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ABSTRACT

Purpose: The aim of this study is to establish which specific cognitive
abilities are phenotypically related to reading skill in adolescence and
determine whether this phenotypic correlation is explained by polygenetic
overlap.

Method: In an Australian population sample of twins and non-twin siblings
of European ancestry (734 < N <1542 [50.7% < F <66%], mean age =16.7,
range = 11-28 years) from the Brisbane Adolescent Twin Study, mixed-
effects models were used to test the association between a dyslexia
polygenic score (based on genome-wide association results from a study of
51,800 dyslexics versus >1 million controls) and quantitative cognitive mea-
sures. The variance in the cognitive measure explained by the polygenic
score was compared to that explained by a reading difficulties phenotype
(scores that were lower than 1.5 SD below the mean reading skill) to derive
the proportion of the association due to genetic influences.

Results: The strongest phenotypic correlations were between poor reading
and verbal tests (R* up to 6.2%); visuo-spatial working memory was the only
measure that did not show association with poor reading. Dyslexia polygenic
scores could completely explain the phenotypic covariance between poor
reading and most working memory tasks and were most predictive of
performance on a test of arithmetic (R> = 2.9%).

Conclusion: Shared genetic pathways are thus highlighted for the
commonly found association between reading and mathematics abilities,
and for the verbal short-term/working memory deficits often observed in
dyslexia.

Dyslexia is a learning difference characterized by difficulties with reading and spelling (Friend et al.,
2013). Cognitive profiling of dyslexic children and adults shows lower scores for various cognitive
abilities, particularly working memory and attention, and there is some consistency in these deficits
across languages with shallow (e.g., Spanish) and deep (English) orthographies (Beidas et al., 2013;
Callens et al., 2012; Gavril et al., 2021; Soriano & Miranda, 2010; Tobia & Marzocchi, 2014). A recent
high-powered genome-wide association study (GWAS) (Doust et al., 2022), which confirmed
a heritable component to dyslexia, demonstrated that a polygenic score based on their genetic
associations predicted up to 5.6% of variance in reading measures. In the present study, we seek to
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understand whether these polygenic scores predict cognitive profiles typically associated with dyslexia.
We do this in a sample of adolescent twins and their non-twin sibling drawn from the population and
measured on reading and spelling abilities, and on a battery of diverse cognitive tests. Replicating the
phenotypic relations between poor reading and other cognitive abilities with polygenic scores will
highlight those relations that may be dependent on shared underlying genetic mechanisms.

Twin and family studies have established that genetic predisposition is a large contributor to
variance in reading abilities (Andreola et al., 2021; Daucourt et al., 2020); they have further shown
how the genetic and environmental contributions change with development and identified factors that
can modify them. For dyslexia and reading-related skills, the heritability (proportion of phenotypic
variance accounted for by genetic variability) has been estimated between 51% and 76% (Andreola
etal., 2021; Betjemann et al., 2008; Byrne et al., 2006; Dale et al., 2005; Harlaar et al., 2005; Hawke et al.,
2006; Light & DeFries, 1995; Light et al., 1998; Stevenson, 1991; Stevenson et al., 1987). A recent meta-
analysis by Andreola et al. (2021) of 49 studies found the heritability of general reading ability to be
~66%; heritability estimates for dyslexia range between 40% and 60% (Fisher & DeFries, 2002; Gialluisi
et al., 2021; Raskind et al., 2013). Multivariate genetic analysis in twin samples has shown significant
genetic covariance between various cognitive abilities and reading ability (Christopher et al., 2016;
Haworth et al., 2009). For example, Haworth et al. (2009) investigated the relation between reading,
mathematics, language and general cognitive ability (g) in a multivariate genetic analysis. Reading
showed genetic correlations of .62 (95% CI =.57, .69) with g, .58 (95% CI .53, .63) with mathematics,
and .63 (95% CI =. 58, .68) with language in the full sample, and these correlations remained high
when analyzing the lower 15% at the distribution extremes. Christopher et al. (2016) analyzed the
genetic covariance between word reading, listening comprehension and reading comprehension for
reading related abilities (working memory, inhibition, processing speed and naming speed). The
strongest genetic correlations were found for working memory (.57, 95% CI [.50, .64] to .65, 95%
CI [.59, .72]), followed by processing speed (.43, 95% CI [.34, .51] to .57, 95% CI [.51, .62]), then
inhibition (.39, 95% CI [.29, .49] to .42, 95% CI [.31, .52]) and naming speed (.33, 95% CI [.24, .43]
to .43, 95% CI [.36, .51]). Such findings suggest that the degree of genetic overlap may vary between
dyslexia and different specific cognitive abilities.

