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Abstract 24 

Since almost a hundred years, psychologists have investigated the link between hand 25 

preference and dyslexia. We present a meta-analysis to determine whether there is indeed an 26 

increase in atypical hand preference in dyslexia. We included studies used in two previous 27 

meta-analyses (Bishop, 1990; Eglinton & Annett, 1994) as well as studies identified through 28 

PubMed MEDLINE, PsycInfo, Google Scholar, and Web of Science up to August 2022. K = 29 

68 studies (n = 4660 individuals with dyslexia; n = 40845 controls) were entered into three 30 

random effects meta-analyses using the odds ratio as the effect size (non-right-handers; left-31 

handers; mixed-handers vs. total). Evidence of elevated levels of atypical hand preference in 32 

dyslexia emerged that were especially pronounced for mixed-hand preference (OR = 1.57), 33 

although this category was underdefined. Differences in hand skill or strength of hand 34 

preference could not be assessed as no pertinent studies were located. Our findings allow for 35 

robust conclusions only for a relationship of mixed-hand preference with dyslexia. 36 
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Introduction 49 

Many cognitive systems are organized asymmetrically (Güntürkün et al., 2020), hence 50 

the investigation of alterations in hemispheric asymmetries in psychological disorders and 51 

neurodevelopmental conditions has a long tradition in psychological research (Mundorf & 52 

Ocklenburg, 2021). One of the most widely investigated learning disability in clinical laterality 53 

research, which aims to understand the relationship between physical and mental disorders and 54 

brain asymmetries (Mundorf & Ocklenburg, 2022), is dyslexia (Paracchini et al., 2016). 55 

Dyslexia is a learning disability that is characterized by difficulties in fluent word reading 56 

and/or spelling in the absence of intellectual or sensory deficits (Peterson & Pennington, 2012). 57 

It manifests usually early in life from the ages of 5 to 7 as it is mainly diagnosed when children 58 

are starting to read and write during (pre-)school (Snowling, 2019). 59 

A postulated link between laterality and dyslexia dates back almost a hundred years 60 

to the work of Samuel Torrey Orton. Orton suggested that delayed neurological development 61 

leading to a lack of a dominant hemisphere is the cause of developmental dyslexia (Orton, 62 

1925). He moreover claimed that atypical cerebral organization can be reflected through 63 

atypical patterns of handedness (i.e., non-right-, left-, and/ or mixed-handedness). Indeed, in 64 

the general population, the large majority of individuals (~ 80%) demonstrate a preference for 65 

dominantly using their right hand in everyday activities, with the rest 20% of the individuals 66 

being about equally divided between left-handers and mixed-handers (Papadatou-Pastou et al., 67 

2020). Thus, a right-hand preference is considered typical. Further historically relevant theories 68 

that suggested a link between dyslexia and atypical handedness were the Geschwind-Behan-69 

Galaburda model of cerebral lateralization, which proposed that circulating testosterone levels 70 

during gestation delay the development of the language-dominant left hemisphere (Geschwind 71 

& Galaburda, 1985a, 1985b, 1985c), and the right-shift theory of Annett (Annett & Kilshaw, 72 

1984), which proposed that a single gene was involved in developing the left hemisphere. 73 
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However, substantial criticisms have been brought forward regarding both models (Bryden et 74 

al., 1994; McManus et al., 1993). These criticisms did not just pertain to the link between 75 

dyslexia and handedness but showed that these theories failed to model cerebral lateralization 76 

in general with the emergence of new data on the endocrine and genetic basis for brain 77 

asymmetries (Pfannkuche et al., 2009; Wiberg et al., 2019). 78 

Today, the major theoretical approach to the possible relationship between dyslexia 79 

and handedness is focused on the genetics of cilia and their role in brain development (Brandler 80 

& Paracchini, 2014; Paracchini et al., 2016). Cilia are cell organelles that play a central role in 81 

the breaking of left-right asymmetry in the developing embryo, as they generate a leftward 82 

flow within the Nodal pathway that is central for left-right axis formation (Hamada, 2020). 83 

Interestingly, several dyslexia-related genes are co-expressed in cilia, supporting the idea that 84 

similar processes in brain development may affect both structural brain asymmetries and 85 

dyslexia risk (Brandler & Paracchini, 2014). Since a recent large-scale study showed that 86 

handedness and its genetic determinants are associated with structural brain asymmetries (Sha 87 

et al., 2021) it is conceivable that altered asymmetries in brain structure link handedness and 88 

dyslexia.  89 

In the published literature, the evidence for a higher prevalence of atypical handedness 90 

in individuals with dyslexia is controversial, with some studies reporting effects while others 91 

do not (Locke & Macaruso, 1999; Satz & Fletcher, 1987; Vlachos et al., 2013a). To resolve 92 

this issue, there have been two attempts to systematically integrate the literature on handedness 93 

in dyslexia. 94 

The first attempt was published in a 1990 book by Bishop (1990) and included data 95 

from 25 case-control studies on handedness (as measured via hand preference) and dyslexia 96 

that had been published between 1932 (Monroe, 1932) and 1987 (Felton et al., 1987). A count 97 

of significant results revealed that in two out of the 25 studies, the comparison between 98 
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individuals with dyslexia and controls reached significance at the p<0.05 level. Integration of 99 

the data revealed that 11.3% of individuals with dyslexia and 10.6% of controls were left-100 

handed, a non-significant result. The author then conducted a second analysis in which the 101 

study with the largest sample size was removed, as it showed a reversed result pattern and may 102 

have had a disproportionately large influence on the result of the first analysis. In this analysis, 103 

11.2% of individuals with dyslexia and 5.8% of controls were left-handed. This difference was 104 

significant, but it is noteworthy that it seemed to have been driven by a reduction of left-hand 105 

preference prevalence in controls compared to the first analysis, not an increase of left-hand 106 

preference in individuals with dyslexia. The author concluded that the prevalence of left-hand 107 

preference in individuals with dyslexia may be up to twice of the prevalence in controls.  108 

Four years later, the same dataset was re-examined in a second publication by Eglinton 109 

and Annett (1994) but with a different methodological approach. In this study, the authors 110 

performed two meta-analyses comparing individuals with dyslexia and controls (right-handed 111 

versus mixed-handed and left-handed combined, and left-handed versus mixed-handed and 112 

right-handed combined) following an established protocol for meta-analysis (Rosenthal, 1991). 113 

Specifically, the authors determined a 2×2 χ2 for each study and then determined a Z score for 114 

each study based on the χ2 statistic. They then added the Z scores to obtain overall significance 115 

for the two comparisons. For the RH versus MH and LH combined meta-analysis, the overall 116 

Z was 4.36 with p < .0001. For the LH versus MH and RH combined meta-analysis the overall 117 

Z was 2.93 with a p = .0017. Thus, both effects reached statistical significance in the direction 118 

expected by the authors, indicating a higher number of non-right-handed individuals with 119 

dyslexia compared to controls.  120 

Both attempts at integrating data on hand preference and dyslexia are more than 25 121 

years old by now and several dozen new studies on the topic have been published in the 122 

meantime (see table 1 in the methods section). Importantly, recent large-scale studies had 123 
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substantially more participants than earlier studies, with one of them including thousands of 124 

participants (Abbondanza et al., 2023). Integrating these new studies will thus make the 125 

findings on hand preference and dyslexia decidedly more robust than the earlier integration 126 

attempts. Moreover, the best practice for meta-analysis has substantially changed in the last 127 

two decades. Non-weighted approaches or adding up Z scores is not the preferred method for 128 

comparing cases and controls anymore. In contrast, random-effects meta-analysis based on the 129 

odds ratio (OR) as the effect size index is considered best practice for this research question 130 

today (Harrer et al., 2021).  131 

In comparison with χ2, the main advantage of the OR is the calculation of the 132 

combined effect, which is the combined of the effects from the included studies, weighted 133 

according to study size. Smaller studies (studies with smaller participant sample sizes), 134 

contribute less than large studies, because smaller studies are more subject to effects occurring 135 

by chance (Rosenthal & DiMatteo, 2001). Furthermore, the OR is independent of the base rate 136 

of the event in question. For example, in the present study the OR could be affected by the 137 

handedness instrument or the cut off criteria used to determine non-right-handedness. 138 

Additionally, modern meta-analytic procedures give the opportunity for assessing the presence 139 

of heterogeneity between studies and for explaining this heterogeneity via moderator variable 140 

analysis as well as for estimating the presence of small study bias, which could be due to factors 141 

such as poorer methodological quality of smaller studies, or due to publication bias. Publication 142 

bias can distort findings because studies with statistically significant results are more likely to 143 

get published than studies without significant results. Indeed, a number of recent, large-scale 144 

meta-analyses on the relationship between hand preference and other learning difficulties (e.g., 145 

mathematical learning difficulties (Papadatou-Pastou et al., 2021)), neurodevelopmental 146 

disorders (attention deficit hyperactivity disorder (Nastou et al., 2022) and autism (Markou et 147 
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al., 2017a)) and psychiatric disorders (e.g., post-traumatic stress disorder (Borawski et al., 148 

