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Abstract

Global motion perception is often used as an index of dorsal visual stream function in 

neurodevelopmental studies. However, the relationship between global motion perception and 

visuomotor control, a primary function of the dorsal stream, is unclear. We measured global 

motion perception (motion coherence threshold; MCT) and performance on standardized measures 

of motor function in 606 4.5-year-old children born at risk of abnormal neurodevelopment. Visual 

acuity, stereoacuity and verbal IQ were also assessed. After adjustment for verbal IQ or both visual 

acuity and stereoacuity, MCT was modestly, but significantly, associated with all components of 

motor function with the exception of gross motor scores. In a separate analysis, stereoacuity, but 

not visual acuity, was significantly associated with both gross and fine motor scores. These results 

indicate that the development of motion perception and stereoacuity are associated with motor 

function in pre-school children.
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1. Introduction

A primary role of human vision is the guidance of motor functions such as reaching, 

grasping and locomotion. In fact, a dominant theory of visual processing posits two parallel 

streams; one specialized for object recognition (the ventral stream) and one for visuomotor 

control or “vision for action” (the dorsal stream) (Goodale & Milner, 1992). The ventral 

stream receives predominantly parvocellular input from the lateral geniculate nucleus and 

projects to the inferior temporal lobe via V1 and ventral extrastriate areas such as V4 

(Livingstone & Hubel, 1988; Van Essen & Gallant, 1994). Conversely, the dorsal stream 

receives magnocellular input and projects from V1 to regions of the posterior parietal lobe 

involved in visuomotor control. The dorsal stream involves motion-sensitive extrastriate 

areas such as V3a, and V5 (Braddick et al., 2001; Goodale & Milner, 1992).

The dorsal stream is of interest from a child development perspective because it may be 

particularly susceptible to the effects of abnormal neurodevelopment (the dorsal stream 

vulnerability hypothesis) (Braddick, Atkinson, & Wattam-Bell, 2003; Grinter, Maybery, & 

Badcock, 2010; Spencer et al., 2000). Furthermore, visuomotor control is a key domain of 

preschool development that is related to later performance in areas such as learning, writing 

and mathematics (Becker, Miao, Duncan, & Mcclelland, 2014; Kurdek & Sinclair, 2001).

Visual areas that are typically included in definitions of the dorsal stream (V1, V3A and V5, 

also known as the middle temporal area or MT) form a motion processing hierarchy within 

the visual cortex (Movshon & Newsome, 1996). This involves the representation of local 

motion signals in V1 and the integration of these signals in V3A and V5 to enable 

perception of coherent or global motion.

Global motion perception is typically measured using random dot kinematograms (RDKs), 

which consist of two populations of moving dots; signal dots that move in a common 

coherent direction and noise dots that move randomly. The observer’s task is to detect the 

direction of the coherent signal dots and the relative proportion of signal to noise in the 

stimulus can be varied to estimate a motion coherence threshold (the percentage of signal 

dots required for a particular level of task performance) (Newsome & Pare, 1988). It is well 

established that V5, a component of the dorsal stream, plays a central role in detecting 

coherent motion in RDKs (Cai, Chen, Zhou, Thompson, & Fang, 2014; Chen, Cai, Zhou, 

Thompson, & Fang, 2016; Newsome & Pare, 1988; Rudolph & Pasternak, 1999). However, 

the extent to which performance on a global motion task reflects the function of higher-level 

dorsal stream areas such as the posterior parietal cortex is unclear.

Visuomotor control refers to the visual guidance of motor actions, a function that is 

supported by the posterior parietal lobe (Cavina-Pratesi et al., 2010; Tunik, Frey, & Grafton, 

2005). Examples of visually guided actions include reaching, grasping and object 

manipulation. The accuracy and kinematics of visually guided actions can be assessed with a 

high degree of accuracy using infrared motion tracking systems (Grant, Melmoth, Morgan, 

& Finlay, 2007; Melmoth, Finlay, Morgan, & Grant, 2009). Alternatively, there are several 

well-validated standardized clinical test batteries of motor function that include visuomotor 

tasks. One example is the Beery-Buktenica Developmental Test of Visual–Motor Integration 
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(Beery VMI) (Beery & Beery, 2010). The visuomotor control aspect of this test (referred to 

as the visual motor integration component) involves copying visually presented stimuli using 

a pencil and paper. Other examples are the Movement Assessment Battery for Children (M-

ABC) (Schoemaker, Niemeijer, Flapper, & Smits-Engelsman, 2012; Smits-Engelsman, 

Fiers, Henderson, & Henderson, 2008) and the Peabody Developmental Motor Scales – 2 

(PDMS-2) (Rasa, Rashedi, Hosseini, & Sazmand, 2011; Tavasoli, Azimi, & Montazari, 

2014). The assessment of fine motor skills within these test batteries involves activities such 

as bead threading, coin posting and using building blocks. Gross motor function assessment 

includes ball catching along with predominately motor tasks such as balancing and jumping.

