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Extensive evidence and theory suggest that the development of motor skills during infancy and early

childhood initiates a “developmental cascade” for cognitive abilities, such as reading and math. Motor

skills are closely connected with the development of spatial cognition, an ability that supports deductive

reasoning. Despite the linkage between motor skills and spatial cognition, and spatial cognition with

deductive reasoning, no research has explored the developmental connection between early motor skills

and reasoning ability, a plausible pathway through which the developmental cascade operates. Drawing

data from the 1970 British Cohort Study (N = 1,233; 95% British, 5% other race/ethnicity; 54% male,

46% female; 7% low income, 80% middle income, 12% high income), this study investigated whether

there was a relationship between gross and fine motor skills in infancy (22 months of age) and early

childhood (42 months of age) and visuospatial deductive reasoning in adolescence (at 10 and 16 years

of age). Results indicated that fine but not gross motor skills during early childhood positively predicted

reasoning in adolescence. Critically, the fine motor-reasoning association mediated the previously

observed link between early fine motor skills and adolescent reading and math ability. These results

deepen our understanding of developmental cascade theory and mental model theory by identifying

visuospatial reasoning (i.e., mental modeling) as a potential mechanism through which motor skills initi-

ate cognitive development and academic success in reading and math. These findings also highlight the

importance of early intervention programs targeting motor skills and illuminate the impact of those

interventions on later cognitive and academic skills.
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Motor skills develop rapidly from infancy through early child-

hood (Adolph & Berger, 2007; Goodway et al., 2019). During this

time, children’s motor milestones are closely monitored by health

care professionals to identify motor processing delays and, when

detected, to provide early intervention services that aim to improve

their motor outcomes (Mahoney et al., 2004). This is because early

motor delays may be indicative of underlying developmental

disorders (e.g., autism spectrum disorder, Down’s syndrome, cerebral

palsy; Mahoney et al., 2001; Ozonoff et al., 2008) and because early

motor development presages later cognitive skills like reading and

math (Adolph & Tamis-LeMonda, 2014; Bornstein et al., 2013; Piaget,

1952). Although the latter linkages are well established, the develop-

mental mechanisms explaining them are far less clear.

Developmental researchers have theorized that reaching early

developmental motor milestones may initiate a “developmental

cascade” by allowing children to actively explore and navigate the

world, facilitating later cognitive abilities and academic achieve-

ment (Adolph & Tamis-LeMonda, 2014; Bornstein et al., 2013;

Gibson, 1988; Libertus et al., 2016; Piaget, 1952). Indeed, a robust

literature supports the theory that early motor skills predict later

cognitive ability: Specifically, gross motor skills (e.g., balance,

walking) at 3–5 months of age predict attention at 8 years (Fried-

man et al., 2005) and academic achievement at 15 years (Bornstein

et al., 2013). Fine motor skills at 2–4 years of age predict school

readiness and academic achievement, especially in reading and

mathematics, in 5- to 11-year-olds (Cameron et al., 2012; Dinehart
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& Manfra, 2013; Grissmer et al., 2010; Pagani & Messier, 2012;

Son & Meisels, 2006). The exact mechanism by which early motor

skills predict later reading and math ability is unknown, though

many posit this developmental cascade could be bridged by visual

or spatial processes that in turn promote reasoning skills more

broadly (Cameron et al., 2016; Grissmer et al., 2010; Son & Mei-

sels, 2006). Here, we argue that spatial reasoning (i.e., the ability

to construct and manipulate mental models of information) may be

a potential mechanism for the motor-cognitive developmental cas-

cade between early fine motor skills and reading and math during

adolescence.

Motor skills are closely connected with the development of spa-

tial cognition, often defined as the ability to visualize and manipu-

late spatial information (Hart & Moore, 1973). In adults,

researchers have found that spatial cognition (namely mental rota-

tion) is consistently associated with both gross and fine motor

skills, and a large body of evidence and theory suggest that motor

processing mechanistically underlies spatial cognition (Ozel et al.,

2004; Voyer & Jansen, 2017; Wexler et al., 1998; Wohlschläger

& Wohlschläger, 1998). Critically, this motor-spatial link exists as

early as infancy and early childhood as better motor skills at ages

6–10 months and 5–6 years predict better spatial cognition (mental

rotation; Frick & Möhring, 2013; Jansen & Heil, 2010; Lehmann

et al., 2014; Möhring & Frick, 2013; Schwarzer et al., 2013). In

fact, it has been posited that the overlap between motor and spatial

processing may be strongest during early childhood and that these

abilities begin to differentiate in adolescence and adulthood (Frick

et al., 2009; Funk et al., 2005; Karmiloff-Smith, 2012).

Extensive cognitive science research has demonstrated the link

between spatial cognition and deductive reasoning (i.e., the ability

to draw inferences and conclusions to solve problems; Johnson-

Laird, 1980, 2004, 2010). Consistent with this evidence, mental

model theory proposes that during deductive reasoning, humans

tend to envision and manipulate information in spatialized ways by

creating visual representations, often called “mental models,” that

allow them to evaluate and draw conclusions from complex situa-

tions (Johnson-Laird, 1980, 2004, 2010). Cognitive and brain-based

research supports mental model theory in the context of both verbal

and visuospatial deductive reasoning, consistently finding evidence

for the role of spatial processes during reasoning (Goel et al., 2000;

Johnson-Laird, 1980, 2004, 2010; Johnson-Laird et al., 2017;

Khemlani & Johnson-Laird, 2012; Ragni & Knauff, 2013). Despite

the robust evidence for the mental model theory in adults and older

adolescents, no research to date has explored the developmental

connection between spatial cognition and deductive reasoning

across the life span (from birth to adulthood).