Polygenic scores (PGS) allow us to study the combined effects of genetic variants distributed across
the genome for polygenic traits like dyslexia. These scores are based on the aggregate effects of
common genetic variants, that is, present in at least 1% of the population (Court, 2007). PGS are
most often generated using the results of a genome-wide association study (GWAS), that is, a study
that tests the association of millions of single nucleotide polymorphisms (SNPs) across the genome
with a trait of interest. The largest GWAS of dyslexia so far was carried out by Doust et al. (2022) and
included 51,800 adults self-reporting a diagnosis of dyslexia and 1,807,070 controls. Their study
calculated PGS from the GWAS summary statistics in four independent cohorts (including the
Brisbane Adolescent Twin Study, which is used in the present study) and found that it could explain
up to 5.6% of variance in a word recognition test: higher dyslexia PGS correlated with lower
achievement on quantitative tests of reading and spelling. For the adolescent sample that we use
here, 3.6% of variance in nonword reading performance was explained by the PGS, which represents
the limit of variance that we might expect for the non-reading cognitive tests examined. Our
expectations for the dyslexia PGS associations with the varied cognitive measures are based on their
known phenotypic (and genetic, where available) relationships, which we briefly summarize next.

1Q Subtests

IQ tests, like the Wechsler Scales (Wechsler, 1981), typically measure cognitive abilities of Verbal
Comprehension, Perceptual Reasoning, Working Memory, and Processing Speed, with each IQ
subtest tapping more or less of these underlying broad cognitive skills. Small to large group
mean differences in IQ subtests between dyslexics and controls have been previously reported
(e.g., Hatcher et al., 2002; Kudo et al., 2015; Laasonen et al., 2009; Moura et al., 2014; Swanson,
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2012; Swanson & Hsieh, 2009). Large differences were found for verbal comprehension and
working memory (e.g., Cohen’s d of 1.17 for general knowledge), moderate effects for processing
speed (e.g., Cohen’s d of .58 for perceptual coding), and smaller effects for visual perception
(Cohen’s d of .28) (Moura et al., 2014). With regard to shared genetics, a multivariate twin study
of performance on reading tests (albeit, proxy measures of word knowledge) and IQ subtests in
the Brisbane Adolescent Twin Study found that the proportion of phenotypic correlation
accounted for by genetic factors for reading and IQ subtests ranged from .58 to .70 for verbal
subtests, from .61 to .72 for performance subtests, and was ~.90 for perceptual coding speed
(i.e., Digit Symbol) (M. Wainwright et al., 2004). We expect the dyslexia PGS associations to be
in line with these findings; for example, the largest genetic mediation will be of the reading-Digit
Symbol association.

Working memory

Working Memory (WM) has been widely researched as a principal component of executive
functioning associated with reading disability (De Jonge & De Jonge, 1996; Swanson & O’Connor,
2009). IQ subtests assessing WM typically measure phonological WM via verbal stimuli; visuospatial
WM measures instead tend to come from experimental tasks which require passive visuospatial
storage plus an active visuospatial/verbal processing demand (Shah & Miyake, 1996). A meta-
analysis by Swanson et al. (2009) of the relation between WM components and reading disability
found that children with reading disability against a background of average general cognitive ability
had impairments in WM. Moderate-to-high effect sizes emerged for verbal short-term memory
(STM), visual STM, verbal WM, and visual-spatial WM tasks. Verbal WM was supported as an
essential component of executive functioning associated with reading ability, whereas visuospatial
WM showed a moderate effect. However, visuospatial WM seems to explain a significant additional
variance in reading comprehension (Pham & Hasson, 2014); children with reading difficulties may
rely on visuospatial WM as a strategy to process written text. With regard to genetic overlap between
reading and verbal WM, Kremen et al. (2007) reported a very strong overlap of additive genetic effects
for word reading, digit span, and reading span tasks in adult men, and Wadsworth and colleagues,
studying 8- to 20-year-olds from the Colorado Reading Project, showed that 80% of the phenotypic
association between reading performance and verbal WM (auditory span of syllables and unrelated
words, and digit span tests) was mediated by genetic effects.