The primary aim of this study was to examine the relationship between global motion 

perception and standardized measures of motor function in preschool children. An 

association between global motion perception and motor function would indicate a link 

between the development of abilities supported by V5 and the posterior parietal lobe 

respectively, in accordance with the concept of a dorsal processing stream. Such an 

association would also support the current practice of using global motion perception as an 

index of general dorsal stream function (Atkinson et al., 1997; Chakraborty, Anstice, Jacobs, 

LaGasse, et al., 2015; Guzzetta et al., 2009; MacKay et al., 2005; Manning, Charman, & 

Pellicano, 2013; Palomares & Shannon, 2013).

Several studies have reported concurrent global motion and motor function deficits in 

children with abnormal neurodevelopment, for example due to William’s syndrome 

(Atkinson et al., 1997) or Dravet syndrome (Ricci et al., 2014). In these studies, motor 

function was assessed using a card posting task (Atkinson et al., 1997) or the Beery VMI 

(Ricci et al., 2014). These findings are consistent with an association between global motion 

perception and visuomotor control. In some cases, the same children exhibited normal 

performance on tests of global form perception that were designed to target the ventral 

processing stream (Atkinson et al., 1997). This suggests the presence of a specific dorsal 

stream impairment in certain neurodevelopmental disorders (Braddick et al., 2003; Grinter et 

al., 2010).

More recently, the relationship between global motion perception and visuomotor control 

has been investigated in a group of normally developing children (Braddick et al., 2016). 

Braddick et al. measured global motion perception, global form perception and performance 

on the visual-motor integration component of the Beery VMI in 154 children aged 5–12 

years. Greater sensitivity to global motion perception was modestly but significantly 

associated with better visuomotor control (R2 = 0.06). No such relationship was found for 

global form perception. Furthermore, an association between greater sensitivity to global 

motion and a greater proportion of cortical area devoted to the posterior parietal lobe was 

evident from structural MRI data. Global motion perception was also associated with 

measures of mathematical ability that involve the posterior parietal lobe. These results 

support the idea that global motion perception provides at least a partial index of overall 

dorsal stream function.

In this study, we assessed the relationship between global motion perception and 

performance across a range of well validated, standardized tests of motor function (see 
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section 2.4, neurodevelopmental assessment). The study involved a large group of pre-school 

children born with neurodevelopmental risk factors and assessed in a consistent fashion at a 

consistent age, and with a wide range of motor function outcomes. The children were 

recruited from two large-scale multidisciplinary studies; Children with Hypoglycemia and 

their Later Development (CHYLD) and Infant Development Environment and Lifestyle 

(IDEAL). The studies were designed to investigate the impact of neonatal hypoglycemia 

(CHYLD) and prenatal drug exposure (IDEAL) on child development. Both study protocols 

involved a comprehensive assessment of neurodevelopment at 4.5 years of age, including 

visual-motor integration and fine and gross motor function.

We expected that motor function would vary considerably within this group of children 

because both neonatal hypoglycemia (Lucas, Morley, & Cole, 1988) and prenatal drug 

exposure (Wouldes et al., 2014) affect motor development. Specifically, moderate levels of 

neonatal hypoglycaemia (glucose concentration < 2.6 mm/l) have been associated with 

lower gross motor scores on the Bayley motor scale at 18 months of age (Lucas et al., 1988). 

In addition, 1 to 3-year-old children with prenatal exposure to methamphetamine had lower 

scores on the Peabody Developmental Motor scale than closely matched children without 

methamphetamine exposure (Wouldes et al., 2014). We reasoned that this variability would 

allow for the detection of any association between global motion perception and visuomotor 

control that may exist. Additional benefits of studying this group included the ability to 

control for the effect of age (all children were assessed at 4.5 years) and the fact that the 

children had not yet started school, which may substantially influence development (Camilli, 

Vargas, Ryan, & Barnett, 2010). Furthermore, verbal IQ (V-IQ) scores from the Wechsler 

Preschool and Primary Scale of Intelligence (WPPSI)-III (Welscher, 2002) were available 

and could be used to control for the potentially confounding effect of cognitive development 

on performance of the global motion task (Jakobson, Frisk, & Downie, 2006; Manning et al., 

2013). The V-IQ score was chosen as it does not involve any measures of visual processing 

(Jarrold, Baddeley, & Hewes, 1998).