Given that motor skills (both gross and fine) are linked to spatial

cognition in infancy through adulthood, and that spatial cognition

supports visuospatial deductive reasoning, it is plausible that motor

skills might also be associated with visuospatial deductive reason-

ing. Very little research has explored this topic, though one study

demonstrated that practicing a musical instrument (a form of fine

motor training) is associated with enhanced visuospatial deductive

reasoning at 9 years of age (Forgeard et al., 2008), while another

study found that gross motor skills at 6 years of age were associated

with concurrent spatial reasoning ability (Frick & Möhring, 2015).

Moreover, extensive literature has linked the motor system to men-

tal simulation (Ianì, 2019), an ability that could support the con-

struction of mental models during reasoning. A key question is

whether there exists a developmental connection between early

motor skills and later visuospatial deductive reasoning ability.

Drawing on both the developmental cascade framework and men-

tal model theory, we investigated the hypothesis that gross and fine

motor skills during early childhood may predict visuospatial deduc-

tive reasoning ability during adolescence (see Figure 1). The devel-

opment of spatial cognition presents a plausible mechanistic link

Figure 1

Theoretical Model for the Developmental Cascade Between Early Motor Skills and Later

Reasoning, Math, and Reading Abilities in Adolescence
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for this hypothesized cascade (see Figure 1) such that motor

skills during infancy and early childhood support the develop-

ment of spatial cognition during early and middle childhood,

which then promotes visuospatial deductive reasoning during

adolescence. More specifically, gross motor skills could be

related to future reasoning given that the ability to differentiate

between egocentric and allocentric spatial cognition may de-

velop via gross motor actions and experiences that occur in a

larger spatial context—this advanced spatial processing could

support abstract visualization of physical content during deduc-

tive reasoning (Galati et al., 2000; Johnson-Laird, 2010; Klatzky,

1998). Fine motor skills could be related to future reasoning as

this kind of motor processing allows children to practice map-

ping visual representations to emerging verbal and mathematical

concepts (Cameron et al., 2016), which may allow for more fine-

tuned mapping during mental model construction in deductive

reasoning. Moreover, a large body of neuroscientific evidence

indicates that motor skills, spatial cognition, and deductive rea-

soning all share common neural substrates in the premotor cor-

tex, parietal cortex, and cerebellum (Cona & Scarpazza, 2019;

Eslinger et al., 2009; Goel et al., 1998; Guell et al., 2018; Prab-

hakaran et al., 1997; Rizzolatti & Luppino, 2001; Rowe et al.,

2002; Wertheim & Ragni, 2018; Wise et al., 1997).

Critically, it is possible that the link between early motor skills

and visuospatial deductive reasoning in adolescence could be a

potential mechanism for the developmental cascade between early

motor skills and later math and reading performance (see Figure

1). Prior evidence suggests that the mental modeling ability exer-

cised during visuospatial deductive reasoning (Knauff, 2009;

Tversky, 2005) supports both reading and mathematical ability by

improving conceptual understanding and automaticity of word/

number to visual mapping (Bower & Morrow, 1990; Chinnappan,

1998; Glenberg et al., 1987; Gogus, 2013; Greca & Moreira,

2000; Halford, 2014; McNamara et al., 1991); however, the devel-

opmental relationship between these abilities has not been tested.

The current study addressed this question and tested the theoretical

model in Figure 1 by utilizing the British Cohort Study (BCS) to

examine the longitudinal relationship between gross and fine

motor skills in infancy (22 months of age) and early childhood (42

months of age) and visuospatial deductive reasoning in adoles-

cence (at 10 and 16 years of age). We hypothesized that both

infancy and early childhood gross and fine motor skills would pre-

dict future visuospatial deductive reasoning and planned to test for

the developmental specificity of this connection (i.e., testing

whether motor skills during early childhood predicted significant

unique variance in future reasoning when controlling for motor

skills in infancy). Positive evidence for this connection would

expand the developmental cascade theory to include a motor-rea-

soning cascade, which would also support mental model theory by

expanding our understanding of the developmental trajectory of

the relationship between motor skills and deductive reasoning. In

addition, we hypothesized that the association between early motor

skills and adolescent deductive reasoning may statistically mediate

the well-documented relationship between early motor skills and

adolescent math and reading performance—this finding could illu-

minate a potential mechanism (i.e., mental modeling ability) by

which early motor skills might initiate future development in dis-

tant cognitive domains such as math and reading. Understanding

this facet of development will help inform and highlight the

importance of early intervention programs aimed at facilitating

motor development in children.