In this report, we focus on visuo-spatial WM, specifically the Delayed Response (DR) task, which
involves short-term storage and executive function (Luciano, Wright, et al., 2001), as well as IQ
subtests investigating verbal WM (Digit Forward, Digit Backward and Letter-number sequencing).
We expect dyslexia PGS to be predictive of all these measures of WM.

Elementary cognitive tasks

Here we distinguish experimental cognitive tasks measuring processing speed from those
included in IQ subtests. Reaction time (RT) and Inspection Time (IT) tasks are very basic
cognitive tasks that, respectively, measure the speed of psychomotor processing and perceptual
discrimination acuity. Past literature has provided evidence in support of worse performance in
RT tasks for dyslexics (Nicolson & Fawcett, 1994; Sobotka & May, 1977). However, for Choice
RT (CRT), the studies of Bonifacci and Snowling (2008) and Gooch et al. (2012) did not find
performance differences between dyslexic and non-dyslexic children. For dyslexia and IT,
McLean et al. (2011) did not find significant group differences in visual IT, whereas Whyte
et al. (1985) found longer visual ITs in dyslexic children compared to non-dyslexic readers, albeit
in a small total sample of N=14. Another study found no significant difference in mean IT
between dyslexic children and controls, but one-third of dyslexic children were not able to
complete the IT task and were excluded from the study, compared to only 8% of controls
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(Kranzler, 1994). The general deficit in speed of processing for poorer readers (Bonifacci &
Snowling, 2008; McLean et al.,, 2011) has not been reliably confirmed in elementary cognitive
tasks, but given their overlap with psychometric speed tests (Juhel, 1991) where slower speed is
reported in dyslexics (Moura et al., 2014), we expect the dyslexia PGS to predict these tasks. This
would be consistent with the multivariate twin studies (e.g., Christopher et al., 2016 described
earlier) showing genetic overlap between reading skill and processing speed.

Creativity

While not strictly a cognitive ability because of its reliance on other factors such as person-
ality (Benedek et al.,, 2014), increased creativity has been proposed as a compensatory
enhancement associated with reading difficulties (Majeed et al., 2021). However, in the
Brisbane Adolescent Twin Study, Ritchie et al. (2013) found no evidence of this: higher scores
in reading and spelling abilities were correlated with higher creativity scores (i.e., creative
writing and openness to experience), even when controlling for IQ. This result held when
testing the extremes; the poorest readers (scoring at least 1.5 standard deviations below the
mean) tended to have the lowest scores on the creativity measures, while the most creative
individuals (>1 SD above the mean) tended to have the highest reading ability. We expect
then that the dyslexia PGS will predict lower levels of creativity.

To determine the extent to which genetic variation explains overlaps between dyslexia and the
diverse cognitive abilities measured here, it is necessary to establish the magnitude of phenotypic
correlation between reading difficulties (a proxy for dyslexia) and our measures. Our study therefore
aims to 1) establish which specific cognitive abilities are phenotypically related to reading skill, and 2)
determine how much of this phenotypic correlation, if present, is explained by polygenetic overlap.
We do this in the Brisbane Adolescent Twin Study, an Australian population-representative sample of
adolescent twins and their non-twin siblings who have been genotyped and tested on a wide range of
cognitive abilities.