2023) and depression (Packheiser et al., 2021)) have used the odds ratio as their effect size.  149 

The purpose of the present study is to compare hand preference in individuals with 150 

dyslexia and controls using state-of-the-art meta-analytic techniques to provide a more reliable 151 

and precise overall result. Ascertaining potential differences between individuals with dyslexia 152 

and healthy controls has potential implications for academics, clinicians as well as the general 153 

population. For researchers, understanding the ontogenesis and genetic basis of handedness can 154 

be studied especially well in individuals where the development of handedness is atypical. For 155 

clinicians, educators and parents, finding potential biomarkers of dyslexia during development 156 

could aid in early identification and diagnostics, which would in turn allow for early 157 

intervention. Therefore, we aimed to determine the effect size of the difference between the 158 

two groups, as well as assess the presence of heterogeneity (and explain it through moderator 159 

analysis), and investigate the presence of small study bias and publication bias. Furthermore, 160 

we updated the database with studies that were published between 1994 and 2022. Based on 161 

the previous literature on this topic, we hypothesize that individuals with dyslexia show higher 162 

rates of atypical hand preference than controls. 163 

 164 

Methods  165 

Transparency and Openness 166 

The meta-analyses were conducted following the PRISMA statement (Page et al., 167 

2021). The PRISMA 2020 Main Checklist as well as the PRISMA 2020 Abstract Checklist are 168 

to be found in the Supplementary Material. The study was not preregistered. All data and code 169 

for analysis are available under the following link: 170 

https://osf.io/waqj4/?view_only=c21a6f7342fd47f8b1eb572945e31c50. 171 

 172 

Search strategy 173 

The studies that were included into the present meta-analyses were (a) the 21 studies 174 

that were previously also included in Bishop (1990) as well as in Eglinton & Annett (1994) 175 
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and (b) 47 studies that were published between 1987 and 2022 (see table 1 for all studies). Note 176 

that not all studies included in Bishop (1990) were included in the present analysis, due to 177 

different inclusion / exclusion criteria. 178 

 179 

Table 1: Studies included in the meta-analysis including hand preference distributions and moderators. Details on moderators 180 

are given in the statistical analysis section. L-R = Left-Right, L-M-R = Left-Mixed-Right, NR-R = Non-right-Right. EHI = 181 

Edinburgh Handedness Inventory. * = study with unclear IQ criterion. Note that the study of Abbondanza et al. (2023) was 182 

included in the search until 2022 since a preprint was published in 2022.183 
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 184 

Study Non-

right 

Dyslexia 

Non-

right 

Control 

Left 

Dyslexia 

Left 

Control 

Mixed 

Dyslexia 

Mixed 

Control 

Classification 

System 

Inventory Sex 

Ratio 

Mean 

Age 

Diagnostic 

Method 

Location IQ 

Cut-

off 

Abbondanza et 

al. (2023) 

138 275 NA NA NA NA NR-R other 3.11 NA yes Europe 85 

Annett & 

Kilshaw (1984) 

66 551 9 47 57 504 L-M-R Annett 0.82 12.00 no Europe NA 

Annett et al. 

(1996) 

3 33 3 33 NA NA L-R NA 0.99 NA no Europe NA 

Bakos et al. 

(2017) 

3 5 3 5 NA NA L-R other 0.73 8.15 no Europe 85 

Bakos et al. 

(2020) 

6 6 6 6 NA NA L-R other 0.97 10.26 no Europe 85 

Banfi et al. (2021) 3 3 NA NA NA NA NR-R NA 1.33 9.40 no Europe 85 

Barkus et al. 

(2022) * 

10 5 4 4 6 1 L-M-R other 0.39 25.40 yes Europe NA 

Best & Demb 

(1999) 

0 1 0 1 NA NA L-R other 1.50 NA NA North 

America 

NA 

Bettman (1967) 7 7 6 6 1 1 L-M-R other 1.56 10.50 yes North 

America 

NA 

Bishop (1984) 23 1160 23 1160 NA NA L-R other NA NA no Europe NA 

Boets et al. (2007) 4 3 4 3 NA NA L-R other 1.40 NA no Europe NA 

Bradshaw et al. 

(2020) * 

7 2 7 2 NA NA L-R other NA 22.74 no Europe NA 

Bradshaw et al. 

(2021) * 

9 2 8 2 1 0 L-R other NA NA no Europe NA 
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Braun et al. 

(2000) * 

11 7 11 7 NA NA L-R NA 2.26 NA NA Europe NA 

Brem et al. (2020) 7 14 7 14 NA NA L-R NA 1.10 9.97 no Europe 85 

Caccia & 

Lorusso (2020) 

1 1 1 1 NA NA L-R NA 2.44 12.40 yes Europe 85 

Di Folco et al. 

(2022) 

126 3334 NA NA NA NA NR-R other 1.04 NA no Europe 77.5 

Doehring (1968) 5 7 5 7 NA NA L-R NA NA NA NA NA NA 

Elsherif (2020) 31 9 NA NA NA NA NR-R other 0.44 20.39 no Europe NA 

Felton et al. 

(1987) 

5 7 5 7 NA NA L-R NA 5.13 NA no North 

America 

85 

Fraga González 

et al. (2018) 

3 1 3 1 NA NA L-R EHI 0.56 22.62 no Europe NA 

Fraga González 

et al., (2016a) 

2 2 2 2 NA NA L-R other 1.00 7.96 no Europe 85 

Fraga González 

et al., (2016b) 

3 2 3 2 NA NA L-R other 0.73 7.06 no Europe 85 

Gates & Bond 

(1936) 

7 6 2 2 5 4 L-M-R other NA 8.61 NA North 

America 

80 

Gross et al. 

(1978) 

3 0 3 0 NA NA L-R other 6.25 12.11 no North 

America 

90 

Hallgren, (1950) 33 23 33 23 NA NA L-R NA NA NA NA NA NA 

Hari et al. (2001) 

* 

0 2 0 1 0 1 L-M-R NA 0.92 NA no Europe NA 

Harris (1957) 50 115 7 9 43 106 L-M-R other NA 8.00 yes Europe 80 

Hashimoto et al. 

(2020) 

3 2 3 2 NA NA L-R EHI 5.36 10.70 no Asia 70 
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Hazzaa et al. 

(2021) 

3 1 3 1 NA NA L-R NA 1.61 7.97 no Africa 90 

Heim et al. 

(2003a) 

2 2 0 0 2 2 L-M-R EHI 1.22 NA NA NA NA 

Heim et al. 

(2003b) 

1 1 1 0 0 1 L-M-R EHI 1.60 NA NA Europe 85 

Illingworth & 

Bishop (2009) 

5 3 5 3 NA NA L-R EHI 0.50 NA yes Europe NA 

Jariabková et al. 

(1995) 

16 10 7 4 9 6 L-M-R other NA NA yes Europe 90 

Kronschnabel 

(2016) 

3 4 2 4 1 0 L-M-R EHI 1.06 15.97 no Europe NA 

Kühn et al. 

(2021) * 

3 3 NA NA NA NA NR-R other 0.50 19.00 yes Europe NA 

Leppänen et al. 

(2019) 

20 28 17 25 3 3 L-M-R Annett 1.61 10.06 NA Europe 85 

Liddle et al. 

(2009) 

0 5 0 5 NA NA L-R EHI 0.47 NA no Europe NA 

Locke & 

Macaruso (1999) 

*  

43 64 43 64 NA NA L-R other 2.14 NA no North 

America 

NA 

Ma et al. (2015) 0 0 0 0 NA NA L-R other 1.06 12.10 no North 

America 

85 

Malmquist 

(1958) 

4 21 1 4 3 17 L-M-R NA NA NA no Europe 90 

Martins et al. 

(2021) 

3 2 2 0 1 2 L-M-R EHI 0.57 8.19 no Europe NA 
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Mehlhase et al. 

(2020) 

3 5 3 5 NA NA L-R other 1.06 10.15 no Europe 85 

Monroe (1932) 14 11 14 11 NA NA L-R NA NA NA NA NA NA 

Naidoo (1972) 44 22 10 5 34 17 L-M-R NA NA NA NA NA NA 

Paul et al. (2006) 

* 

10 1 NA NA NA NA NR-R NA 2.18 NA no Europe NA 

Pennington et al. 

(1987) 

15 15 1 2 14 13 L-M-R EHI NA NA no North 

America 

NA 

Polikoff et al. 

(1995) 

12 7 2 5 10 2 L-M-R other NA NA NA Europe NA 

Prior et al. (1983) 3 2 1 0 2 2 L-M-R NA NA 11.00 NA Australia NA 

Rae et al. (2002) 3 3 NA NA NA NA NR-R Annett NA NA yes Australia NA 

Renvall et al. 

2005) 

0 1 0 0 0 1 L-M-R NA 0.60 NA yes Europe 86 

Rezvani et al. 

