Sec)

Barela et al. (2020)[48] 1476 68.2 12 160.7 68.1
Jafarlou et al. (2021)[58] 47525 89.61 30 461.03 85.07
Ward & Kapoula (2020) [67] 1972 80 47 2527 60.4
Subtotal (Wald?) 89

Test for overall effect: Z = 1.01 (P = 0.31)
Heterogeneity: Tau? (REMLY) = 960.51; Chi* = 6.36, df = 2 (P = 0.04); I = 66%

3.1.7 Duration of saccades (seconds)

Barela et al. (2020)[48] 0.058 0.014 12 0071 0031
Ward & Kapoula (2020)[67] 0.069 0.012 47 0063 0.009
Subtotal (Wald?) 59

Test for overall effect: Z = 0.12 (P = 0.91)
Heterogeneity: Tau? (REML®) = 0.00; Chi? = 3.56, df = 1 (P = 0.06); I* = 72%

3.1.8 Number of regressions

Bonifacci et al. (2023)[49] 2467 1341 18 194 749
Seassau et al. (2014)[15] 1122 43 5 06
Vagge et al. (2015)[65] 52 334 123 113
Vilhena et al. (2021)[66] 61 63 62 45 34
Subtotal (Wald?) 134

Test for overall effect: Z = 2.39 (P = 0.02)
Heterogeneity: Tau? (REML®) = 43.63; Chi? = 7.09, df = 3 (P = 0.07); I* = 74%

3.1.9 Percentage of regressions

De Luca etal. (2013)[54] 217 58 16 154 87
Trauzettel-Klosinski et al. (2010)(64] 19.2 5.9 16 129 63
Subtotal (Wald?) 32

Test for overall effect: Z = 2.95 (P = 0.003)
Heterogeneity: Tau? (REML®) = 14.10; Chi? = 3.45, df = 1 (P = 0.06); I* = 71%

Total (Wald?) 1272 1
Test for overall effect: Z = 3.59 (P = 0.0003)

Test for subgroup differences: Chi? = 68.99, df = 8 (P < 0.00001), I* = 88.4%
Heterogeneity: Tau? (REML®) = 123. hi? = 9754.25, df = 49 (P < 0.00001); I2 = 100%

Footnotes
*Cl calculated by Wald-type method.
*Tau? calculated by Restricted Maximum-Likelihood method.

Fig. 4 Eye movement outcomes during reading and oculomotor tasks i

—6.35 (95% Cl: —7.85 to —4.85) with zero heterogeneity. For the
near PFV break, the removal of Moiroud et al. [39] lowered
heterogeneity from 99% to 46%, with a pooled mean difference of
—8.45 (95% Cl: —7.35 to —9.54), confirming the robustness of the
finding.
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n individuals with dyslexia compared to control groups.