Materials and methods
Participants

Data were available for participants of the Brisbane Memory, Attention and Problem Solving
(MAPS) study, the 16-year-old wave of the Brisbane Longitudinal Twin Study (Wright &
Martin, 2004; Wright et al., 2001). At the time of testing, the mean age was 16.7 years (min =
15.41, max =28.77, SD =1.59) for the cognitive tasks, and 17.17 years (min = 16, max =20, SD
=0.39) for the Queensland Core Skills Test, an exam sat in the final year of high school.
Participants were also measured on a battery of reading, spelling, and memory measures as
part of a later study on reading and spelling ability, the Brisbane Adolescent Twin Sample
(BATS; Luciano et al., 2013; Wright & Martin, 2004); at testing, the mean age was 19.18 years
(min =11.87, max=28.62, SD=3.83). From an initial pool of 1648 subjects including 608
families, data were available for a maximum of 1542 subjects, to a minimum of 734, due to
variation in depth of phenotyping for different individuals in the sample, the subjects were
pairs of MZ twins, DZ twins and their non-twin siblings (see Table 1). All participants in this
sample, who had available PGS, were of European descent and consistent with the genetic
ancestry of the original sample in which the genome-wide association study (GWAS) of
dyslexia was performed. Informed consent was provided by each participant and their par-
ent/guardian if younger than 18. The Human Research Ethics Committee, Queensland
Institute of Medical Research, gave ethical approval for the Brisbane Longitudinal Twin Study.
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Table 1. The total sample size, number of MZ twins (MZ), Dizygotic Twins (DZ) and non-twin siblings. Percentage of females for each
group are reported in brackets.

Total Mz Dz Non-twin siblings Study
1Q Subtests
Information 1223 (F 54.7%) 186 (F 55.4%) 855 (F 52.6%) 182 (F 63.7%) MAPS
Arithmetic 1223 (F 54.7%) 186 (F 55.4%) 855 (F 52.6%) 182 (F 63.7%) MAPS
Vocabulary 1222 (F 54.7%) 186 (F 55.4%) 854 (F 52.7%) 182 (F 63.7%) MAPS
Spatial 1223 (F 54.7%) 186 (F 55.4%) 855 (F 52.6%) 182 (F 63.7%) MAPS
Object Assembly 1221 (F 54.7%) 186 (F 55.4%) 854 (F 52.7%) 181 (F 63.5%) MAPS
Digit Symbol 1190 (F 54.7%) 183 (F 56.3%) 825 (F 52.4%) 182 (F 63.7%) MAPS
Digits Forward 1542 (F 52.8%) 220 (F 54.5%) 955 (F 50.7%) 367 (F 57.2%) BATS
Working Memory
Digits Backward 1542 (F 52.8%) 220 (F 54.5%) 955 (F 50.7%) 367 (F 57.2%) BATS
Letter-Number Sequencing 1542 (F 52.8%) 220 (F 54.5%) 955 (F 50.7%) 367 (F 57.2%) BATS
Elementary Cognitive Tasks
Inspection Time 842 (F 55.3%) 126 (F 57.1%) 598 (F 53.3%) 118 (F 63.6%) MAPS
2-CRT 1085 (F 54.7%) 166 (F 56.6%) 765 (F 52.9%) 154 (F 61%) MAPS
4-CRT 1086 (F 54.7%) 166 (F 56.6%) 766 (F 53%) 154 (F 61%) MAPS
8-CRT 907 (F 54.9%) 139 (F 59%) 638 (F 52.7%) 130 (F 61.5%) MAPS
Visuo-Spatial Working Memory
Accuracy 734 (F 54.8%) 114 (F 60.5%) 521 (F 52.4%) 99 (F 60.6%) MAPS
Creative Writing
Create and Present 959 (F 58.1%) 138 (F 59.4%) 671 (F 56%) 150 (F 66%) MAPS

MAPS: Memory, Attention and Problem Solving; BATS: Brisbane Adolescent Twin Study.

Measures

1Q subtests

The Multidimensional Aptitude Battery (MAB) is a general intelligence test with multiple-choice answers
which is based on the revised Wechsler Adult Intelligence Scale (WAIS-R;Jackson, 1984; Wechsler, 1981).
The five sub-tests used in this study were computer administered and can be grouped into those assessing
Verbal IQ: Vocabulary (VOC) - word knowledge, Information (INF) — general knowledge, Arithmetic
(ARI) - verbally presented numerical problems requiring mental calculations;, and those assessing
Performance IQ: Spatial (SPA) - visualizing 2-dimensional object positions, Object Assembly (OBJ) -
arranging segments of objects to make a whole. Test-retest correlations over a 3-month interval were
estimated in a subsample (49 twin pairs) and are as follows: Arithmetic and Object Assembly (both .67),
Information (.83), Vocabulary and Spatial (.77), and Digit Symbol (.85) as reported by Luciano et al. (2003).
From the WAIS-R, the Digit Symbol sub-test was administered in paper-and-pencil format as part of the
Brisbane Memory, Attention and Problem Solving (MAPS) protocol, and Digit Span (Forward and
Backward) and Letter-Number Sequencing from the WISC-V (Kaufman et al., 2015) were collected as
part of the Brisbane Adolescent Twin Study (no temporal reliability data were collected).