(2019) 

2 2 2 2 NA NA L-R other 1.00 8.29 no Europe NA 

Richardson 

(1994) 

29 20 6 4 23 16 L-M-R Annett 1.32 NA yes Europe NA 

Rippon & 

Brunswick 

(2000) 

3 1 3 1 NA NA L-R Annett 2.73 NA no Europe NA 

Robichon & 

Habib (1998) 

7 2 NA NA NA NA NR-R EHI NA NA yes Europe 90 

Ruff et al. (2002) 1 1 1 1 NA NA L-R EHI NA NA NA Europe NA 

Rutter et al. 

(1970) 

21 31 8 7 13 24 L-M-R NA NA NA NA NA NA 
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Samara & 

Caravolas (2017) 

(Experiment 1) 

5 6 5 6 NA NA L-R other 0.67 20.61 no Europe 80 

Samara & 

Caravolas (2017) 

(Experiment 2) 

4 3 3 3 1 0 L-M-R other 0.70 20.58 no Europe 80 

Schevill (1980) 15 7 12 7 3 0 L-M-R NA NA NA NA NA NA 

Schonell (1941) 10 5 10 5 NA NA L-R other NA NA NA NA 70 

Serrallach et al. 

(2016) 

3 4 3 4 NA NA L-R other 0.46 5.46 yes Europe 80 

Siviero et al. 

(2002) * 

2 0 2 0 NA NA L-R other 1.07 NA no South 

America 

NA 

Skeide et al. 

(2016) 

2 12 2 4 0 8 L-M-R EHI 1.47 6.40 no Europe 85 

Skeide et al. 

(2018) 

1 2 0 1 1 1 L-M-R other NA NA yes Europe 85 

Smith (1950) 4 7 4 7 NA NA L-R NA NA 10.00 NA NA NA 

Stella (2018) * NA NA 5 6 NA NA L-NL other 0.27 21.01 yes Europe NA 

Sturm et al. 

(2021) 

4 0 4 0 NA NA L-R NA 1.08 10.38 yes North 

America 

NA 

Tamboer et al. 

(2015) * 

6 8 6 8 NA NA L-R other 0.16 20.44 no Europe NA 

Tamboer et al. 

(2016) * 

8 54 4 39 4 15 L-M-R other 0.33 19.76 yes Europe NA 

van de Walle de 

Ghelcke et al. 

(2021) 

3 3 3 3 NA NA L-R other 1.00 14.10 yes Europe NA 
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(Van Der Lubbe 

et al., (2019) * 

1 0 1 0 NA NA L-R Annett 1.36 NA NA Europe NA 

Van Setten et al. 

(2016) * 

12 3 NA NA NA NA NR-R other 0.25 22.30 yes Europe NA 

van Setten et al. 

(2019) 

3 7 3 7 NA NA L-R other 0.75 12.23 no Europe 80 

Velay et al. 

(2002) 

5 5 NA NA NA NA NR-R EHI 1.80 NA no Europe 90 

Vlachos et al. 

(2013a) 

10 9 8 5 2 4 L-M-R EHI 3.09 NA yes Europe 80 

Williams et al. 

(2018) 

5 7 5 7 NA NA L-R other 1.00 10.87 no North 

America 

70 

Wolf & 

Goodglass (1986) 

0 7 0 7 NA NA L-R other 1.28 8.23 no North 

America 

NA 

Wolfe (1941) 5 2 4 2 1 0 L-M-R other NA 9.50 NA North 

America 

NA 

Wussler & 

Barclay (1970) 

3 1 3 1 NA NA L-R other NA 10.65 NA North 

America 

NA 

Zaric (2016) 3 3 3 3 NA NA L-R Annett 1.35 9.12 no Europe 85 

Žarić et al. (2017) 6 2 6 2 NA NA L-R other 1.04 8.75 no Europe 85 

 185 

 186 
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The new studies were located through an online search in the computerized reference 187 

databases PubMed MEDLINE, PsycInfo, Google Scholar, and Web of Science using the search 188 

term (handedness OR hand preference OR laterality OR hand skill) AND (dyslexia OR 189 

developmental reading disorder OR reading disability) in “All Fields” and limiting the year of 190 

publication from 1987 to 2022. The cited literature of all articles that were eligible for inclusion 191 

was scanned, and as more papers were obtained, their references were searched for potentially 192 

eligible articles as well. In addition, e-mail requests for unpublished data were sent to the 193 

authors of the articles (when e-mail addresses could be retrieved). If studies clearly measured 194 

hand preference but incidences were not reported (e.g., if they were only used as a covariate in 195 

a larger model), the authors were contacted to obtain raw data. The search strategy aimed for 196 

completeness.  197 

 198 

Study Selection  199 

Inclusion and exclusion criteria 200 

Studies were included if (i) participants were diagnosed with dyslexia and (ii) if hand 201 

preference information was reported. Inclusion of an individual study in the meta-analysis was 202 

further subject to the following inclusion and exclusion criteria:  203 

1. IQ: Studies were excluded if they did not give information about the IQ of the 204 

participants. To be included in the meta-analysis, studies had to include participants 205 

with IQ ≥ 70. The cut-off was chosen as an IQ of less than 70 is defined as an intellectual 206 

disability according to DSM-V criteria (American Psychiatric Association, 2013). A 207 

total of 14 studies were excluded as they did not make a specific statement on IQ or left 208 

it unclear if individuals were below the IQ threshold (see Table 1 where these studies 209 

are marked with an asterisk). As it was still likely that these studies tested dyslexic 210 

samples above the IQ threshold --as dyslexia cannot be diagnosed in the presence of an 211 

intellectual disability-- we added these studies in additional exploratory analyses. Of 212 

note, these studies were only included to explore their influence on the overall results 213 

of each meta-analysis. For sub-analyses of moderators, small study bias, or publication 214 

bias, these studies were not included. 215 

2. Reading disability criterion: Studies had to report some indication that reading level 216 

was well below mental age or chronological age.  Studies in which the criterion for 217 

reading disability was not specific were excluded. For example, in the Abrams and 218 

colleagues study (Abrams et al., 2009), children were defined as poor readers if they 219 
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were at the bottom third in a reading test out of a total of 23 participants. Thus, this 220 

study was excluded.  221 

3. Dyslexia status: Studies that excluded individuals with dyslexia were excluded. Studies 222 

which only ascertained the risk to develop dyslexia and not the presence of dyslexia per 223 

se were excluded (e.g., Louleli and colleagues (2020)). Participants who met the 224 

criterion for dyslexia were referred to in the original articles using a large number of 225 

terms suggesting heterogeneity in the labeling of this learning disorder. This 226 

terminology includes, but is not exhaustive to, dyslexics (e.g., Hazzaa and colleagues 227 

(2021)), developmental dyslexics (e.g., Heim and colleagues (2003b)), retarded readers 228 

(e.g., Smith (1950)), reading disabled (e.g., Felton and colleagues (1987)), children 229 

with reading disability (e.g., Wussler & Barclay (1970)), children with reading deficits 230 

(e.g., Mehlhase and colleagues (2020)), specific reading retarded (e.g., Annett & 231 

Kilshaw (1984); Bishop (1990)), reading retarded (Naidoo (1972)), or severely 232 

impaired readers (e.g., Wolf & Goodglass (1986)). 233 

4. Control group: Studies without a control group of typically developing individuals were 234 

excluded. 235 

5. Selection for hand preference: Studies were excluded if participants were selected on 236 

the basis of their hand preference, typically to match the hand preference of individuals 237 

with dyslexia to controls (e.g., Dufor and colleagues (2007)) or to include only right-238 

handers (e.g., Best & Demb (1999)). Studies that balanced for handedness by including 239 

equal numbers of for example left- and right-handed individuals were also excluded. 240 

6. Sufficient hand preference data: Hand preference had to be presented in a way that 241 

allows to extract a frequency for individuals with dyslexia and controls separately. If 242 

no information on handedness was provided, the study was excluded. If only 243 

lateralization quotients were presented without hand preference frequencies, the study 244 

was excluded as this variable was reported too rarely for further analysis. 245 

7. Publication language: Reports had to be written in English, Greek or German. Only 246 

English studies were found, however. 247 

8. Duplicate datasets: In case studies reported duplicates from previously reported datasets 248 

(e.g., Kibby and colleagues (2004), Parmar and colleagues (2021), and Renvall & Hari 249 

(2003)), the duplicate dataset was excluded. 250 

9. Publication type: No case studies of individuals with dyslexia were included. Review 251 

studies were also excluded. 252 

 253 
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Studies were included even if hand preference was reported as an incidental finding or 254 

to describe participants, rather than being the main focus of the study. Details about the method 255 

of literature search and study selection are shown in Figure 1.  256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 
 264 
 265 
 266 
 267 
 268 
 269 
 270 
 271 
 272 
 273 
 274 
 275 
 276 
 277 
 278 
 279 
 280 
 281 
 282 
 283 
 284 
 285 
 286 
 287 
 288 
 289 
 290 
 291 
 292 
 293 
 294 
 295 
 296 
 297 
 298 
 299 

Records identified from*: 
Databases (k = 4230) 
 

Records removed before screening: 
Duplicate records removed (k = 
1207) 
 

Records screened 
(k = 3023) 
 

Records excluded** 
(k = 2753) 
 

Reports sought for retrieval 
(k = 270) 
 