Another sensitivity analysis was conducted for oculomotor and
reading-related eye movement parameters (Fig. 7). For the
number of fixations, exclusion of Huang et al. [57] and Seassau
et al. [15] resulted in a pooled mean difference of 25.54 (95% Cl:
1515 to 35.93), maintaining a significant difference and
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Dyslexia Control Mean difference Mean difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
4.1.1 Fixation disparity
Brenk-Krakowska et al. (2012)[50] 0.071 0.18 25 0.037 0.13 25 16.5% 0.03[-0.05, 0.12]
Jainta & Kapoula (2011)[14] 0.43 0.28 13 0.38 0.17 7 16.5% 0.05[-0.15, 0.25]
Subtotal (Wald?) 38 32 33.0% 0.04 [-0.04, 0.12]
Test for overall effect: Z = 0.90 (P = 0.37)
Heterogeneity: Tau? (REML®) = 0.00; Chi? = 0.02, df = 1 (P = 0.88); I? = 0%
4.1.2 Disconjugacy During Saccade (°)
Jainta & Kapoula (2011)[14] 023 0.1 13 0.12 0.05 7 16.5% 0.11[0.04, 0.18]
Ward & Kapoula (2020)[67] 25 1.8 47 2.3 12 44  16.5% 0.20[-0.42, 0.82]
Subtotal (Wald?) 60 51 33.0% 0.11 [0.05, 0.18]
Test for overall effect: Z = 3.33 (P = 0.0009)
Heterogeneity: Tau? (REML) = 0.00; Chi?2 = 0.08, df = 1 (P = 0.78); 2= 0%
4.1.3 Divergence Latency (ms)
Bucci et al. (2008)[51] 260 14 16 247 15 14  12.6% 13.00[2.57,23.43] —
Ward & Kapoula (2020)[67] 334 62.5 47 3343 69.2 44 5.3% -0.30[-27.45 , 26.85] —
Subtotal (Wald?) 63 58 17.9% 11.29[1.55,21.03] ’
Test for overall effect: Z = 2.27 (P = 0.02)
Heterogeneity: Tau? (REML®) = 0.00; Chi? = 0.80, df = 1 (P = 0.37); I?= 0%
4.1.4 Convergence Latency (ms)
Bucci et al. (2008)[51] 269 23 16 239 10 14  11.4% 30.00[17.57 , 42.43] —_—
Ward & Kapoula (2020)[67] 336.5 68.2 47 3143 75.1 44 4.7% 22.20[-7.34,51.74] —_1
Subtotal (Wald?) 63 58 16.2% 28.83[17.37,40.28] ’
Test for overall effect: Z = 4.93 (P < 0.00001)
Heterogeneity: Tau? (REML®) = 0.00; Chi? = 0.23, df = 1 (P = 0.63); I? = 0%
Total (Wald?) 224 199 100.0% 6.16 [-1.43, 13.76]

Test for overall effect: Z=1.59 (P = 0.11)
Test for subgroup differences: Chi? = 31.28, df = 3 (P < 0.00001), 12 = 90.4%

Heterogeneity: Tau? (REML®) = 90.99; Chi? = 32.41, df = 7 (P < 0.0001); I> = 100%

Footnotes
2Cl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method.

r
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Fig. 5 Disparity, disconjugacy and vergence latency outcomes in individuals with dyslexia compared to control groups.

substantially reducing heterogeneity from 94% to 77%. For the
number of saccades, the removal of Seassau et al. [15], which had
a particularly large effect size and wide confidence interval, led to
a pooled mean difference of 6.01 (95% Cl: 1.65 to 10.36), reducing
heterogeneity from 83% to 0%. For near saccadic latency,
excluding Jafarlou et al. [58], which contributed to considerable
variance, yielded a pooled mean difference of 20.83 ms (95% Cl:
13.14 to 28.51), with heterogeneity dropping from 92% to 6%. This
demonstrates the effect is robust and consistent across the
remaining studies. Regarding the number of regressions, exclusion
of Vagge et al. [65] resulted in a pooled mean difference of 6.09
(95% CI: 560 to 6.41), and heterogeneity was completely
eliminated (P = 0%).

Publication Bias

Publication bias was assessed using funnel plots for all main
outcome domains in the meta-analysis, including refractive error,
distance visual acuity, binocular vision parameters (such as
stereoacuity, NPC, heterophoria and fusional vergence) and
oculomotor and reading-related eye movement measures (includ-
ing fixations, saccades, regressions and saccadic parameters). Visual
inspection of the funnel plots (Fig. 8) revealed some degree of
asymmetry across several outcome groups, particularly for binocular
vision, oculomotor function and eye movement outcomes during
reading. This asymmetry suggests the possibility of publication bias
and/or small-study effects in these domains. The degree of
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asymmetry varied by parameter, with more pronounced effects
observed in outcomes with larger effect sizes and heterogeneity.

GRADE

The GRADE summary of findings for all key visual and oculomotor
outcomes is presented in Table 3. The overall certainty of evidence
was rated as very low for binocular vision outcomes and low for
visual acuity, refractive error, oculomotor and reading eye
movement outcomes, as well as vergence and latency parameters.
These downgrades were primarily due to concerns regarding risk
of bias, high inconsistency across studies and imprecision in the
effect estimates. The presence of substantial heterogeneity and
the predominance of non-randomised study designs further limit
the certainty of the evidence. Consequently, the interpretation of
pooled results should be approached with caution, and there is a
clear need for further well-designed, high-quality studies to
confirm and expand upon these findings.