Method

Data and Sample

Data were drawn from the BCS, a nationally representative

study of 17,196 children born in the United Kingdom in 1970

(University of London, Institute of Education, Centre for Longitu-

dinal Studies, 2016). Data were collected and children were

assessed at subsequent waves using a battery of cognitive, behav-

ioral, and medical tests. Although the 1970 BCS is still actively

collecting data, the present study only utilized the waves of data

collected in 1972 (22 months of age; infancy), in 1974 (42 months

of age; early childhood), in 1980 (10 years of age; Adolescence 1),

and in 1986 (16 years of age; Adolescence 2). The sample size

varies at each wave and for each analysis (ranging from 264 to

1,373 participants; for our analysis, N = 1,233; 95% British, 5%

other race/ethnicity; 54% male, 46% female; 7% low income, 80%

middle income, 12% high income). No survey weights were cre-

ated for use in the BCS. Further description of the data set can be

found in Butler et al. (1997) and Duncan et al. (2007), and norma-

tive and descriptive data for all of the measures can be found at

this web page: http://nesstar.ukdataservice.ac.uk/webview/index

.jsp?v=2. Data and study materials for all experiments are avail-

able from the U.K. Data Service (https://ukdataservice.ac.uk/).

This study was not preregistered. This study (Protocol 2011-151;

title: “A cognitive neuroscientific investigation of reasoning and

creativity”) was approved by the Georgetown University Institu-

tional Review Board.

Measures

Fine Motor Skills

Fine motor skills were measured with a design copying drawing

task, in which children were required to draw three basic designs:

a circle, a vertical line, and a cross. This test is used extensively to

assess fine motor control (Davie et al., 1972; Grissmer et al.,

2010; Rutter et al., 1970). Each item was scored by an experi-

menter as a 1/0 binary (1 if the design was drawn correctly, 0 if

scribbled or any other drawing). Because some participants did not

complete all three items (due to missing data), fine motor scores

were calculated as an average of all three items. This task was

administered identically at the 22-month and 42-month waves.

Gross Motor Skills

Gross motor skills were measured at 22 months with four

tasks, including requiring children to walk 10 steps on their own,

walk holding furniture, balance on one foot, and jump in place.

Each item was scored by an experimenter as a 1/0 binary (1 if

they could complete the task, 0 if not). Because some partici-

pants did not complete all four tests (due to missing data), gross

motor scores were calculated as an average of all four tests. At

42 months, gross motor skills were measured slightly differently:

one task measuring the average amount of time a child could
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balance on one foot (ranging from 1 to 6 s) across two attempts

and another task measuring whether the child could jump in

place (1/0 binary). These two measures were combined by divid-

ing the amount of time spent balancing by 6, adding it to the 1/0

binary score for jumping in place, and dividing the result by 2 to

create the final gross motor score.

Visuospatial Deductive Reasoning

Visuospatial deductive reasoning was measured using the Brit-

ish Ability Scale (BAS) Matrices task, which is a visuospatial

deductive reasoning task that presents participants with a series

of progressively difficult matrix reasoning problems composed

of several visuospatial objects, in which participants were

required to select the answer choice that indicates the correct

next object in the sequence (Elliott & Tyler, 1986; Figure 2).

This task is comparable in nature to standard measures of visuo-

spatial intelligence/IQ, such as Raven’s Progressive Matrices

(RPM; Raven, 2000) and the Wechsler Intelligence Scale for

Children (Wechsler, 2008). The BAS Matrices task has been

shown to correlate with these measures as well as other com-

monly used intelligence scales (McCallum & Karnes, 1987).

Although the RPM and BAS are frequently used as measures of

“fluid intelligence,” a large body of evidence has demonstrated

that visuospatial reasoning contributes significantly to perform-

ance on these tasks (Chen et al., 2017; Waschl et al., 2017), and

many theories of intelligence suggest that the primary cognitive

process engaged by these tasks is in fact visuospatial reasoning

(Chen et al., 2017; Prabhakaran et al., 1997; Stephenson & Hal-

pern, 2013; Tversky, 2005; Waschl et al., 2017). Conceptually,

the stimuli in both RPM and BAS consist of visuospatial sym-

bols, with the first two rows being analogous to premises of a

reasoning problem and the final row being analogous to the con-

clusion of a reasoning problem that participants must solve by

deducing the pattern from the visuospatial stimuli (Elliott &

Tyler, 1986; McCallum & Karnes, 1987; Raven, 2000). At age

10, children completed 28 items of this task (long form), and

their score was their overall average accuracy; at age 16, children

completed 11 items of this task (short form), and their score was

their overall average accuracy.

Reading

Reading ability at age 10 was assessed with the standardized

Edinburgh Reading Test (Unit, 1978). The standardized Edinburgh

Reading Test is a test of word recognition, and items were

Figure 2

Visuospatial Deductive Reasoning Task

Note. The image shown below is an author-created reproduction of the stimuli from the

BAS Matrices task. The full set of actual stimuli from the BAS Matrices task can be

accessed on the U.K. Data Service (http://doc.ukdataservice.ac.uk/doc/8288/mrdoc/pdf/

bcs70_1986_reading_and_matrices_tests_data_note.pdf).
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carefully selected to cover a wide age range of ability from 7 to 13

years in a form suitable to straddle the 10-year cohort. The test

contained 67 items that examined vocabulary, syntax, sequencing,

comprehension, and retention. The final reading score was their

overall accuracy on the standardized Edinburgh Reading Test

(hereafter called Reading_10years).