Reports not retrieved 
(k = 26) 
 

Reports assessed for eligibility 
(k = 244) 
 

Reports excluded: 
No handedness data  available (k = 
32) 
Matched control group (k = 21) 
Exclusion of non-right-handers (k = 
50) 
Exclusion of dyslexia (k = 19) 
Case study (k = 6) 
No control group (k = 3) 
Balanced handedness (k = 9) 
No specific dyslexia diagnosis (k = 9) 
Lateralization quotients only (k = 2) 
Only risk for dyslexia (k = 6) 
Other reasons (k = 5) 
 

Total number of studies included 
in review 
(k = 82) 
 

Identification of new studies via databases and registers 

Id
e

n
ti

fi
c
a

ti
o

n
 

S
c

re
e

n
in

g
 

 
In

c
lu

d
e
d

 

Included in left-hand 
preference meta-
analysis 
(k = 61) 
Additional studies 
included without IQ 
cut-off (k = 11) 
 

Studies included in 
previous version of 
review (n = 21) 
 

Previous studies 

Included in non-right-
hand preference 
meta-analysis 
(k = 68) 
Additional studies 
included without IQ 
cut-off (k = 13) 
 

Included in mixed-
hand preference 
meta-analysis 
(k = 24) 
Additional studies 
included without IQ 
cut-off (k = 4) 
 



 

18 
 

 300 

Figure 1. Flow chart for the literature search. The search was conducted in accordance with the 301 

updated PRISMA guidelines (Page et al., 2021). 302 

Data extraction 303 

Data extraction was performed after records were deemed eligible for inclusion after 304 

first reviewing the abstract and then the full-text by at least two authors (MPP and AK for the 305 

search until June 2015, CS and JP for the other searches). Study selection and inconsistencies 306 

were resolved by discussion. Data extraction was performed by MPP, AK, CS, JP, and JS. Data 307 

from each study was extracted by at least two raters. Interrater reliability was very high 308 

(Cohen’s κ > 0.9). Any inconsistencies were resolved through discussion. Data collection and 309 

extraction was conducted in two steps, i.e. first until June 2015 by MPP and AK and second 310 

until October 2022 by CS, JP, and JS. During extraction, the number of left-, mixed-, or non-311 

right-handed individuals as well as the overall number of participants in the study were 312 

extracted for individuals with dyslexia and their respective control group.  We only extracted 313 

frequencies of left-, mixed- or non-right-hand preferences rather than continuous measures 314 

such as lateralization quotients as frequencies were reported in the large majority of cases only. 315 

It should be noted that mixed-hand preferences in our study reflect an umbrella term that 316 

comprises a third, “middle” category comprising both ambidexterity (no hand preference 317 

within a task) and inconsistent hand use (using different hands across different activities). In 318 

addition, we extracted the tool for handedness assessment, the number of male and female 319 

individuals in the sample, the average age of the sample, the method of diagnosing dyslexia, 320 

the location in which the study was conducted, and the IQ cut-off criterion used in the study. 321 

Mixed-hand preferences as defined in our meta-analysis were diversely characterized across 322 

studies. From the k = 28 studies included in this analysis, k = 13 studies mentioned to have 323 

measured ambidexterity and k = 5 studies measured inconsistent hand use. The other studies 324 

measured mixed-hand preference without further definition. 325 

 326 

Statistical analysis  327 

Data were analyzed using R (v. 4.2.2 for Windows) and RStudio (2022.07.2 Build 576; 328 

R Core Team 2022) using the metafor package (Viechtbauer, 2010) and the RoBMA package 329 

(Maier et al., 2022) to calculate both frequentist random-effects and robust Bayesian meta-330 

analyses. In total, we conducted three meta-analyses that differed in terms of study inclusivity 331 
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due to different classification systems, following previous work (Borawski et al., 2023; Markou 332 

et al., 2017b; Nastou et al., 2022; Packheiser et al., 2021). 333 

(i) First, we investigated whether the prevalence of non-right-hand preference differed 334 

between individuals with dyslexia and controls. To this end, we compared the extracted 335 

frequencies of non-right-hand preferences in individuals with dyslexia with their respective 336 

control group. All included studies but one (Stella, 2018) could be converted to a NR-R 337 

classification by assigning left-handers from the L-R classification and left- and mixed-handers 338 

from the L-M-R classification into the non-right category. 339 

(ii) In a second meta-analysis, we excluded seven studies that exclusively used a NR-R 340 

classification to investigate differences in the prevalence of left-hand preference between 341 

individuals with dyslexia and controls leaving 61 studies for analysis. Thus, individuals that 342 

were classified as left-handed for studies employing an L-R or an L-M-R classification were 343 

included in the second meta-analysis. The study of Stella (2018) that used a Non-left-Left 344 

criterion was also included here. As for the first meta-analysis, we compared the frequencies 345 

of left-hand preferences in individuals with dyslexia with their respective control group. 346 

(iii) In the third meta-analysis, we investigated differences in the prevalence of mixed-347 

hand preference between individuals with dyslexia and controls. For this purpose, 44 studies 348 

needed to be excluded that did not classify individuals into a mixed-hand preference category 349 

leaving 24 studies for analysis. Identical to meta-analysis (i) and (ii), we compared the 350 

frequencies of mixed-hand preferences in individuals with dyslexia with their respective 351 

control group. 352 

We used odds ratios (ORs) as the effect size measure in all three meta-analyses. ORs 353 

are defined as the ratio of the odds of an event occurring in one group (i.e., individuals with 354 

dyslexia) relative to the odds of the event occurring in another group (i.e., controls). In this 355 

case, the events refer to non-right-hand preference (meta-analysis 1), left-hand preference 356 

(meta-analysis 2), or mixed-hand preference (meta-analysis 3). ΟRs and their corresponding 357 

95% confidence intervals (CI) were calculated for each data set independently. An OR equal 358 

to 1 would indicate no difference between individuals with dyslexia and controls, thus support 359 

the null hypothesis. An OR greater or less than 1 would indicate increased or decreased rates 360 

of atypical hand preference in individuals with dyslexia compared to controls, respectively. In 361 

contrast to relative proportions of event rates in the population, ORs are not immediately 362 

understood however without taking the basic event rate in the population into account. For 363 

example, the OR for increases in left-hand preference in males compared to females is 1.23 364 
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indicating that it is 23% more likely for males to be left-handed compared to females. Since 365 

the event rate of females exhibiting left-hand preference in the population is only 10%, this 366 

23% increase results in a total proportion (PP) of around 12% in males. For this reason, we also 367 

transformed ORs into simple proportions using the following formula: 368 

Individuals with Dyslexia PP = 
𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑠 𝑃𝑃 ∗ 𝑂𝑅

1+𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑠 𝑃𝑃 ∗  (𝑂𝑅−1)
 369 

 370 

We calculated the corresponding variance of the ORs for each dataset independently 371 

using the escalc function in the metafor package. ORs and their variances were then combined 372 

using a random effects model to provide a pooled effect size and a test for the overall effect. 373 

We exclusively used random-effects models as previous research has demonstrated that there 374 

is abundant variability in the hand preference measures used as well in the ways that reading 375 

disability is assessed. ORs were tested for significance using classical frequentist approaches 376 

providing p-values and z-values as indicators of significance and effect size as well as robust 377 

Bayesian approaches. Both frequentist and Bayesian analyses were performed one-tailed due 378 

to our directional hypotheses. Bayesian approaches have the advantage of quantifying evidence 379 

for the null as well as for the alternative hypothesis. For interpretation of the Bayes factors, we 380 

used the terminology and guidelines established by Lee and Wagenmakers (2014) where a BF10 381 

of  > 3 represents moderate evidence in favor of the alternative hypothesis, i.e. that there are 382 

increased rates of atypical hand preference between individuals with dyslexia and controls, and 383 

where a BF10 of  < 0.33 represents moderate evidence in favor of the null hypothesis, i.e. that 384 

there is no difference between individuals with dyslexia and controls. BF10 values of one 385 

suggest that there is an absence of evidence. For Bayesian meta-analyses, ORs were 386 

transformed into Cohen’s d as a measure of effect size. Recent literature has suggested the use 387 

of a sensitivity approach and thus a variety of priors to provide a more comprehensive picture 388 

of the data (Harrer et al., 2021). As suggested by Harrer and colleagues (2021), effect sizes in 389 

meta-analyses are typically low suggesting the usage of small effect size priors. We thus used 390 

a scaling factor of d = 0.3 as an initial effect prior. This was complemented with robustness 391 

analyses using d = 0.5 (medium effect) and d = 0.707 (default prior in JASP and average effect 392 

size in cognitive neuroscience (Szucs & Ioannidis, 2017). All priors were located at 0 and 393 

followed a truncated half-Cauchy distribution that is generally recommended in Bayesian 394 

approaches (Ghosh et al., 2018). Results for the sensitivity analyses can be found in 395 

Supplementary Table 1. 396 
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Heterogeneity in each meta-analysis was assessed using Cochran’s Q, statistic, the I2 397 

and the τ² index. These provide complementary information on between-study variation. 398 