DISCUSSION

This study reveals that dyslexic individuals exhibit significant
anomalies in oculomotor control and binocular function, while
basic optical parameters such as refractive error and visual acuity
do not differ meaningfully from those found in typical readers.
These results require careful contextualisation in light of previous
research.

Ophthalmic and Physiological Optics
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Dyslexia Control Mean difference Mean difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.2.1 Near Point of Convergence
Bucci et al. (2014) [30] 3.2 0.5 30 3 0.6 30 8.0% 0.20[-0.08 , 0.48]
Darvishi et al. (2025)[53] il 1 32 7 0.8 32 8.0% 0.10[-0.34 , 0.54]
Feizabadi et al. (2018)[55] 5.25 1.36 27 4.95 1.17 40 8.0% 0.30[-0.33, 0.93]
Mukhtar et al. (2024)[59] 13.6 8.5 22 10.1 5.8 22 6.3% 3.50[-0.80, 7.80] re—
Razuk et al. (2018)[62] 3.8 0.6 18 3.6 0.4 18 8.0% 0.20[-0.13, 0.53]
Tiadi et al. (2016) [63] 3 272 55 2.18 29 55 7.9% 0.82[-0.14 , 1.78] k
Subtotal (Wald?) 184 197 46.2% 0.22 [0.04 , 0.40]
Test for overall effect: Z =2.38 (P = 0.02)
Heterogeneity: Tau? (REMLP) = 0.00; Chi? = 4.11, df =5 (P = 0.53); I> = 0%
1.2.2 Phoria Near
Seassau et al. (2014)[15] -2.29 0.82 43 -2.83 0.92 42 8.0% 0.54[0.17 , 0.91]
Tiadi et al. (2016)[63] -2.2 0.7 55 -2.5 1:5 55 8.0% 0.30[-0.14 , 0.74]
Subtotal (Wald?) 98 97 16.0% 0.44[0.16, 0.72]
Test for overall effect: Z = 3.05 (P = 0.002)
Heterogeneity: Tau? (REMLP) = 0.00; Chiz2 = 0.67, df =1 (P = 0.41); 2= 0%
1.2.3 Near PFV Break
Bucci et al. (2014)[30] 29.1 1.8 30 36.9 1.8 30 79% -7.80[-8.71,-6.89] ]
Mukhtar et al. (2024)[59] 18.1 5.8 22 21.4 74 22 6.5% -3.30[-7.23, 0.63] =
Razuk et al. (2018) [62] 29 4 18 38 3 18 74% -9.00[-11.31, -6.69] -
Seassau et al. (2014)[15]  28.9 1.45 43 36.4 1.65 42 8.0% -7.50[-8.16, -6.84] ]
Tiadi et al. (2016)[63] 26.7 1 55 35 0.8 55 8.0% -8.30[-8.64,-7.96] ]
Subtotal (Wald?) 168 167 37.8% -7.90[-8.45, -7.35] .
Test for overall effect: Z = 28.23 (P < 0.00001)
Heterogeneity: Tau? (REMLP) = 0.15; Chi2 = 11.24, df = 4 (P = 0.02); I = 46%
Total (Wald?) 450 461 100.0% -2.35[-4.67 , -0.03] “
Test for overall effect: Z = 1.98 (P = 0.05) _5:0 _2=5 0 2=5 5=0

Test for subgroup differences: Chi? = 795.66, df = 2 (P < 0.00001), I* = 99.7%

Favours [experimental] Favours [control]

Heterogeneity: Tau? (REML) = 17.46; Chi? = 2622.84, df = 12 (P < 0.00001); I> = 100%

Footnotes
aCl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method.

Fig. 6 Sensitivity analysis of near point of convergence, heterophoria (phoria) and fusional vergence after exclusion of influential studies.