Math

Math ability at age 10 was assessed with the Friendly Maths

Test, which was developed by BCS researchers and collaborators

who specialized in mathematics instruction (Butler et al., 1997;

University of London, Institute of Education, Centre for Longitu-

dinal Studies, 2016). This measure was piloted in Bristol schools

each on 400 children before administration in the actual study.

The Friendly Maths Test consisted of a total of 72 multiple choice

questions and covered the primary rules of arithmetic: number

skills, fractions, measures in a variety of forms, algebra, geometry,

and statistics. The final math score was their overall accuracy on

the Friendly Maths Test (hereafter called Math_10years).

Income and Class

Gross weekly family income was collected at 10 years of age,

in the form of a 6-point scale with the following brackets: under

£35, £35–£49, £50–£99, £100–£149, £150–£199, £200–£249, and

£250þ. Income data were not collected at the 16-year data point.

Social class was collected at 42 months, in the form of a 6-point

scale with the following brackets: Social Class I, Social Class II,

Social Class IIINM, Social Class IIIM, Social Class IV, and Social

Class V. This British system of decreasing social class (where

Social Class I represents the elite class) roughly maps onto the dif-

ferent income brackets (Giddens, 1972), though the class variable

is descending and the income variable is ascending.

Gender

Gender of the children was recorded as binary (0 = female, 1 =

male) at 42 months. This variable is assumed not to have changed

across all data points.

Analyses

All analyses were conducted in Stata I/C 16.0 (Hamilton, 2012).

We first ran baseline correlations to examine the relationship

between motor skills in infancy and early childhood, as well as the

relationship between reasoning at 10 years and reasoning at 16

years. Our primary analyses included the following eight ordinary

least squares (OLS) regression models listed below, which tested

for relationships between fine and gross motor abilities during

infancy and early childhood and reasoning at 10 and 16 years

(adolescence), controlling for gender, income at 10 years, and

class during early childhood. Due to missing data for different var-

iables, each model included different sample sizes (shown below

each model). All models used robust standard errors. All models

were run first as OLS regressions and then as Poisson models to

account for the nonnormal, count nature of the dependent varia-

bles; results were virtually identical across specifications, so OLS

was used for final analysis.

YReason 10years ¼ b0 þ b1FM Infancyi þ b2Genderi

þ b3Income 10yearsi þ b4Class EarlyChildi

þ ei N ¼ 978ð Þ

YReason 16years ¼ b0 þ b1FM Infancyi þ b2Genderi

þ b3Income 10yearsi þ b4Class EarlyChildi

þ ei N ¼ 260ð Þ

YReason 10years ¼ b0 þ b1FM EarlyChildi þ b2Genderi

þ b3Income 10yearsi þ b4Class EarlyChildi

þ ei N ¼ 1; 233ð Þ

YReason 16years ¼ b0 þ b1FM EarlyChildi þ b2Genderi

þ b3Income 10yearsi þ b4Class EarlyChildi

þ ei N ¼ 323ð Þ

YReason 10years ¼ b0 þ b1GM Infancyi þ b2Genderi

þ b3Income 10yearsi þ b4Class EarlyChildi

þ ei N ¼ 962ð Þ

YReason 16years ¼ b0 þ b1GM Infancyi þ b2Genderi

þ b3Income 10yearsi þ b4Class EarlyChildi

þ ei N ¼ 249ð Þ

YReason 10years ¼ b0 þ b1GM EarlyChildi þ b2Genderi

þ b3Income 10yearsi þ b4Class EarlyChildi

þ ei N ¼ 784ð Þ

YReason 16years ¼ b0 þ b1GM EarlyChildi þ b2Genderi

þ b3Income 10yearsi þ b4Class EarlyChildi

þ ei N ¼ 219ð Þ

Additional regression and sensitivity analyses were run in

Stata. Mediation analyses were conducted with structural equa-

tion modeling in Stata, using bootstrapped confidence intervals

set to 95% confidence level with 500 Monte Carlo draws, and

indirect effects were estimated with ACME (Shrout & Bolger,

2002).
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Results

Correlations Among Primary Measures

Descriptive statistics for all variables can be found in Table 1. Cor-

relations between all primary measures can be found in Table 2.

Regression Results

Fine motor skills. during infancy significantly positively pre-

dicted reasoning ability at 10 years of age but did not significantly

predict reasoning ability at 16 years of age (see Table 3). Fine

motor skills during early childhood significantly positively pre-

dicted reasoning ability at both 10 years of age and 16 years of age

(see Table 4). A 1.0-standard-deviation increase in fine motor

skills during early childhood predicted about a .21-standard-devia-

tion increase in reasoning ability at both 10 years and 16 years of

age. No significant relationship emerged between gross motor

skills during infancy or early childhood and reasoning at either 10

or 16 years of age (Tables 5 and 6).