The Q statistic is used to determine whether the primary level effect sizes estimate a common 399 

population effect size. The I² index reflects the percentage of beyond-chance level variation 400 

across studies that can be attributed to heterogeneity and the τ² index is an estimate of the 401 

between-studies variance. Significance of heterogeneity was assessed based on the Q statistic 402 

and supported through a Bayes factor using default priors of the RoBMA function. In the case 403 

of heterogeneity, moderator analyses were performed to determine if the outlined moderators 404 

were associated with the between-study variance. The threshold to conduct moderator analyses 405 

was either a significant Q statistic, an I² value above 25% (Higgins et al., 2003) or a BF10 > 3. 406 

For categorical moderators, the intercept was removed from the analysis for interpretation of 407 

all factor levels. The following moderators were tested: 408 

Year of publication: The prevalence of atypical hand preference has been shown to be 409 

moderated by secular change as studies published prior to 1976 demonstrate a decreased 410 

prevalence of left-hand preference in the population compared to later studies (Papadatou-411 

Pastou et al., 2020), possibly due to cultural tendencies that forced a right-hand use in schools 412 

in earlier time periods (de Kovel et al., 2019). Publication year was used as a continuous meta-413 

regressor in our study and was extracted numerically for all eligible studies. 414 

Classification of hand preference: Studies included in our meta-analyses were 415 

categorized into three classification systems that were typically employed in the included 416 

studies. The most common classification system was the Left-Right (L-R) classification (37 417 

studies) that used a binary classification to divide individuals either into left- or right-handers. 418 

The next most used classification system was the Left-Mixed-Right (L-M-R) classification 419 

system that divided participants into left-handers, mixed-handers/ambidextrous individuals 420 

(here collectively referred to as “mixed-handers”), or right-handers (24 studies). The least 421 

common category in our datasets was the Non-Right/Right (NR-R) classification (7 studies). 422 

In this category, left-handers and mixed-handers were subsumed under not-being right-handed 423 

and could thus not be disambiguated for further analyses of left- or mixed-hand preference. A 424 

single study employed multiple classification systems (Vlachos et al., 2013b), that is a binary 425 

L-R system, a 3-way L-M-R system, and a 5-way classification that differentiated between 426 

strong and moderate left- and right-hand preference as well as mixed-hand preference. As this 427 

was only an isolated case, we used the 3-way classification of this study in the present analyses. 428 

Hand preference assessment: The method of assessing hand preference has shown to 429 

influence the classification rates into left- or right-hand preference with self-reports resulting 430 
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in slightly lower levels of left-hand preference compared to handedness inventories 431 

(Papadatou-Pastou et al., 2020). The studies were thus coded for instrument representing the 432 

two most common instruments used to measure hand preference in the present data set, namely 433 

the Annett’s Handedness Questionnaire (Annett, 1970), 10 studies) and the Edinburgh 434 

Handedness Inventory (Oldfield, 1971), 14 studies). Due to the large diversity of other methods 435 

of assessing hand preference, they were grouped in a one larger subgroup (32 studies). 436 

Sex ratio: The relative proportion of left-handed females compared to right-handed 437 

females in the population is estimated to be 10% whereas this proportion is 12% for males 438 

(Papadatou-Pastou et al., 2008). Thus, we aimed to investigate sex differences as a moderator 439 

in the present meta-analyses. Unfortunately, possible sex differences could not be directly 440 

investigated as the included studies for the most part did not break down their results by sex, 441 

as for example done by Annett and Kilshaw (Annett & Kilshaw, 1984). The sex ratio was 442 

calculated as follows: 443 

Sex ratio = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑙𝑒𝑠 𝑖𝑛 𝑐𝑜ℎ𝑜𝑟𝑡

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑒𝑚𝑎𝑙𝑒𝑠 𝑖𝑛 𝑐𝑜ℎ𝑜𝑟𝑡
 444 

 A value of 1 thus indicates that the sample comprised males and females in equal 445 

numbers whereas as value of 2 reflects that there were twice as many males in the sample 446 

compared to females. Sex ratio as a moderator was extracted for 45 studies. 447 

Age: As dyslexia and control cohorts were largely matched for age, we used the mean 448 

age of the entire cohort as a continuous meta-regressor. 449 

Location: Study location was assessed to approximate ancestry of the sample, as 450 

ancestry has been shown to moderate the overall hand preference prevalence. For example, 451 

individuals of European ancestry show higher rates of left-hand preference compared to 452 

individuals of Asian ancestry (Papadatou-Pastou et al., 2020). Studies were categorized for this 453 

analysis into North American (12 studies), South American (0 studies), European (46 studies), 454 

Asian (2 studies), African (1 study) and Oceanian (1 study) study location in accordance with 455 

previous work (Packheiser et al., 2020). 456 

Diagnostic method: The assessment of dyslexia across studies was highly 457 

heterogeneous using a large number of psychometric tests that differed from study to study and 458 

especially from language to language. We thus decided to use a binary classification grouping 459 

together studies in which individuals were diagnosed by a trained psychologist (15 studies) and 460 

studies that solely relied on psychometric tests for the assessment of dyslexia (33 studies). 461 

IQ cut-off: The cut-off for IQ values varied from study to study ranging from 70 to 90. 462 

We used this measure as a continuous meta-regressor in our moderator analyses. 463 
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ORs and their corresponding confidence intervals were complemented by prediction 464 

intervals. Prediction intervals estimate the range of effects that are to be expected from new 465 

studies sampled at random from the same population taking both effect size variation and 466 

between-study heterogeneity into account (Spineli & Pandis, 2020).  We also assessed if 467 

individual studies had large impact on the meta-analyses due to high weights or being outliers. 468 

Finally, we computed impact sensitivity analyses by systematically omitting individual studies 469 

from the analyses using leave-one-out analyses. 470 

According to the PRISMA 2020 guidelines (Page et al., 2021), a risk of bias assessment 471 

is required for systematic reviews and meta-analyses. Therefore, in order to assess risk of bias, 472 

we assessed small study bias through Egger’s t test and funnel plot asymmetry (Egger et al., 473 

1997). We also assessed publication bias using a Bayesian approach through the RoBMA 474 

function that averages across selection models as well as precision-effect test and precision-475 

effect estimate with standard errors (PET-PEESE) models to provide a complementary measure 476 

of publication bias beyond small study bias. Further risk of bias assessment was deemed 477 

unnecessary as bias is more relevant to meta-analyses of clinical studies that, for example, 478 

assess whether studies were randomized-controlled trials or double-blinded. Since we assessed 479 

hand preference which was often not at the core of the research question of the individual 480 

studies, we do not believe that any bias assessments beyond small study and publication bias 481 

are critical. Furthermore, since all but one of the included studies are published and have been 482 

reviewed by peers, the large majority of studies was subjected to a rigorous review process 483 

likely resulting in sufficient study quality overall. Finally, the inclusion of case-control studies 484 

only ensures that all procedures that can strongly influence the base rate of hand preference 485 

were matched between the individuals with dyslexia and healthy controls and thus cannot 486 

account for any effects in the data. 487 

For visualization, we used forest plots to depict the individual study ORs as well as the 488 

overall effect estimate. Please note that forest plots of individual studies use the log OR instead 489 

of the OR because visualization of large confidence intervals is difficult otherwise. Log ORs 490 

center around 0 instead of 1 for a null effect and range from minus to plus infinity instead of 491 

from 0 to plus infinity. Thus, log ORs center symmetrically around 0. 492 

 493 

Results 494 

 495 
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Descriptive data including hand preference distribution as well as moderators for all 68 496 

studies that met all inclusion criteria as well as the 14 exploratorily included studies with a 497 

missing IQ criterion are presented in Table 1. The exploratory studies were solely included to 498 

assess their influence on the observed result pattern and were not included for assessments of 499 

between-study heterogeneity or publication bias. 500 

 501 

Meta-analysis on non-right-hand preference 502 

Overall, k = 68 studies totaling n = 4660 individuals with dyslexia and n = 40845 503 

controls were included in the meta-analysis on non-right-hand preference. The OR between 504 

individuals with dyslexia and controls reached significance (OR = 1.37, CI = [1.14; 1.65], z = 505 

3.32, p < .001) suggesting higher rates of non-right-hand preference in individuals with 506 

dyslexia (Figure 2). Leave-one-out analyses confirmed that this effect was not due to individual 507 

outliers as leaving out any study still resulted in a significant difference (see Figure 3). The fact 508 

that the prediction interval includes the OR value of 1.0 (0.59 to 3.20) does not allow for a high 509 

degree of certainty about the results of this analysis. Robust Bayesian meta-analysis revealed 510 

strong evidence for an effect (BF10 = 25.57). Using wider priors resulted in evidence in favor 511 

of the alternative hypothesis as well (see Supplementary Table 1). 512 
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 513 