In the domain of binocular vision, the present meta-analysis
reveals that individuals with dyslexia have greater near exophoria
and reduced near fusional vergence ranges when compared to
controls, a finding that aligns with the results reported by Mukhtar
et al. [59] who demonstrated an increased prevalence of
accommodative insufficiency and significantly reduced distance
PFV recovery in children with dyslexia in a Nigerian cohort,
indicating that specific aspects of binocular vision, particularly
accommodation and certain fusional reserves, are systematically
compromised in this population. This convergence of evidence
across diverse geographic and cultural settings points to reduced
vergence capacity as a potential core feature associated with
dyslexia. However, the current data also show that stereopsis and
NPC do not differ significantly between groups, which is
consistent with the findings from Feizabadi et al. [55], who also
did not observe deficits in these domains among dyslexic children.
This similarity across studies implies that not all binocular visual
skills are equally affected and that the most sensitive indicators of
dysfunction may lie in vergence flexibility rather than static
stereoacuity or convergence ability.

Yet, some discrepancies arise when comparing these findings to
previous meta-analyses, such as that by Temelturk et al. [68], who
reported broader deficits in binocular function, including stereop-
sis and NPC and argued that binocular anomalies are neither
universal nor exclusive to dyslexia, but may overlap with other
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neurodevelopmental disorders. This difference could reflect
heterogeneity in diagnostic protocols, as the studies included
here strictly required multidisciplinary or standardised clinical
diagnosis, while some previous reviews included broader learning
difficulties. These methodological contrasts highlight the impor-
tance of precise phenotyping in future work.

The current review identifies robust and consistent oculomotor
anomalies in dyslexic readers, encompassing increased fixation
counts and durations, more frequent and slower saccades, greater
regressions, prolonged saccade latency and both reduced
amplitude and velocity during reading and visual tasks. These
results closely align with the results of Hawelka et al. [56] and
Trauzettel-Klosinski et al. [69], both of whom have documented
pronounced oculomotor inefficiency and instability among
dyslexic children, as evidenced by increased fixational demands
and a higher rate of backward saccades during reading. The
similarity in these results across different orthographies and
languages reinforces the universality of the oculomotor pheno-
type in dyslexia. This pattern is further confirmed by Temelturk
et al. [68], whose review highlighted the persistence of binocular
and oculomotor deficits irrespective of the linguistic context and
by Bonifacci et al. [49], who observed these abnormalities in
Italian-speaking children with dyslexia as well. The close agree-
ment among these studies and the present meta-analysis, which
included data from over ten countries, strengthens the
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Dyslexia Control Mean difference Mean difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.2.1 Number of fixations
Bonifacci et al. (2023)[49] 96.39 34 18 8212 19.95 42 5.6% 14.27[-2.56 , 31.10] +—
Bucci et al. (2012)[18] 95 9 12 80 6 19 8.7%  15.00[9.24 , 20.76] ——
De Luca et al. (2013)[54] 72.2 20.9 16 39.9 5.7 16 74% 32.30[21.69,42.91] —_—
Moiroud et al. (2018)[39] 150 14 13 114 7 13 8.0% 36.00[27.49, 44.51] ——
Vilhena et al. (2021) [66] 196 130 62 155 84 62 21%  41.00[2.47 ,79.53] —_—
Subtotal (Wald?) 121 152 31.7% 25.84[15.15, 36.53] ’
Test for overall effect: Z = 4.74 (P < 0.00001)
Heterogeneity: Tau? (REML®) = 98.27; Chi2 = 21.19, df = 4 (P = 0.0003); 12 = 77%
3.2.2 Number of saccades
Bonifacci et al. (2023)[49] 65.83  22.33 18 56.76  13.79 22 7.0% 9.07 [-2.75, 20.89] T
Huang et al. (2008)[57] 16 11.5 28 10.8 4.2 28 8.9% 5.20[0.67 , 9.73] ——
Moiroud et al. (2018) [39] 127 17 13 127 9 13 7.4% 0.00[-10.46 , 10.46] ——
Razuk et al. (2018) [62] 43 10 18 35 10 18 8.5% 8.00[1.47 ,14.53] ——
Vagge et al. (2015)[65] 170.8 7.7 11 101.1 32.7 1 1.4% 69.70[19.88, 119.52] e
Subtotal (Wald?) 88 92 33.2% 6.01[2.65, 9.36] ‘
Test for overall effect: Z = 3.51 (P = 0.0005)
Heterogeneity: Tau? (REML®) = 0.00; Chi? = 8.28, df = 4 (P = 0.08); I = 0%
3.2.3 Near Saccade latency (milliseconds)
Bucci et al. (2008)[51] 215 11 16 193 7 14 8.5% 22.00[15.48,28.52] ——
Ward & Kapoula (2020)[67] 273.3 65.6 47  265.6 63.1 44 35% 7.70[-18.75, 34.15] _—
Subtotal (Wald?) 63 58 12.0% 20.83[13.14,28.51] ‘
Test for overall effect: Z = 5.31 (P < 0.00001)
Heterogeneity: Tau? (REML®) = 5.69; Chi? = 1.06, df = 1 (P = 0.30); I* = 6%
3.2.4 Number of regressions
Bonifacci et al. (2023)[49] 24.67  13.41 18 19.4 7.49 22 8.4% 5.27 [-1.67 , 12.21] 1=
Seassau et al. (2014)[15] 1 1.22 43 5 0.6 42 9.3% 6.00[5.59, 6.41] .
Vilhena et al. (2021)[66] 61 63 62 45 34 62 5.4% 16.00[-1.82, 33.82] E E—
Subtotal (Wald?) 123 126 23.1% 6.00 [5.60 , 6.41] |
Test for overall effect: Z = 28.94 (P < 0.00001)
Heterogeneity: Tau? (REML®) = 0.00; Chi? = 1.25, df = 2 (P = 0.53); I = 0%
Total (Wald?) 395 428 100.0% 14.94 [8.62, 21.26] ‘