Based on our initial findings, we ran additional regression mod-

els to test whether gross or fine motor skills predicted unique var-

iance in reasoning ability at different ages. We ran all four of the

regression models of fine motor skills on reasoning including

gross motor skills at the appropriate time point:

YReason 10years ¼ b0 þ b1FM Infancyi þ b2GM Infancyi

þ b3Genderi þ b4Income 10yearsi

þ b5Class EarlyChildi þ ei ðN ¼ 809Þ

YReason 16years ¼ b0 þ b1FM Infancyi þ b2GM Infancyi

þ b3Genderi þ b4Income 10yearsi

þ b5Class EarlyChildi þ ei ðN ¼ 217Þ

YReason 10years ¼ b0 þ b1FM EarlyChildi þ b2GM EarlyChildi

þ b3Genderi þ b4Income 10yearsi

þ b5Class EarlyChildi þ ei ðN ¼ 778Þ

YReason 16years ¼ b0 þ b1FM EarlyChildi þ b2GM EarlyChildi

þ b3Genderi þ b4Income 10yearsi

þ b5Class EarlyChildi þ ei ðN ¼ 217Þ

Results indicate that gross motor skills did not predict reasoning

in any model and that fine motor skills at infancy marginally posi-

tively predicted reasoning ability at 10 years and remained non-

significant at 16 years of age (Tables 7 and 8). Fine motor skills

during early childhood, however, still significantly positively pre-

dicted reasoning at 10 years of age and 16 years of age, even when

controlling for gross motor abilities during early childhood (see

Table 8).

Table 2

Correlation Matrix for Primary Measures

Variable 1 2 3 4 5 6 7

1. FM_Infancy —

2. FM_EarlyChild .15*** —

3. GM_Infancy .09*** .08*** —

4. GM_EarlyChild .01 .10*** .08* —

5. Reasoning_10years .09*** .27*** .04 .04 —

6. Reasoning_16years .14** .24*** �.01 �.05 .42*** —

7. Reading_10years .11*** .27*** .06* .02 .59*** .38*** —

8. Math_10years .13*** .25*** .04 .03 .63*** .41*** .75***

Note. FM_Infancy = fine motor skills at 22 months of age; FM_EarlyChild = fine motor skills at 42 months of age; GM_Infancy = gross motor skills at 22 months
of age; GM_EarlyChild = fine motor skills at 42 months of age; Reasoning_10years = visuospatial reasoning performance on the BAS Matrices task at 10 years of
age; Reasoning_16years = visuospatial reasoning performance on the BAS Matrices task at 16 years of age; Reading_10years = reading performance on the standar-
dized Edinburgh Reading Test at 10 years of age; Math_10years = math performance on the Friendly Maths Test at 10 years of age.
*p, .05. **p, .01. ***p, .001.

Table 1

Descriptive Statistics for All Variables

Variable Range M SD

FM_Infancy 0�1 0.21 0.26
FM_EarlyChild 0�1 0.44 0.32
GM_Infancy 0�1 0.85 0.22
GM_EarlyChild 0�1 0.75 0.18
Reasoning_10years 0�100% 55.34% 18.96%
Reasoning_16years 0�100% 80.57% 15.14%
Reading_10years 0�100% 60.04% 18.91%
Math_10years 0�100% 61.04% 17.11%
Class_EarlyChild 1�6 3.61 1.20
Income_10years 1�6 3.01 1.27
Gender 46.4% female, 53.6% male

Note. FM_Infancy = fine motor skills at 22 months of age; FM_EarlyChild =
fine motor skills at 42 months of age; GM_Infancy = gross motor skills at 22
months of age; GM_EarlyChild = fine motor skills at 42 months of age;
Reasoning_10years = visuospatial reasoning performance on the BAS Matrices
task at 10 years of age; Reasoning_16years = visuospatial reasoning perform-
ance on the BAS Matrices task at 16 years of age; Reading_10years = reading
performance on the standardized Edinburgh Reading Test at 10 years of age;
Math_10years = math performance on the Friendly Maths Test at 10 years of
age; Class_EarlyChild = social class at 42 months of age; Income_10years =
gross weekly family income at 10 years of age. Gender: 0 = female, 1 = male.
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Developmental Specificity of Fine Motor to Reasoning

Cascade

Building on the previous analysis, we tested whether fine motor

skills during early childhood accounted for significant unique var-

iance in reasoning at ages 10 and 16, when controlling for fine

motor skills in infancy. Across both models, fine motor skills in

early childhood significantly predicted unique variance in visuo-

spatial reasoning at 10 and 16 years of age, even when controlling

for fine motor skills during infancy (Table S1).

Mediation Analyses

We further investigated whether the link between early motor

skills and adolescent deductive reasoning statistically mediated the

relationship between early fine motor skills and math and reading

performance, established in previous empirical studies (Cameron

et al., 2012; Dinehart & Manfra, 2013; Grissmer et al., 2010;

Pagani & Messier, 2012; Son & Meisels, 2006). We found that

fine motor skills in infancy and early childhood were significantly

positively associated with both reading and math at 10 years of

age (Tables S2 and S3). This established Path C (fine motor to

reading and math) in our mediation models (Figures 3 and 4), and

Path A (fine motor to reasoning) was established in the Regression

Results section (Tables 3 and 4). To establish Path B (reasoning to

reading and math), we examined whether reasoning at 10 years of

age was associated with math and reading at 10 years of age when

controlling for fine motor skills, gender, and income at 10 years

and class in early childhood. We found significant positive associ-

ations between reasoning and both math and reading in all models

(Tables S4 and S5).