Figure 2. Forest plot of non-right-hand preference Odds Ratios (ORs) between individuals with dyslexia and controls for each 514 
individual study. The pooled effect is indicated as a diamond at the bottom. The width of the diamond indicates the 95% CI 515 
of the pooled effect. Note that ORs were log-transformed for illustration. Thus, a value of 0 indicates no difference between 516 
individuals with dyslexia and controls with respect to non-right-hand preference. Positive values indicate higher rates of non-517 
right-hand preference in individuals with dyslexia compared to controls whereas negative values indicate higher rates of non-518 
right-hand preference in controls compared to individuals with dyslexia. 519 
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 520 
Figure 3. Leave-one-out results and weight analysis for the meta-analysis on non-right-hand preference. Black dots represent 521 
the significance level of the meta-analysis in case the listed study is omitted. Red dots indicate the relative weight of the listed 522 
study in the meta-analysis. The dashed line represents the alpha level of p = .05. Studies are ordered by publication year. 523 

 524 

An assessment for heterogeneity revealed strong evidence supporting the presence of 525 

between-study variability (Q(67) = 103.69, p < .001, BF10 > 100, I² = 48.27%, τ² = 0.18),  hence 526 

we conducted further moderator analyses to identify potential sources of between-study 527 

heterogeneity. We found no significant influences of publication year, hand preference 528 

assessment,  hand preference classification system, sex ratio, ancestry, diagnostic method, or 529 

IQ cut-off (all ps > .116). We did, however, find a significant moderating effect of age (Q(1) = 530 

14.99, p < .001) that suggests a positive association between the mean age and the resulting 531 

ORs between individuals with dyslexia and controls (b = 0.13, CI = [0.06; 0.19], p < .001, 532 

Figure 4). Mean ages in the included studies ranged from 5.46 to 25.40 years. An assessment 533 

of small study bias showed no funnel plot asymmetry (z = -0.80, p = .421, Supplementary 534 

Figure 1). There was additionally strong evidence against the presence of publication bias (BF10 535 

= 0.09).  536 
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 537 

Figure 4. Odds ratios (ORs) of non-right-hand preference between individuals with dyslexia and controls as a function of mean 538 
age of the sample. ORs significantly increased with age. For illustration, ORs were log-transformed. An OR value of 0 indicates 539 
no difference between individuals with dyslexia and controls with respect to the prevalence of non-right-hand preference. 540 

We repeated the analysis including k = 13 additional studies without a clear IQ cut-off 541 

comprising a total of n = 5525 individuals with dyslexia and n = 42112 controls. While Stella 542 

(2018) also had an unclear IQ cut-off criterion, this study was not included in this analysis as 543 

it used a Non-left-Left classification system. The findings remained largely unchanged (OR = 544 

1.38, CI = [1.17; 1.62], z = 3.82, p < .001, PI = [0.63; 3.01], BF10 = 41.38) suggesting that these 545 

studies followed the observed result pattern. A forest plot including the added studies can be 546 

found in the supplements (Supplementary Figure 2). 547 

Meta-analysis on left-hand preference 548 

Overall, k = 61 studies totaling n = 2702 individuals with dyslexia and n = 14385 549 

controls were included in the meta-analysis on left-hand preference. The OR between 550 

individuals with dyslexia and controls reached significance (OR = 1.25, CI = [1.02; 1.50], z = 551 

2.22, p = .013) suggesting higher rates of left-hand preference in individuals with dyslexia 552 

(Figure 5). Leave-one-out analyses indicated that the analysis remained significant irrespective 553 

of which study was excluded from the analysis (Figure 6). The prediction interval ranged from 554 
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values below and above 1.0 (PI = 0.70; 2.26) indicating uncertainty if newly sampled studies 555 

would also support the hypothesis of higher rates of left-hand preference in individuals with 556 

dyslexia. Robust Bayesian meta-analysis suggested anecdotal to moderate evidence in favor of 557 

the alternative hypothesis (BF10 = 2.46). Using wider priors resulted in evidence in favor of the 558 

alternative hypothesis as well, albeit to a smaller extent (see Supplementary Table 1). For a 559 

prior scale of 0.707, there was only anecdotal evidence for an effect (BF10 = 1.19). 560 

An assessment for heterogeneity did not reach significance (Q(60) = 57.81, p = .556, I² 561 

= 14.56%, τ² = 0.08). While the corresponding Bayes factor indicated that there was anecdotal 562 

evidence in favor of heterogeneity, the evidence was negligible (BF10 = 1.60). We thus decided 563 

against further moderator analysis. An assessment of small study bias showed no funnel plot 564 

asymmetry (z = 0.06, p = .949, Supplementary Figure 3) as well as moderate evidence against 565 

the presence of publication bias (BF10 = 0.29). 566 

 567 

 568 
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 569 

Figure 5. Forest plot of left-hand preference Odds Ratios (ORs) between individuals with dyslexia and controls for each 570 
individual study. The pooled effect is indicated as a diamond at the bottom. The width of the diamond indicates the 95% CI 571 
of the pooled effect. Note that ORs were log-transformed for illustration. Thus, a value of 0 indicates no difference between 572 
individuals with dyslexia and controls with respect to left-hand preference. Positive values indicate higher rates of left-hand 573 
preference in individuals with dyslexia compared to controls whereas negative values indicate higher rates of left hand-574 
preference in controls compared to individuals with dyslexia. 575 
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 576 

Figure 6. Leave-one-out results and weight analysis for the meta-analysis on left-hand preference. Black dots represent the 577 
significance level of the meta-analysis in case the listed study is omitted. Red dots indicate the relative weight of the listed 578 
study in the meta-analysis. The dashed line represents the alpha level of p = .05. Studies are ordered by publication year. 579 

 580 

We repeated the analysis including k = 11 additional studies that did not have a clear 581 

IQ cut-off comprising a total of n = 3504 individuals with dyslexia and n = 19145 controls. The 582 

findings remained largely unchanged (OR = 1.22, CI = [1.02; 1.44], z = 2.23, p = .013, PI = 583 

[0.74; 2.00], BF10 = 1.61), again suggesting that these studies did not have a strong influence 584 

on the overall result pattern. A forest plot including the added studies can be found in the 585 

supplements (Supplementary Figure 4). 586 

 587 

Meta-analysis on mixed-hand preference 588 

Overall, k = 24 studies totaling n = 1199 individuals with dyslexia and n = 3193 controls 589 

were included in the meta-analysis on mixed-hand preference. The OR between individuals 590 

with dyslexia and controls reached significance (OR = 1.55, CI = [1.23; 1.96], z = 3.69, p < 591 

.001) suggesting higher rates of mixed-hand preference in individuals with dyslexia (Figure 7). 592 
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Leave-one-out analyses suggested that this finding was unaffected by individual influential 593 

studies or outliers as leaving out any studies still resulted in a significant effect (see Figure 8). 594 

The prediction interval suggested that if new studies were to be sampled, they would likely 595 

find an OR above 1.0 (PI = 1.07; 2.26) suggesting a good level of certainty in the results. Robust 596 

Bayesian meta-analysis indicated strong evidence in favor of the alternative hypothesis (BF10 597 

= 22.70) further supporting the notion that rates of mixed-hand preference are higher in 598 

individuals with dyslexics compared to controls. Using wider priors resulted in strong evidence 599 

in favor of the alternative hypothesis as well (see Supplementary Table 1). 600 

An assessment for heterogeneity did not reach significance (Q(23) = 19.62, p = .665, I² 601 

= 6.68%, τ² = 0.02). The corresponding Bayes factor suggested anecdotal evidence against the 602 

presence of heterogeneity (BF10 = 0.73). We thus decided against further moderator analysis. 603 

An assessment of small study bias showed no funnel plot asymmetry (z = -0.59, p = .552, 604 

Supplementary Figure 5) as well as moderate evidence against the presence of publication bias 605 

(BF10 = 0.32). 606 

 607 

 608 
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 609 

Figure 7. Forest plot of mixed-hand preference Odds Ratios (ORs) between individuals with dyslexia and controls for each 610 
individual study. The pooled effect is indicated as a diamond at the bottom. The width of the diamond indicates the 95% CI 611 
of the pooled effect. Note that ORs were log-transformed for illustration. Thus, a value of 0 indicates no difference between 612 
individuals with dyslexia and controls with respect to mixed-hand preference. Positive values indicate higher rates of mixed-613 
hand preference in individuals with dyslexia compared to controls whereas negative values indicate higher rates of mixed 614 
hand-preference in controls compared to individuals with dyslexia. 615 

 616 

Figure 8. Leave-one-out results and weight analysis for the meta-analysis on mixed-hand preference. Black dots represent the 617 
significance level of the meta-analysis in case the listed study is omitted. Red dots indicate the relative weight of the listed 618 
study in the meta-analysis. The dashed line represents the alpha level of p = .05. Studies are ordered by publication year. 619 

 620 
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To explore the effect of including the studies without a clear IQ cut-off, k = 4 additional 621 

studies comprising a total of n = 1382 individuals with dyslexia and n = 3630 controls were 622 

added to the analysis. The findings again complemented the results without including these 623 

studies as the findings were more robust and did not change the overall result pattern (OR = 624 