Test for overall effect: Z = 4.64 (P < 0.00001)
Test for subgroup differences: Chi? = 27.41, df = 3 (P <0.00001), I> = 89.1%

50 25 0 25 50
Favours [experimental] Favours [control]

Heterogeneity: Tau? (REML®) = 111.42; Chi? = 116.34, df = 14 (P < 0.00001); I = 92%

Footnotes
2Cl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method.

Fig. 7 Sensitivity analysis of oculomotor and reading-related eye movement outcomes after exclusion of influential studies.

interpretation that oculomotor control deficits serve as a reliable,
cross-cultural biomarker of reading difficulties.

Nevertheless, subtle differences in the degree and expression of
oculomotor dysfunction appear across studies, and these dis-
crepancies may reflect differences in sample age, diagnostic
rigour, comorbidity exclusion and task demands. For example,
some studies employing visually guided rather than reading-
based tasks, such as those by Bucci et al. [51] and Jafarlou et al.
[58], have found that oculomotor anomalies persist even outside
of linguistic contexts, supporting the notion that these are not
simply epiphenomena of reading impairment but may represent a
fundamental neurodevelopmental vulnerability. This similarity is
significant because it challenges the classical debate as to whether
oculomotor deficits are a cause or a consequence of reading
problems; the present findings, corroborated by these studies,
argue for an independent role of oculomotor immaturity.

Disconjugacy during saccades and prolonged convergence and
divergence latencies also emerged as significant discriminators

SPRINGER NATURE

between dyslexic and control groups in this meta-analysis,
echoing the results reported by Ward and Kapoula [12, 67] who
observed that increased task complexity exacerbates binocular
coordination deficits in dyslexia. This close agreement in both
magnitude and direction of effect across studies strengthens the
case that the integration of binocular control and oculomotor
planning is particularly fragile in individuals with dyslexia. It is
worth noting that such disconjugacy is rarely observed in children
with other learning difficulties but not dyslexia, suggesting a
degree of specificity. Still, the exact neural mechanisms underlying
this vulnerability remain a subject of ongoing investigation, as
pointed out by Kristjdnsson et al. [70] and by recent neuroimaging
work demonstrating atypical activation in frontoparietal and
cerebellar networks in dyslexic readers [71].