Finally, we tested whether the association between fine motor

skills during infancy and visuospatial deductive reasoning at 10

years of age statistically mediated the association between fine

motor skills during infancy and reading and math at 10 years of

age. In addition, we tested whether the association between fine

motor skills during early childhood and visuospatial deductive rea-

soning at 10 years of age statistically mediated the association

between fine motor skills during early childhood and reading (see

Figure 3) and math (see Figure 4) at 10 years of age. All models

controlled for gender, income at 10 years, and class at 42 months.

Results showed that the links between fine motor skills during

infancy with both math and reading scores were significantly mediated

by adolescent reasoning (indirect effects of reasoning: Reading_10-

years: z = 1.99, p = .046; Math_10years: z = 2.3, p = .01). In addi-

tion, the links between fine motor skills during early childhood with

both math and reading scores were also significantly mediated by ado-

lescent reasoning (Reading_10years: z = 8.61, p , .001; see Figure

3; Math_10years: z = 8.35, p , .001; see Figure 4). All mediations

were partial in nature as the direct effect was still significant; however,

at least 50% of the total effect was accounted for by the link between

early fine motor skills and reasoning in all four models.

See the online supplemental materials for additional results.

These additional results include the following: interaction with

class, interaction with gender, strength of effects, sensitivity analy-

sis, and analyses verifying the continuous nature of the class and

income variables.

Discussion

The present study provides initial evidence for a developmental

cascade between fine motor skills in early childhood and visuospatial

Table 4

Results of Regression Models of Fine Motor Skills in Early Childhood on Reasoning at 10 and 16 Years of Age

Variable

Reasoning_10years Reasoning_16years

b rse p b rse p

FM_EarlyChild 0.206 0.016 ,.001 0.219 0.029 ,.001
Gender �0.011 0.011 .677 �0.055 0.016 .312
Income_10years 0.159 0.004 ,.001 1.04 0.007 .072
Class_EarlyChild �0.147 0.004 ,.001 �0.045 0.007 .478

Note. FM_EarlyChild = fine motor skills at 42 months of age; Income_10years = gross weekly family income at 10 years of age;; Class_EarlyChild = social class
at 42 months of age; Reasoning_10years = visuospatial reasoning performance on the BAS Matrices task at 10 years of age; Reasoning_16years = visuospatial rea-
soning performance on the BAS Matrices task at 16 years of age; rse = residual standard error. Gender: 0 = female, 1 = male.

Table 3

Results of Regression Models of Fine Motor Skills in Infancy on Reasoning at 10 and 16 Years of Age

Variable

Reasoning_10years Reasoning_16years

b rse p b rse p

FM_Infancy 0.064 0.024 .046 0.087 0.034 .154
Gender �0.039 0.012 .205 �0.093 0.017 .131
Income_10years 0.134 0.005 ,.001 0.151 0.007 .016
Class_EarlyChild �0.165 0.005 ,.001 �0.056 0.008 .421

Note. FM_Infancy = fine motor skills at 22 months of age; Income_10years = gross weekly family income at 10 years of age; Class_EarlyChild = social class at
42 months of age; Reasoning_10years = visuospatial reasoning performance on the BAS Matrices task at 10 years of age; Reasoning_16years = visuospatial reason-
ing performance on the BAS Matrices task at 16 years of age; rse = residual standard error. Gender: 0 = female, 1 = male.
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deductive reasoning in late childhood and adolescence. Specifically,

we found that fine motor skills during early childhood significantly

positively predicted reasoning in adolescence (at both 10 and 16

years of age), even when controlling for gender and income and for

gross motor skills. In addition, fine motor skills during infancy signif-

icantly positively predicted reasoning at 10 years of age but not 16

years of age. Building on prior work demonstrating the link between

early motor skills and enhanced cognitive abilities in adolescence

(Cameron et al., 2012; Dinehart & Manfra, 2013; Grissmer et al.,

2010; Pagani & Messier, 2012; Son & Meisels, 2006), the current

results demonstrate that early fine motor skills are also related to a

distant domain of cognition during adolescence: visuospatial deduc-

tive reasoning. Critically, we found that fine motor skills during early

childhood showed stronger and longer-lasting effects on reasoning

than fine motor skills during infancy. In fact, fine motor skills during

early childhood predicted unique variance in reasoning at ages 10

and 16 even when controlling for fine motor skills during infancy.

This suggests that fine motor skills by early childhood are more im-

portant in predicting reasoning than skills by infancy, likely indicat-

ing that the period between infancy and early childhood is a crucial

time for fine motor development with respect to future reasoning

ability.

Furthermore, our findings are consistent with mental model

theory, which proposes that deductive reasoning is supported by

spatial cognition (Johnson-Laird, 1980, 2004, 2010). Spatial cog-

nition causally depends on the use and development of motor

skills (Ozel et al., 2004; Voyer & Jansen, 2017; Wexler et al.,

1998; Wohlschläger & Wohlschläger, 1998), and all three of these

processes (reasoning, spatial cognition, and motor skills) share

common neural substrates in the premotor cortex, parietal cortex,

and cerebellum (Cona & Scarpazza, 2019; Eslinger et al., 2009;

Goel et al., 1998; Guell et al., 2018; Prabhakaran et al., 1997; Riz-

zolatti & Luppino, 2001; Rowe et al., 2002; Wertheim & Ragni,

2018; Wise et al., 1997). Based on this evidence, we had hypothe-

sized that early fine motor skills might support the development of

reasoning in adolescence as the development of these skills might

facilitate more fine-tuned spatial mapping during mental model

construction in reasoning, which would allow for improved per-

formance. The present results directly support that hypothesis and

provide further support for mental model theory by providing a de-

velopmental framework for the connection between early fine

motor skills and adolescent reasoning.