1.57, CI = [1.26; 1.95], z = 4.04, p < .001, PI = [1.15; 2.13], BF10 = 34.11). A forest plot 625 

including the added studies can be found in Supplementary Figure 6. 626 

 627 

Discussion 628 

To answer the question of whether handedness differences (assessed as hand 629 

preference) are to be found between individuals with dyslexia and typically developing 630 

individuals, three separate sets of meta-analyses were conducted. Meta-analysis 1 (non-right-631 

hand preference) included k = 68 studies totaling n = 4660 individuals with dyslexia and n = 632 

40845 controls in the analysis. Meta-analysis 2 (left-hand preference) included k = 61 studies 633 

totaling n = 2702 individuals with dyslexia and n = 14385 controls. Meta-analysis 3 (mixed-634 

hand preference) included k = 24 studies totaling n = 1199 individuals with dyslexia and n = 635 

3193 controls. Therefore, the present study had a substantially larger sample size than the 636 

previous attempts to integrate data on dyslexia and hand preference by Bishop (1990) and 637 

Englinton and Annett (1994) both of which included k = 25 studies. It can therefore be assumed 638 

that the present findings are not only up-to-date, but also substantially more robust than the 639 

previous studies’ findings. 640 

The meta-analysis on non-right-hand preference revealed a significant effect with an 641 

OR of 1.37, indicated higher rates of non-right-hand preference in individuals with dyslexia. 642 

This translates to a percentage of 23.24% individuals with dyslexia being non-right-handed 643 

(with the corresponding percentage in the general population being 18.1%; (Papadatou-Pastou 644 

et al., 2020)). Both leave-one-out analysis and Bayesian statistics confirmed this effect. Also, 645 
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the addition of studies without clear IQ cut-off to the sample did not change the results 646 

meaningfully. Heterogeneity was high, suggesting an influence of moderator effects. While 647 

publication year, hand preference assessment, hand preference classification system, sex ratio, 648 

ancestry, diagnostic method, or IQ cut-off did not seem to have an influence, the mean age of 649 

the investigated cohorts did affect the results. Specifically, there were larger ORs if cohorts 650 

were older on average, potentially suggesting a role of developmental effects (Michel et al., 651 

2018; Nelson et al., 2014) for the association between non-right-hand preference and dyslexia. 652 

While developmental effects are certainly a possibility, it needs to be noted that none of the 653 

included studies used longitudinal designs. Since findings from cross-sectional studies could 654 

be confounded by cohort effects other than age across the different studies, future longitudinal   655 

research is needed. Publication bias did not seem to have affected the results of this meta-656 

analysis. Of note, the prediction interval for this analysis includes the odds ratio value of 1.0 657 

(0.59 to 3.20), therefore caution is needed when interpreting the results of this analysis. This 658 

wide interval casts doubt as to whether newly sampled studies would also support the 659 

hypothesis of higher rates of non-right-hand preference in individuals with dyslexia.  660 

The meta-analysis on left-hand preference revealed a significant effect with an OR of 661 

1.25, indicated higher rates of left-hand preference in individuals with dyslexia. This translates 662 

to a percentage of 12.91% individuals with dyslexia being left- handed (with the corresponding 663 

percentage in the general population being 10.6%; Papadatou-Pastou et al., 2020). While leave-664 

one-out analyses confirmed that this effect was not driven by individual studies, the Bayesian 665 

analysis did not reach the threshold of moderate evidence using a small effect prior. If wider 666 

priors were used, there was only anecdotal evidence supporting the alternative hypothesis 667 

indicating that we need more research to determine whether there are increased rates of left-668 

hand preference in individuals with dyslexia. The addition of studies without clear IQ cut-off 669 

to the sample did not change the results meaningfully. Unlike the first meta-analysis, no 670 
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significant heterogeneity was detected. Again, publication bias did not seem to have affected 671 

the results of this meta-analysis. Similarly to the non-right-hand preference meta-analysis, the 672 

prediction interval for the left-hand preference meta-analysis includes the value of 1.0 (PI = 673 

0.70; 2.26) not allowing for a high degree of certainty about the results of this analysis. 674 

The meta-analysis on mixed-hand preference revealed an OR of 1.55, indicated higher 675 

rates of mixed-hand preference in individuals with dyslexia. This translates to a percentage of 676 

11.23% individuals with dyslexia being mixed-handed (with the corresponding percentage in 677 

the general population being 9.33%; (Papadatou-Pastou et al., 2020)). The leave-one-out 678 

analysis confirmed this effect. Also, the addition of studies without clear IQ cut-off to the 679 

sample did not change the results meaningfully. Unlike the first meta-analysis, no significant 680 

heterogeneity was detected. Publication bias did not seem to have affected the results of this 681 

meta-analysis. Contrasting left- and non-right-hand preference, the prediction interval for the 682 

analysis of mixed-hand preference did not include 1.0 (PI = 1.07; 2.26) allowing a good level 683 

of certainty in the finding of increased levels of mixed-hand preference in individuals with 684 

dyslexia compared to controls. Moreover, the Bayesian statistics indicate strong evidence in 685 

favor of the alternative hypothesis (BF10 = 22.70) that was robust across priors. 686 

Taken together, the present findings suggest that individuals with dyslexia show 687 

elevated levels of atypical hand preference (non-right-, left-, and mixed-hand preference) 688 

compared to controls. However, since our findings for left-hand preference were not robustly 689 

favoring evidence in favor of an effect using a robust Bayesian approach, it seems likely that 690 

the effects in the non-right-hand preference meta-analysis were largely due to elevated levels 691 

of mixed-hand preference in individuals with dyslexia. The meta-analysis on mixed-hand 692 

preference showed high robustness, the highest OR as well as high certainty in future effects, 693 

but our conclusions might be limited to children and young adults due to the limited range of 694 

age groups in our primary studies. Therefore, it can be hypothesized that the underlying 695 
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mechanisms involved in the development of dyslexia may share similarities with the 696 

mechanisms underlying handedness strength, but not handedness direction. In fact, degree of 697 

handedness may be a more suitable indicator of cerebral organization and behavior than the 698 

direction of handedness. Previous research has indeed indicated cognitive differences between 699 

individuals with weak and strong hand preference (Prichard et al., 2013) or inconsistent and 700 

consistent handedness (Christman & Prichard, 2016) as weak hand preference or inconsistent 701 

hand use across tasks has been associated with better episodic memory recall as well as higher 702 

cognitive flexibility. Moreover, comparisons between individuals with strong and weak hand 703 

preference, regardless of the direction of asymmetry, have revealed significant behavioral 704 

differences in both humans and nonhuman species (Hardie & Wright, 2014; Rogers, 2017). 705 

The differentiation between handedness direction and degree is also important on a 706 

neurobiological level because these two aspects seem to be independently encoded in the brain 707 

(Dassonville et al., 1997). Additionally, variations in the degree of handedness have been 708 

associated with differences in structural lateralization in somatomotor regions of the brain and 709 

areas related to high-level cognitive control of action (McDowell et al., 2016). Furthermore, 710 

specific genetic polymorphisms in the PCSK6 gene have been linked to the degree of 711 

handedness, rather than the direction of handedness (Arning et al., 2013). 712 

While our results generally indicate that degree of handedness rather than direction 713 

seems to be critical in dyslexia, conclusions drawn from this study must be treated with caution 714 

as information about degrees of handedness generally requires the assessment of continuous 715 

measures such as lateralization quotients. Unfortunately, as the large majority of studies did 716 

not provide continuous scores of handedness for their participants, we were unable to analyze 717 

this question in further detail which limits the conclusions about possible distinctions between 718 

direction and degree of handedness within the present study. This goes hand in hand with the 719 

observation that only a small subset of studies used dedicated handedness inventories that allow 720 
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for the quantification of lateralization quotients. We hope that future research will tackle this 721 

question by regularly applying handedness inventories and report their results to more 722 

thoroughly understand the association between handedness and dyslexia. 723 

One further limitation of the present study is that definitions of mixed-hand preference 724 

were highly diverse across studies due to differing criteria how to define mixed-hand 725 

preference. A recent study has highlighted this issue in the literature as these terms leave 726 

ambiguity as to what is actually being measured (Vingerhoets et al., 2023). In total, k = 13 of 727 

28 studies eligible for the mixed-hand preference meta-analysis claimed that they measured 728 

ambidexterity, meaning that individuals were equally skilled with both hands within one task, 729 

whereas k = 5 studies reported mixed-handedness to reflect inconsistent hand preferences 730 

within an individual for different tasks. The rest of the studies did not provide any information 731 

what their reported mixed-hand preferences reflect. Interestingly, even though studies claimed 732 

to measure ambidexterity, the criterion that was reported in some of these studies actually 733 

referred to a lateralization quotient that is usually measured across tasks such as in the EHI 734 

(Oldfield, 1971). While lateralization quotients of -100 or +100 clearly indicate consistent left- 735 

or right-hand preferences, lateralization quotient of 0 can be indicative of both ambidexterity 736 

as well as inconsistent hand use. Thus, labels of ambidexterity or inconsistent hand use need to 737 

be treated with caution unless the study is explicit about how mixed-hand preferences were 738 

measured. Given this limitation of our study, it will be critical for future studies to disambiguate 739 

if the association we found for mixed-hand preference and dyslexia is primarily related to 740 

inconsistent handedness, ambidexterity or both phenotypes. We furthermore urge researchers 741 

in this domain to carefully report how their categories of hand preferences were computed and 742 

what criteria they used to assess ambidexterity or inconsistent hand preferences across tasks. 743 