Elementary cognitive tasks

Inspection Time (IT), a measure of perceptual intake speed, was tested by a line discrimination task as
described in Luciano, Smith, et al. (2001). The task required the participant to choose the longer of two
vertical lines at increasingly shorter stimulus durations, with accuracy representing the parameter of
interest. The Choice Reaction Time (CRT) task was described by Luciano, Wright, et al. (2001); this
was also a computerized task and required the participant to press the appropriate computer key in
response to the occurrence of one of 2, 4 or 8 choice stimuli as quickly as possible. The participant was
given the chance to practise before starting the task to familiarize with the key responses. Then, four-,
two-, and eight-choice conditions with 48, 96, and 96 respective trials were presented in that order.
The output measure was the mean reaction time (in ms) of correct responses for each choice
condition. Test-retest reliability was .74, .65 and .82 for 2-, 4- and 8-choice, respectively (Luciano,
Wright, et al., 2001), and .69 for IT (Luciano, Smith, et al., 2001).
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Visuo-spatial working memory

The visuo-spatial WM measure is based on the accuracy (amount of money won) of performance on
a computerized visuo-spatial delayed-response (DR) task (Hansell et al., 2001). The task is performed
on a touch-sensitive computer screen. During the control trials, the participant has to touch
a chequered circle appearing on the screen at a pseudo-random position, in the memory trials, the
circle disappears after 150 ms and the participant is required to point where it was on the screen during
the delay period. During half of the trials, a distractor is presented following target onset, and the
participant is instructed to ignore it. Between intervals, participants receive feedback and for more
accurate responses a greater monetary reward is granted. Monetary penalties are expected for
responses which are too fast (<200 ms), too slow (>1500 ms) or if an incorrect position is given. The
overall accuracy index, indicating both correctness of the response and the position displacement, was
given by the total amount of money won on the six blocks of 72 trials. Test-retest reliability was low at
.51 (Luciano, Wright, et al., 2001).

Creative writing

The Queensland Core Skills Test (QCST) is a standardized test which must be sat by all those students
aiming to enter tertiary education in their final year of high-school in Queensland (Lazaroo et al.,
2019). The test assesses students’ higher-order scholastic skills that are taught in a wide range of
courses but it is not subject specific (Matters & Gray, 1995). The QCST can be considered a valid
estimator of academic achievement with historical data from 1992 to 2007 showing a correlation of the
QCST of 0.70 - 0.75 with a within-school ranking of students and with their school grades
(Queensland Studies Authority, 2008). The QCST is composed of four exam papers: a written task,
two multiple-choice papers, and a collection of short response questions. Here, we focus on Create and
Present (CP) which evaluates a student’s ability to structure and use written language to communicate
ideas effectively. It can be seen as an index of expressed creative ability relying on written language
skills, consisting of a creative writing task based on visual and/or written stimuli which the subject
must use to generate a creative written work.

Reading difficulties classification

Reading ability was measured using the Components of Reading Examination (Bates et al., 2004)
which required participants to read a list of words and non-words (the latter pronounceable using
grapheme-phoneme rules). Words pronounced correctly are summed to create the total score.
Because dyslexia is largely characterized by problems with phonological decoding, we used the
accuracy on non-word reading to dichotomize the distribution into cases with reading difficulties
(<1.5 SD below the mean) versus no difficulties.

Statistical analyses

The dyslexia polygenic score (PGS) for each BATS participant had previously been calculated for use
in Doust et al. (2022). Briefly, the participants were genotyped on the Illumina 610k Quad Bead array
(Luciano et al., 2013) and imputed with the 1000 Genomes Phase 3 panel (v.20101123). The PGS were
constructed based on the summary statistics from the large-scale dyslexia genome-wide association
study (GWAS) (Doust et al., 2022) using PRSice. The dyslexia PGS used in this study used the full set
of available independent variants (no P-value selection; 234,676 SNPs).