Critically, these findings provide new evidence that the link

between early fine motor skills and visuospatial deductive rea-

soning in adolescence statistically mediates the previously estab-

lished connection between early fine motor skills and both

reading and math ability—accounting for over 50% of the effect.

The previously established connection between early fine motor

skills and later academic achievement in reading and math

(Cameron et al., 2012; Dinehart & Manfra, 2013; Grissmer et al.,

2010; Pagani & Messier, 2012; Son & Meisels, 2006) has been

theorized to be bridged by visuospatial processing as develop-

ment of fine motor skills could facilitate the acquisition of spa-

tially based representation competencies (i.e., mental modeling

ability) in math and reading (Cameron et al., 2016; Grissmer et

al., 2010; Son & Meisels, 2006). Specifically, improved mental

modeling ability in the context of math and reading could lead to

better conceptual understanding and automaticity of word/num-

ber to visual mapping (Bower & Morrow, 1990; Cameron et al.,

2016; Chinnappan, 1998; Glenberg et al., 1987; Gogus, 2013;

Greca & Moreira, 2000; Grissmer et al., 2010; Halford, 2014;

McNamara et al., 1991; Son & Meisels, 2006). The present study

Table 6

Results of Regression Models of Gross Motor Skills in Early Childhood on Reasoning at 10 and 16 Years of Age

Variable

Reasoning_10years Reasoning_16years

b rse p b rse p

GM_EarlyChild 0.036 0.036 .307 �0.068 0.043 .231
Gender �0.049 0.012 .144 0.002 0.019 .981
Income_10years 0.171 0.006 ,.001 0.043 0.008 .550
Class_EarlyChild �0.157 0.005 ,.001 �0.122 0.009 .162

Note. GM_EarlyChild = fine motor skills at 42 months of age; Income_10years = gross weekly family income at 10 years of age; Class_EarlyChild = social class
at 42 months of age; Reasoning_10years = visuospatial reasoning performance on the BAS Matrices task at 10 years of age; Reasoning_16years = visuospatial rea-
soning performance on the BAS Matrices task at 16 years of age; rse = residual standard error. Gender: 0 = female, 1 = male.

Table 5

Results of Regression Models of Gross Motor Skills in Infancy on Reasoning at 10 and 16 Years of Age

Variable

Reasoning_10years Reasoning_16years

b rse p b rse p

GM_Infancy 0.052 0.029 .114 0.048 0.049 .503
Gender �0.08 0.012 .010 �0.056 0.018 .374
Income_10years 0.147 0.005 ,.001 0.116 0.008 .087
Class_EarlyChild �0.158 0.005 ,.001 �0.044 0.008 .528

Note. GM_Infancy = gross motor skills at 22 months of age; Income_10years = gross weekly family income at 10 years of age; Class_EarlyChild = social class at
42 months of age; Reasoning_10years = visuospatial reasoning performance on the BAS Matrices task at 10 years of age; Reasoning_16years = visuospatial reason-
ing performance on the BAS Matrices task at 16 years of age; rse = residual standard error. Gender: 0 = female, 1 = male.
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is the first to directly test this hypothesis and the theoretical

model in Figure 1. We found initial evidence that visuospatial

deductive reasoning (i.e., mental modeling ability) could be a

potential mechanism for the motor-cognitive developmental cas-

cade between early fine motor skills and reading and math during

adolescence. It is important to note, however, that no causal con-

clusions can be made based on the results of our mediation anal-

ysis. These results demonstrate the need for researchers to

measure reasoning ability (in both visuospatial and verbal

domains) in future longitudinal studies of child development as

this will allow for further examination of the development of this

understudied ability and how the development of reasoning may

support other developmental cascades.

An important limitation of this study is that we did not have

measures of spatial cognition. It is conceivable that spatial cogni-

tion in middle childhood mediates early childhood fine motor

skills and visuospatial deductive reasoning, but it is also possible

that fine motor skills transfer directly to reasoning. Another limi-

tation is that we lacked a measure of verbal deductive reasoning

during adolescence—a developmental connection between fine

motor skills and verbal deductive reasoning would demonstrate

even further transfer between skills (i.e., fine motor skills in trac-

ing shapes predict not only reasoning about visuospatial shapes

but also reasoning about completely verbal, nonspatial stimuli).

In addition, much of mental model literature is based upon verbal

deductive reasoning (Johnson-Laird, 1980, 2004, 2010). Last,

the BCS did not include any neural measurement to determine

which brain resources might subserve the developmental connec-

tion between fine motor skills and reasoning. Future research

should add measures of spatial cognition, verbal deductive rea-

soning, and neuroimaging to test connections between fine motor

skills and reasoning.