In contrast, and in agreement with the findings of Cornelissen
et al. [52] and Pan et al. [60], the present results show no
significant differences between dyslexic and control groups in
refractive error or monocular visual acuity. This provides further
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Fig. 8 Assessment of publication bias. Funnel plots showing the relationship between effect size (mean difference) and standard error for:
A Pooled binocular vision outcomes (stereopsis, phoria, convergence, and fusional vergence), B Refractive error and distance visual acuity
outcomes, C Eye movement outcomes during reading and oculomotor tasks and D Disparity, disconjugacy, and vergence latency outcomes.
Visual inspection suggests possible asymmetry for some outcome groups.

evidence against the hypothesis that uncorrected refractive
anomalies are causally implicated in the aetiology of dyslexia.
The consistency of these findings is further corroborated by the
umbrella review by Olusanya et al. [72], who concluded that
neither hyperopia nor astigmatism is associated with a greater risk
of dyslexia at the population level. This alignment across multiple
independent samples and review methodologies highlights a
persistent misconception in both clinical and educational contexts
and underscores the need for a comprehensive assessment that
goes beyond standard optometric screening. At the same time,
the current results agree with recent clinical guidelines that stress
the importance of correcting any comorbid refractive error in all
children with reading difficulties, even if such correction is not
expected to resolve the core manifestations of dyslexia [1, 73].
When considering visual processing and attentional correlates,
these findings should be interpreted within the framework of
multifactorial models of dyslexia as advocated by Kristjansson
et al. [70], Perry et al. [74] and Chokron et al. [73]. These models
posit that visual and oculomotor vulnerabilities, while not
sufficient or necessary for the diagnosis of dyslexia, interact with
phonological, attentional and motor control factors to shape the
severity and phenotype of reading impairment. The present
demonstration of robust group-level differences in oculomotor
and binocular domains, in the absence of systematic deficits in
acuity or stereopsis, is thus consistent with a risk-modulation
model rather than a single-cause theory. This perspective is
supported by Soheili-Nezhad et al. [71], whose genetic and
imaging data reveal associations between polygenic risk for
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dyslexia and altered visual-motor brain networks, as well as by El
Hmimdi et al. [75], who demonstrated that oculomotor metrics
extracted during free-viewing can be used to identify children
with dyslexia reliably using machine learning approaches. The
similarity in results across neuroimaging, behavioural and
computational approaches strengthens the generalisability of this
multifactorial conceptualisation.

Where the present results diverge from previous literature,
particularly in regard to the magnitude of differences observed in
certain binocular vision measures and the limited number of
studies reporting contrast sensitivity or other low-level visual
metrics, these differences may be attributed to methodological
stringency in the inclusion criteria. By restricting analysis to studies
with robust case-control designs, standardised diagnostic criteria
and comprehensive statistical reporting, earlier research with less
stringent methodologies may have been excluded. Additionally,
geographic and demographic variation among samples may
contribute to heterogeneity, as highlighted by Vilhena et al. [66],
who observed cultural differences in oculomotor task perfor-
mance between Brazilian and Portuguese children, although the
general trend of dyslexic oculomotor inefficiency persisted in both
groups.

Substantial heterogeneity in effect sizes across studies also
reflects the diversity of experimental paradigms employed,
ranging from natural reading to rapid automatised naming or
visual search and from laboratory-based eye tracking to clinical
orthoptic testing. This variability is a recognised limitation in the
literature and underscores the need for greater methodological
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a@ standardisation, as called for by both Perry et al. [74] and
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integrated screening tools that combine oculomotor, binocular and
cognitive measures for improved diagnosis and intervention plan-
ning. Neuroimaging and genetic studies, such as those by Soheili-
Nezhad et al. [71], offer promising avenues for elucidating the
mechanistic underpinnings of these phenotypes and may, in the
future, enable personalised intervention strategies.

CONCLUSIONS

This systematic review and meta-analysis revealed that individuals
with dyslexia consistently exhibit anomalies in oculomotor control
and binocular vision, such as increased near exophoria, reduced
fusional vergence and more frequent oculomotor inefficiency,
despite showing no consistent differences in refractive error or visual
acuity compared to typical readers. These findings suggest that
standard vision care assessments in dyslexic children should be
complemented by targeted evaluation of binocular and oculomotor
functions. While such anomalies may not be the primary cause of
dyslexia, their presence can contribute to increased visual effort and
reading challenges. Incorporating these assessments into multi-
disciplinary diagnostic protocols could enhance the detection and
management of visual factors affecting reading. However, the
substantial heterogeneity among studies and the lack of randomised
trials limit the strength of recommendations. Further longitudinal and
interventional research is needed to clarify the clinical significance of
these visual dysfunctions and to establish evidence-based strategies
for intervention.
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