The data were analyzed with the software R, using the package “Ime4” for linear, generalized linear,
and nonlinear mixed models (Bates et al., 2008). The R script can be found in Supplementary Material.
The cognitive outcome scores were first adjusted for variability due to ancestry, age, sex and
genotyping imputation run with linear models. Then, the residuals were used for the linear mixed
model regression as the outcome variable. Linear mixed models fitted by restricted maximum
likelihood were used to analyze the data to consider the nested nature of the twin data. The random
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effect was family relatedness, but because MZ twins have identical PGS, one MZ twin member was
chosen at random for inclusion in the analysis. Two separate analyses, one with reading difficulties
(as a proxy of dyslexia) as the predictor, and the second with dyslexia PGS as predictor, were
performed, each cognitive measure being the dependent variable of the models (for a total of 30
models). The aim was to determine the variance explained by the PGS and the proxy of dyslexia in the
dependent variables and compare the two predictors. The proxy of dyslexia was calculated by coding
the z scores of non-word reading below 1.5 SD to 1 and the scores above to 0, where 1 indicates reading
difficulties. All the p-values from the models have been adjusted with the Benjamini and Hochberg
(1995) false discovery rate (“fdr”) method. We are well-powered (>80%) to detect effects as low as 1.8%
at an alpha of .05 for our smallest sample size of 734.

Results
Data screening

Queensland Core Skills Test data were standardized according to the mean and SD of the sample of the
corresponding year because the maximum score attainable for each academic factor varies based on
the year (Lazaroo et al., 2019). All variables were visually screened for normality and outliers. In the
Multidimensional Aptitude Battery subscales, outlying scores of 0 (no more than 2 cases identified)
were found and set to missing. Inspection Time scores had a negatively skewed distribution and were
transformed by a reflected logarithmic function. All other test scores were normally distributed and
had no outliers.

Mixed effects modelling

Mixed linear models showed that reading difficulties significantly predicted all cognitive outcomes,
except for visuospatial Working Memory (WM) (Table 2). The largest effects were for tests of
Information, Arithmetic, and Create and Present (r ranged —.21 to —.24), with the lowest prediction
for Digit-Backward (-0.08). Figure 1 shows the variance explained by reading difficulties versus
dyslexia PGS where phenotypic prediction was significant. As expected, the variance explained by
the phenotypic predictor is higher than that explained by the PGS for Information, Arithmetic,
Vocabulary, Spatial, Digit Forward and Create and Present. However, for Digit Symbol, Digit
Backward and Letter-Number Sequencing the variance explained by the PGS was higher than that
explained by the phenotypic predictor. PGS prediction was not significant for the elementary cognitive
tasks, the visuospatial WM task, or the Object Assembly subtest of the Multidimensional Aptitude
Battery. In Table 3, the proportion of phenotypic variance due to genes was calculated by dividing the
variance explained by the genotype (i.e., the PGS) by the variance explained by the phenotype
(i.e., reading difficulties). Where the genotype explained more variance than the phenotype, we
conventionally inserted 100%, as this is the upper limit of variance.

Discussion

Our study confirmed significant phenotypic associations between poor reading and varied
cognitive measures, with the strongest findings for verbal cognitive abilities. Moreover, dyslexia
polygenic scores were significantly predictive of these measures, with the exception of elementary
cognitive tasks and visuospatial working memory. The largest genetic mediation of the poor
reading-lower cognitive test performance association was for working memory (100% for most
measures), followed by the arithmetic subtest (63%) which also showed the strongest PGS
prediction. The arithmetic subtest in our study is multifactorial in that it taps both verbal and
performance abilities (Loehlin et al., 2016) and may be better conceptualized as a quantitative
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Figure 1. Variance explained in the cognitive test scores by the dyslexia polygenic and reading difficulties phenotypic scores

Table 3. R? with the associated 95% Cl for the significant models grouped by genotype, phenotype, and portion of phenotypic
variance explained by the dyslexia phenotype that is due to dyslexia polygenic score.