The secondary aim of this study was to investigate the relationships between clinical 

measures of visual function (stereopsis and visual acuity) and visuomotor control in the 

same group of children. Disorders of binocular vision such as amblyopia and strabismus 

disrupt normal development of visually guided reaching and grasping (Grant, Suttle, 

Melmoth, Conway, & Sloper, 2014; Simon Grant & Conway, 2014; Simon Grant, Melmoth, 

Morgan, & Finlay, 2007; Simon Grant & Moseley, 2011b; Mazyn, Lenoir, Montagne, 

Delaey, & Savelsbergh, 2007; Melmoth, Finlay, Morgan, & Grant, 2009; O’Connor, Birch, 

Anderson, & Draper, 2010b; Suttle, Melmoth, Finlay, Sloper, & Grant, 2011) and impair 

performance on standardized tests of fine motor function (Caputo et al., 2007; Drover, 

Stager, Morale, Leffler, & Birch, 2008; Hrisos, Clarke, Kelly, Henderson, & Wright, 2006; 

Rogers, Chazan, Fellows, & Tsou, 1982; Webber, Wood, Gole, & Brown, 2008, Webber, 

Wood, & Thompson, 2016). However, the relationship between stereoacuity and fine motor 

function in normally developing children may be limited to specific tasks. In particular, 

within a group of visually normal 5 to 13-year-old children, binocular viewing enabled 

better fine motor performance than monocular viewing on a bead-threading task, but not a 

peg-board task, despite the fact that both tasks require accurate visuomotor control (Alramis, 

Roy, Christian, & Niechwiej-Szwedo, 2016).
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Visual acuity has also been associated with visuomotor control, although the nature of the 

relationship varies across studies and patient populations. In children with a history of 

unilateral cataract, better distance visual acuity in the stronger eye, but not interocular acuity 

difference, was associated with better visuomotor control (Celano, Hartmann, DuBois, & 

Drews-Botsch, 2015). Conversely, better distance visual acuity in the poorer seeing eye and 

interocular acuity difference were both associated with visuomotor control in a study of 

children and adults with varied levels of visual function (O’Connor & Birch, 2010; 

O’Connor, Birch, Anderson, & Draper, 2010a). In addition, visuomotor control was weakly 

(R2 = 0.01) associated with better eye near visual acuity, and unrelated to stereoacuity, in a 

group of 174 developmentally normal pre-school age children (Ho, Tang, Fu, Leung, & 

Pang, 2015). However, a strong association between age and visuomotor control (R2 = 0.34) 

may have masked relationships involving visual acuity and stereopsis in this latter study.

In summary, the primary aim of this study was to test the hypothesis that global motion 

perception is associated with visuomotor control in preschool children because both abilities 

involve a common neural substrate (the dorsal visual processing stream). The secondary aim 

was to investigate whether motor function was associated with stereopsis and/or visual 

acuity.

2. Materials and methods

2.1. Participants

Six hundred and six participants were recruited from two large-scale multidisciplinary 

studies; the Children with Hypoglycemia and their Later Development (CHYLD) study and 

the Infant Development Environment and Lifestyle (IDEAL) study. Both study protocols 

involved a comprehensive assessment of neurodevelopment at 4.5 years of age, including 

visual-motor integration and fine and gross motor function. The Northern Y Regional Health 

and Disability Ethics Committee approved the study protocols of the CHYLD study, 

whereas the Auckland and the Waitemata District Health Boards and their Māori ethics 

committees approved the IDEAL study. All caregivers gave informed consent and the study 

conformed to the principles of the Declaration of Helsinki.