 Recent genome-wide association studies (GWAS) studies in large samples demonstrate 744 

that handedness has a complex polygenic nature (Cuellar-Partida et al., 2020). Some of the 745 
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involved genes have also been implicated in neurodevelopmental conditions, including 746 

schizophrenia and dyslexia (Brandler et al., 2013; Brandler & Paracchini, 2014; Cuellar-Partida 747 

et al., 2020; Wiberg et al., 2019). Thus, an important question is to ask whether associations 748 

between handedness and brain asymmetries could be mediated by shared genetics. In a recent 749 

study, Sha and colleagues (Sha et al., 2021) assessed the relationship between handedness and 750 

cortical asymmetries by generating asymmetry maps for cortical thickness and surface area in 751 

28,802 right-handed and 3062 left-handed UK Biobank participants. They found several 752 

regions that differed between left- and right-handers, consistent with a shift of neuronal 753 

resources to the hemisphere controlling the dominant hand. This means a general less 754 

leftward/more rightward shift for left-handers, who have a right hemisphere dominance for the 755 

preferred hand. Next, the same study derived polygenic risk scores (PRS) for left-handedness 756 

in an independent training sample of individuals from the UK Biobank to be tested in the target 757 

sample of individuals selected for the initial brain imaging analysis. As expected, the PRS were 758 

associated with left-handedness in the target sample. However, the handedness PRS also 759 

showed associations with cortical surface area asymmetries that differed between left- and 760 

right-handers. Specifically, PRS increasing the chances of left-handedness were associated 761 

with increased average rightward asymmetry in the fusiform cluster and decreased average 762 

leftward asymmetry in the anterior insula clusters. Tubulin-associated genes featured among 763 

the genes associated with cortical asymmetries. This is not surprising considering that these 764 

types of genes were enriched in the associations with handedness. 765 

Studies included in the present meta-analyses used for the most part hand preference 766 

measures, such as the Edinburgh Handedness Inventory (but also note that a number of studies 767 

did not report the way they measured handedness). However, hand preference and hand skill 768 

are different manifestations of handedness, that correlate only to a medium degree (0.46 769 

between the Edinburgh Handedness Inventory and the pegboard task (Mundorf et al., 2023)), 770 
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although it has been stressed that the correlation between hand preference and hand skill is 771 

dependent on which test is used to assess hand skill (Buenaventura Castillo et al., 2020). What 772 

is more, there is evidence that hand skill might be more sensitive in detecting possible 773 

relationships between handedness and cognitive ability. For instance, one study reported a 774 

negligible association between hand preference and cognitive ability, yet did report an 775 

association between cognitive ability and hand skill, with moderate right-handers having higher 776 

ability scores compared to strong left- and strong right-handers (Nicholls et al., 2010). Crow 777 

and colleagues (Crow et al., 1998) further showed cognitive deficits close to the point of equal 778 

hand skill using data from the National Child Development Study. Moreover, Brandler and 779 

colleagues (Brandler et al., 2013) detected candidate genes statistically associated with 780 

handedness, when handedness was measured as hand skill.   Thus, for future empirical studies 781 

on dyslexia and handedness it would be important to assess both phenotypes to investigate an 782 

effect of handedness assessment method. 783 

For future meta-analyses, it would also be important to conduct comparisons not only 784 

between individuals with dyslexia and controls, but also to group individuals with dyslexia into 785 

those who have phonological deficits and those who do not (Illingworth & Bishop, 2009; 786 

Leonard & Eckert, 2008). For example, it has been shown in one small-sample study that 787 

individuals with dyslexia with phonological deficits had a higher rate of left-handedness 788 

(29.4%) than individuals with dyslexia without phonological deficits (0%) (Annett et al., 1996). 789 

Moreover, a dichotic listening study in individuals with dyslexia has also shown that dyslexia 790 

subtypes matter for laterality research, with individuals with dyslexia with strong symptoms 791 

showing a reduction of the typical right ear-advantage in the dichotic listening task, while 792 

individuals with dyslexia with weak symptoms did not (Helland et al., 2008). Unfortunately, a 793 

subgroup analysis was not possible in the present study due to a lack of suitable studies. Future 794 
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empirical studies on the association between dyslexia and handedness should therefore include 795 

dyslexia subtypes to allow for such analyses in the future.  796 

Another comparison that future meta-analyses should consider is between the different 797 

criteria to diagnose dyslexia, especially with respect to IQ. Di Folco and colleagues (Di Folco 798 

et al., 2022) recently reported a higher frequency of  non-right-handedness in dyslexia based 799 

on DSM-5 (OR = 1.24, p = .003) that is comparable to our findings. However, when applying 800 

the ICD-11 criteria which are based on reading-IQ discrepancy, the effect disappeared. Di 801 

Folco and colleagues (Di Folco et al., 2022) suggest that the original effect is not specific to 802 

reading but is mediated by IQ. In fact, they found that the prevalence of non-right-handedness 803 

does not differ between individuals with dyslexia and controls, once sex and IQ are controlled 804 

for. This comparison was unfortunately not possible within our dataset, as most studies only 805 

reported IQ cut-offs and did not provide numerical information, i.e. IQ scores for individuals 806 

with dyslexia and controls, on this issue for further analysis. 807 

A number of moderators (e.g., sex) were not investigated within this meta-analysis, as 808 

the original studies did provide data at different levels of the variables. In other cases, not all 809 

studies reported the necessary data for analysis. We would thus like to strongly support 810 

previously voiced recommendations for adopting good practices (Papadatou-Pastou et al., 811 

2020), such as uploading raw data sets in open-access repositories (e.g., the Open Science 812 

Framework), making them available for meta-analysts. Ideally, the data sets should include 813 

detailed information about participant characteristics (e.g., sex, age, ancestry), the 814 

measurement of handedness (including both hand skill and hand preference measurements) and 815 

the measurement of dyslexia (including how IQ was assessed). 816 

Our findings do not allow us to provide concrete recommendations for educators and 817 

clinicians, as the relationship between hand preference and dyslexia was found to be robust 818 
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only for mixed-hand preference. However, as discussed earlier, mixed-handedness, as 819 

operationalized in the context of the present meta-analysis, lacked a clear and consistent 820 

definition, essentially representing a third, 'middle' category assessed using varying criteria. 821 

Therefore, further research is necessary before any conclusions can be drawn regarding 822 

whether mixed-hand preference could serve as a biomarker for dyslexia. Moreover, the 823 

absolute percentage of individuals with dyslexia who are mixed-handed was found to be 824 

11.23%, when this percentage in the general population is 9.33% (Papadatou-Pastou et al., 825 

2020). Consequently, even if the association between mixed-handedness and dyslexia is 826 

confirmed by future studies, it may not have strong diagnostic value. 827 

 828 
Overall, we report three meta-analyses of all available studies on the relationship 829 

between hand preference and dyslexia. Evidence of a link between hand preference and 830 

dyslexia, albeit inconclusive, was found for the non-right-hand preference and the left-hand 831 

preference comparisons. Robust evidence was found for the mixed-hand preference 832 

comparison. These relationships correspond to absolute percentages of 23.24%, 12.91%, and 833 

11.23% for non-right-, left- and mixed-hand preference in dyslexia (18.1%, 10.6%, and 9.33% 834 

for the general population respectively). Therefore, the evidence for a relationship between 835 

dyslexia and hand preference is strong, but the absolute difference in atypical hand preference 836 

between individuals with dyslexia and controls is rather small. Our findings align with the 837 

emerging genetic research that indicates the involvement of shared genes and biological 838 

pathways in lateralization and dyslexia. 839 
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Supplementary Figure 1. Funnel plot for non-right handedness. No asymmetry in the funnel plot could be detected. 1310 
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 1312 

Supplementary Figure 2. Forest plot for non-right-handedness including the studies that did not have a clear IQ criterion. 1313 
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 1316 

Supplementary Figure 3. Funnel plot for left-handedness. No asymmetry in the funnel plot could be detected. 1317 

 1318 

 1319 

Supplementary Figure 4. Forest plot for left-handedness including the studies that did not have a clear IQ criterion. 1320 
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 1322 

Supplementary Figure 5. Funnel plot for mixed-handedness. No asymmetry in the funnel plot could be detected. 1323 

 1324 

 1325 

Supplementary Figure 6. Forest plot for mixed-handedness including the studies that did not have a clear IQ criterion. 1326 
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Supplementary Table 1. Bayes factors (BFs) for different prior scales. For reports in the main manuscript, we used a prior 1328 
scale of 0.3 as meta-analyses typically report small to medium effects. 1329 

Prior 

scale 

Left-

handedness 

BF10 

Mixed-handedness 

BF10 

Non-right-handedness 

BF10 

0.3 2.46 22.7 25.57 

0.5 1.63 17.89 18.40 

0.707 1.19 13.97 13.76 
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