R? genotype

R? phenotype

Percentage of phenotypic variance due to genes

1Q subtests
Information
Arithmetic
Vocabulary

Spatial

Object Assembly
Digit Symbol
Digits Forward
Working memory
Digits Backward

Letter-Number Sequencing

Elementary Cognitive Tasks

Inspection Time
2-CRT
4-CRT
8-CRT

0.008 [0.00, 0.02]
0.029 [0.01, 0.05]
0.008 [0.00, 0.02]
0.009 [0.00, 0.03]
0.001 [0.00, 0.01]
0.017 [0.01, 0.03]
0.01[0.01, 0.02]

0.007 [0.00, 0.02]
0.018 [0.01, 0.03]

0.000 [0.00, 0.01]
0.000 [0.00, 0.00]
0.000 [0.00, 0.00]
0.000 [0.00, 0.01]

Visuo-Spatial Working Memory

Accuracy
Creative Writing

Create and Present

0.001 [0.00, 0.01]

0.012 [0.003, 0.033]

0.038 [0.02, 0.06]
0.046 [0.02, 0.07]
0.031 [0.01, 0.05]
0.030 [0.01, 0.05]
0.007 [0.00, 0.02]
0.016 [0.00, 0.03]
0.014[0.01, 0.03]

0.005 [0.00, 0.02]
0.009 [0.00, 0.02]

0.027 [0.01, 0.05]
0.015 [0.01, 0.03]
0.018 [0.01, 0.04]
0.017 [0.00, 0.04]

0.003 [0.00, 0.02]

0.040 [0.021, 0.069]

21.1%
63%
25.8%
30%
14.3%
100%
71.4%

100%
100%

0%
0%
0%
0%
33.3%

30%

Note 1. Variables showing 100% mediation have higher PGS than phenotypic variance.

reasoning or numerical ability factor (Jacobs & Costello, 2013; Loehlin et al., 2016). So, our
finding may have implications for understanding the co-occurrence of dyslexia and dyscalculia

(Rubinsten, 2009).

Reading difficulties were associated with lower cognitive test performance on measures of IQ, basic
processing speed, and creative writing, in line with previous studies mostly in case-control samples
(D’Angiulli & Siegel, 2003; Moura et al., 2014; Nicolson & Fawcett, 1994; Ritchie et al., 2013; Sobotka &
May, 1977). The largest effects were for tests of Information, Arithmetic, and Create and Present with
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effects comparable to an effect size (Cohen’s d) ranging from 0.43 to 0.49; according to previous
literature, they are usually twice as large (in Moura et al., 2014 the effect sizes are 1.17 for Arithmetic
and 1.18 for Information). The lowest prediction was found for Digit-Backward (r of —0.08), in
contrast with previous literature reporting a Cohen’s d of 0.80 (i.e., a correlation of 0.37) (Moura
et al., 2014). Our phenotypic associations are likely weaker than previous reports because we use
a proxy measure of reading difficulties which will be less accurate than a diagnosis of dyslexia.
Furthermore, because of selection bias in our volunteer sample, we are likely to be missing the more
severe cases of reading difficulties who might be expected to have even lower scores on these cognitive
tests.

For most of the cognitive variables, part of the observed association was due to genetic overlap
with dyslexia, as supported by significant prediction by the dyslexia PGS. The PGS did not predict
speed on elementary cognitive tasks or accuracy on a visuo-spatial working memory task. The
variance explained by reading difficulties was in most cases greater than the dyslexia PGS, which
was expected given that the phenotypic correlation sets the upper bound for genotypic variance.
For Digit Symbol, Digit Backwards and Letter-Number Sequencing, all measures of short term
and/or working memory, the PGS explained more variance than it did for the reading difficulties
phenotype. This might point to some noise in our proxy measure of dyslexia, which we defined
using a subjective cutoff (<1.5 SD below mean) of performance on a standardized nonword
reading test. It is important to note that even though the PGS explained more variance than the
reading difficulties phenotype, its overall effect on the working memory tasks (Digits Backward
and Letter-Number Sequencing) was very small (R* =0.007-0.018). Other variables showed rela-
tively low genetic mediation of the phenotypic association - Create and Present (30%),
Information (21.1%), Vocabulary (25.8%), and Spatial (30%) - suggesting that genetic covariance
unrelated to dyslexia and/or environmental factors are more important mediators of their associa-
tions. Regarding the creativity task (Create and Present), as it relies on written language skills, it
might not be a fair task to assess creativity in participants with reading difficulty and it could in
future be assessed with a different task.