The CHYLD study was designed to assess the longitudinal outcomes of children who were 

born with one or more of the following risk factors for neonatal hypoglycemia; child of a 

diabetic mother, small (< 2.5 Kg or < 10th centile) or large (> 4.5 Kg or > 90th centile) at 

birth or late preterm birth (≥ 32 weeks’ gestation) (McKinlay et al., 2015). The IDEAL 

study investigated the effect of prenatal methamphetamine exposure on subsequent 

neurodevelopment. It included a group of children who had experienced prenatal 

methamphetamine exposure and a non-methamphetamine exposed control group matched 

for socio-economic status, parental education, birth weight and gestational age (Wouldes et 

al., 2013). The majority of children (140 out of 165) recruited from the IDEAL cohort had 

been prenatally exposed to one or more drugs, such as marijuana, nicotine and alcohol. The 

25 non-exposed children were still at risk due to low socio-economic status.
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2.2. Global Motion Perception

The protocol used to assess global motion perception has been described elsewhere 

(Chakraborty, Anstice, Jacobs, LaGasse, et al., 2015; Chakraborty, Anstice, Jacobs, Paudel, 

et al., 2015). Global motion perception was assessed using RDKs, which consisted of 100 

circular dots (dot diameter 0.24°, dot density 1.27 dot/deg2) presented within a circular 

aperture (10° diameter) at a viewing distance of 60 cm (Chakraborty, Anstice, Jacobs, 

Paudel, et al., 2015). Dot speed was 6°/second (dots were displaced 0.1° every 17 ms) and 

the presentation time was 1 second. Similar dot speeds have been used in previous studies of 

global motion perception in children (Gunn et al., 2002; Manning, Dakin, Tibber, & 

Pellicano, 2014), as higher dot speeds may not be as sensitive to individual differences in 

global motion perception (Lewis & Maurer, 2005; Narasimhan & Giaschi, 2012; Meier, 

Sum, & Giaschi, 2016), while dot speeds lower than 2 deg/sec may fall below the optimal 

processing speed for MT/V5 neurons (Maunsell & Van Essen, 1983). Dots had a limited 

lifetime, whereby each dot had a 5% chance of disappearing on each frame and being 

redrawn in a random location. Bright dots (137 cd/m2) were presented on a grey background 

(45 cd/m2) and dot contrast was 0.51 defined using the Michelson equation: (Ldots − 

Lbackground)/(Ldots + Lbackground). Signal dots moved coherently upwards or downwards and 

noise dots moved in random directions. Stimuli were presented on a 15″ Dell cathode ray 

tube monitor (model: E771p) with a 120 Hz refresh rate and 1024×768 resolution. Stimuli 

used for motion coherence threshold measurement were generated using MATLAB 2013a 

and psychtoolbox-3 (Pelli, 1997).

Prior to threshold measurement, children were trained to be familiar with the stimuli and 

task. In the training session, 100% coherent signal dots were presented until the children 

gave 4 successive correct responses, following which the experimenter manually varied the 

coherence level (in 5% steps) at least 3 times to make the child familiar with the testing 

protocol. The training program was terminated and the testing halted if a child could not 

give 4 successive correct responses within 25 trials at 100% coherence.

In the test session, a 2-down-1-up adaptive staircase varied the coherence of the RDK to 

measure a motion coherence threshold. The staircase began at 100% coherence and had a 

proportional step size of 50% until the first reversal and 25% thereafter. The staircase was 

terminated after 5 reversals and the threshold was calculated by averaging the last 4 

reversals. Data from only those children who passed the training session were included in 

the final analysis. Children (n = 18) who passed the training session but were unable to 

complete the staircase procedure (due to fatigue or loss of attention) were assigned a motion 

coherence threshold of 100%.

2.3. Visual Acuity and Stereoacuity

Vision screening was conducted to rule out significant ocular pathology. Both monocular 

and binocular visual acuities were measured, with habitual refractive correction in place if 

worn, using the crowded linear Lea symbol test in the CHYLD cohort and crowded Keeler 

logMAR test in the IDEAL cohort. Subsequent references to visual acuity should be 

interpreted as habitual monocular visual acuity of the better eye. Stereoacuity was measured 

using the graded circles portion of the stereo fly test at a distance of 40 cm. This test uses 
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polarized plates to present contour stereopsis cues at varying levels of disparity. Children 

who had no measureable stereoacuity were assigned a score of 3000 seconds of arc 

(corresponding to the largest disparity presented in the test), to indicate that they had poor 

depth perception. Further details of the vision screening protocol can be found elsewhere 

(Chakraborty, Anstice, Jacobs, Paudel, et al., 2015).

2.4. Neurodevelopmental Assessment

Trained developmental assessors under the supervision of an experienced developmental 

psychologist performed all neurodevelopmental tests. Assessors were blinded to the child’s 

medical history and/or prenatal drug exposure.