Notably, we did not find evidence that gross motor skills pre-

dicted reasoning during adolescence, despite hypothesizing that

the differentiation between allocentric and egocentric spatial

processing facilitated by gross motor development might support

spatialization of abstract concepts in reasoning. One possible ex-

planation is that the gross motor skills task included in the cur-

rent data set (collected in the 1970s) was not as sensitive as

modern measures of gross motor skills. Namely, all of the items

were scored on a 1/0 basis for correct or incorrect, whereas mod-

ern tasks facilitate continuous measurement of different levels of

performance (i.e., 0 to 5). This limitation also applies to the fine

motor task, administered via pencil and paper in the current

study—this measure could be made more sensitive using modern

methods, such as the tracing tasks administered via touch screen tab-

lets (Flatters et al., 2014; Giles et al., 2018). Alternatively, it is possi-

ble that fine motor skills share a unique connection to visuospatial

deductive reasoning that gross motor skills do not. Last, it is possible

that the developmental relationships observed in the present study

and data set could be cohort specific to children growing up in the

1970s. It is conceivable that modern technological advances and

changes in children’s average physical activity could change the de-

velopmental trajectory between early motor skills and adolescent rea-

soning ability, perhaps advancing or delaying the connection or

Table 7

Results of Regression Models of Fine and Gross Motor Skills in Infancy on Reasoning at 10 and 16 Years of Age

Variable

Reasoning_10years Reasoning_16years

b rse p b rse p

FM_Infancy 0.069 0.026 .054 0.052 0.037 .449
GM_Infancy 0.012 0.031 .734 0.061 0.048 .378
Gender �0.061 0.013 .074 �0.067 0.019 .326
Income_10years 0.131 0.006 ,.001 0.161 0.008 .020
Class_EarlyChild �0.161 0.005 ,.001 �0.049 0.009 .509

Note. FM_Infancy = fine motor skills at 22 months of age; GM_Infancy = gross motor skills at 22 months of age; Income_10years = gross weekly family income
at 10 years of age; Class_EarlyChild = social class at 42 months of age; Reasoning_10years = visuospatial reasoning performance on the BAS Matrices task at 10
years of age; Reasoning_16years = visuospatial reasoning performance on the BASMatrices task at 16 years of age; rse = residual standard error. Gender: 0 = female,
1 = male.

Table 8

Results of Regression Models of Fine and Gross Motor Skills in Early Childhood on Reasoning at 10 and 16 Years of Age

Variable

Reasoning_10years Reasoning_16years

b rse p b rse p

FM_EarlyChild 0.253 0.019 ,.001 0.203 0.037 .010
GM_EarlyChild 0.019 0.035 .575 �0.052 0.044 .365
Gender �0.025 0.012 .446 0.002 0.019 .979
Income_10years 0.163 0.005 ,.001 0.05 0.008 .457
Class_EarlyChild �0.139 0.005 ,.001 �0.096 0.011 .281

Note. FM_EarlyChild = fine motor skills at 42 months of age; GM_EarlyChild = fine motor skills at 42 months of age; Income_10years = gross weekly family
income at 10 years of age; Class_EarlyChild = social class at 42 months of age; Reasoning_10years = visuospatial reasoning performance on the BAS Matrices task
at 10 years of age; Reasoning_16years = visuospatial reasoning performance on the BAS Matrices task at 16 years of age; rse = residual standard error. Gender: 0 =
female, 1 = male.
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eliminating it entirely. Future research should examine whether the

results of the present study can be replicated in later cohorts.

Despite these limitations and outstanding questions, the pres-

ent findings have broader implications for the field of early

motor intervention. Motor development is closely monitored

and intervened upon during infancy and early adulthood

(Mahoney et al., 2004). Although these intervention programs

are typically motivated by their ability to improve children’s

long-term motor outcomes, the present findings demonstrate

that these early intervention programs may also yield benefits

in adolescent visuospatial deductive reasoning. Furthermore,

the present findings indicate a potential mechanism (i.e., mental

Figure 4

Visuospatial Deductive Reasoning Mediates the Link Between Early Childhood Fine Motor Skills

and Math at 10 Years of Age

Note. The images shown below (besides the author-created reproduction of the BAS Matrices stimuli shown in the

upper portion of the figure) were obtained from the public domain and can be accessed at publicdomainvectors.org.

The full set of actual stimuli from the BAS Matrices task can be accessed on the U.K. Data Service (http://doc

.ukdataservice.ac.uk/doc/8288/mrdoc/pdf/bcs70_1986_reading_and_matrices_tests_data_note.pdf).

*** p , .001.

Figure 3

Visuospatial Deductive Reasoning Mediates the Link Between Early Childhood Fine Motor Skills

and Reading at 10 Years of Age

Note. The images shown below (besides the author-created reproduction of the BAS Matrices stimuli shown in the

upper portion of the figure) were obtained from the public domain and can be accessed at publicdomainvectors.org.

The full set of actual stimuli from the BAS Matrices task can be accessed on the U.K. Data Service (http://doc

.ukdataservice.ac.uk/doc/8288/mrdoc/pdf/bcs70_1986_reading_and_matrices_tests_data_note.pdf).

*** p , .001.
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modeling ability) that would explain why early motor interven-

tion programs have been linked to improvements in math and

reading outcomes. Overall, the present study and its findings

highlight the importance of early motor intervention programs

and contextualize the impact of those interventions on later

cognitive and academic skills.
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