The association between poor reading and lower performance on the arithmetic subtest was the
strongest of those measured and is consistent with literature showing co-occurrence and genetic
overlap between mathematics and reading deficits in twin studies (Daucourt et al., 2020; Knopik;
Alarcén & DeFries, 1997; Light & DeFries, 1995, Markowiz et al., 2005; van Bergen et al., 2023). A high
genetic correlation (.60) between mathematical and reading difficulties has been reported, and shared
genetic factors explained 90% of the phenotypic correlation between mathematical and reading
abilities in the sample without reading difficulties (Markowitz et al., 2005). Similar strong genetic
mediation of reading-mathematics associations has been found by others (Knopik et al., 1997; Light &
DeFries, 1995), and an average genetic correlation of .71 between reading and math (various domains)
skill was reported in a meta-analysis of 38 studies including primary to early secondary school students
(Daucourt et al., 2020). A longitudinal study showed that early reading skills and reading comprehen-
sion in the third grade were predictive of problem solving and data interpretation (B =0.16), with
a small but positive effect on mathematical concepts (B =0.10) and mathematical computation (f =
0.06) (Grimm, 2008). The dyslexia PGS association we found with performance on an arithmetic test
might therefore reflect a causal effect of reading on mathematical skills or a shared genetic basis
between these types of skills; for instance, Rubinsten (2009) linked the co-occurrence of dyslexia and
dyscalculia to the involvement of the angular gyrus, a heritable trait (Shen et al., 2015). van Bergen
et al. (2023) recent study using a longitudinal cross-lagged design of twin families supports shared
genetic risk rather than causal processes in the relations between ADHD, dyslexia and dyscalculia.

For visuo-spatial working memory, a negative association was expected based on past
results (De Jonge & De Jonge, 1996; Swanson et al, 2009) but neither phenotypic nor
polygenic associations were found. It is possible that the unreliability of the delayed response
task performance measure used in this study, and the predominance of specific genetic
variance for this measure (that is, unrelated to speed or IQ), limited its validity as
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a measure of human visuospatial WM (Luciano, Wright, et al.,, 2001). In contrast, the
Inspection Time (IT) and Choice Reaction Time (CRT) tasks have been shown to have
a genetic structure that maps onto expected specific cognitive abilities (Luciano, Wright,
et al., 2001). In the present study, IT and CRT showed significant phenotypic associations
with poor reading, of similar magnitudes to perceptual speed and working memory IQ
subtests, and provide reliable evidence of slower processing speed in those with poor reading.
However, this relationship was not mediated by genetic variation that was associated with
dyslexia, suggesting that environmental factors mediate this overlap.

The current study is the first to use dyslexia PGS to estimate predictiveness for a range of distinct
cognitive abilities. Of most note was 1) the complete genetic mediation of poor reading and short
term/working memory measures, which aligns with findings of phonological short-term memory
deficits in dyslexics, and which we show here are due to common genetic causes; and 2) the genetic
prediction of arithmetic skills which was almost as large as that for reading itself, and indicates
a relationship between literacy and numeracy skills that may be largely driven by shared genetic
factors. This latter finding should be followed up in samples that have a larger range of math tests
available to understand whether the effect is operating at a domain level or is stronger for subdomains
of math. The PGS approach, as used here, shows value for cross-trait prediction, but it is important to
note that it currently has no practical applications in the field of education due to the small variance
explained in the phenotypic traits of interest. Nevertheless, the incorporation of PGS in educational
studies and particularly where family data are available can help answer important questions about the
influence of gene-environment interplay and genetic nurture on academic skills. A major limitation,
though, is the lack of diverse samples for which large GWAS of reading skill/dyslexia are available.
Thus, present studies using dyslexia PGS are only generalizable to populations with European genetic
ancestry. To increase confidence in our findings, large GWAS of specific cognitive abilities are needed
to test whether common SNP variant genetic correlations (estimated using linkage disequilibrium
score regression or by genomicSEM) with dyslexia follow the same pattern of genetic overlap that we
report here for polygenic scores.

Overall, this paper gives an insight of the relations between a PGS for dyslexia and a diverse set of
cognitive abilities, and implicates once more the pronounced genetic overlap between arithmetic and
reading ability. Assessments of dyslexia, which include tests of numeracy, ensures that people with
weaknesses in both reading and math get support in both areas despite being referred for literacy
problems.
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