Motor function—Children completed the Beery VMI, a reliable and well-validated paper 

and pencil based test that involves copying geometric shapes of varying complexity by hand 

(Beery & Beery, 2010). In addition to the main visual motor integration component of the 

Beery VMI, there are two standardized sub-tests that are designed to isolate visual 

perception (VP) and motor coordination (MC). The VP test involves shape matching and the 

MC test involves tracing geometric shapes.

Motor function was also assessed using the Movement Assessment Battery for Children (M-

ABC 2) in the CHYLD study and the Peabody Developmental Motor Scales (PDMS-2) in 

the IDEAL study.

The M-ABC is a well validated (Schoemaker et al., 2012; Smits-Engelsman et al., 2008) 

assessment battery designed to evaluate fine and gross motor function in children. The M-

ABC includes a performance test and a teachers’ observational checklist. Only the 

performance test was used in the CHYLD study. This has three subcomponents; 1) manual 

dexterity (MD), 2) aiming and catching (A&C) and, 3) balance.

The PDMS-2 is also well validated (Rasa et al., 2011; Tavasoli et al., 2014) and has six 

subscales targeting gross motor (GM) and fine motor (FM) function; 1) reflex (only used 

with infants ≤ 12 months of age), 2) stationary balance, 3) locomotion, 4) object 

manipulation, 5) grasping, and, 6) visual-motor integration. Scores for each of the tests are 

summed to give GM, FM and total motor (TM) scores.

Verbal IQ—The Wechsler Preschool and Primary Scale of Intelligence (WPPSI)-III was 

administered following published guidelines (Welscher, 2002). The verbal IQ composite 

score generated by the WPPSI-III includes tests of acquired knowledge, verbal reasoning 

and attention to verbal stimuli.

2.5. Statistical Analyses

Data from the M-ABC and the PDMS-2 tests of motor development were combined as 

reported previously (Waelvelde, Peersman, & Leuven, 2007) using the following approach. 

Gross motor function: GM percentile rank from the PDMS-2 or the mean of the A&C and 

balance percentile ranks from the M-ABC. Fine motor function: FM percentile rank from 

the PDMS-2 or the MD percentile rank from the M-ABC. Total motor function: The TM 

percentile rank from the M-ABC or the PDMS-2.
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Linear regression (SPSS v22, IBM Corp, Armonk, NY, USA) was used to assess the 

association between motion coherence thresholds and each of the measures provided by the 

standardized motor function tests (visual motor integration, motor coordination, gross motor, 

fine motor and total motor) separately. Analyses were repeated excluding those participants 

who could not complete the motion coherence threshold staricase; however, the outcomes 

remained unchanged. Additional regression models were constructed to adjust for 1) visual 

acuity and stereoacuity and 2) verbal IQ. Motor variables and MCT were converted to z-

scores, while stereoacuity (≤100 secs of arc = 0, >100 to 800 secs of arc = 1, >800 secs of 

arc = 2) and visual acuity (≤ 0.3 logMAR = 1, > 0.3 logMAR = 2) were categorically coded, 

because the skewness (stereoacuity = 3.19, visual acuity = 1.61) and kurtosis (stereoacuity = 

8.35, visual acuity = 5.06) of those distributions exceeded the recommended limits for 

parametric tests (Tabachnick & Fidell, 2012). Verbal IQ was coded as a binary variable to 

identify children who did and did not have cognitive impairment. Children were classified as 

having below normal verbal IQ (coded as 1) if their composite score was below 85 

(corresponding to the 15th percentile in the normative dataset used to standardize the test). 

All other children were classified as having normal verbal IQ (coded as 0).

Separate post hoc exploratory regression analyses were conducted to assess the effect of 

preterm birth (binary variable; 1 = term, 2 = preterm) and prenatal drug exposure (binary 

variable; 1 = unexposed, 2 = exposed) on the relationship between motion coherence 

threshold and each motor function.

3. Results

Motor and vision data were collected from 606 participants (CHYLD, n = 441; IDEAL, n = 

165). There were 37 children (CHYLD: 24, IDEAL: 13) with more than 0.1 logMAR 

interocular difference in habitual visual acuity of whom 14 children (CHYLD: 12, IDEAL: 

2) had a diagnosis of amblyopia. Eight children (CHYLD: 6, IDEAL: 2) had strabismus. 

Overall task compliance for tests of visual function was between 97% (motion coherence 

threshold) and 99% (visual acuity). Compliance for motor testing was between 97% (gross 

motor function) and 99% (visual-motor integration). In addition, 99% of children completed 

the verbal IQ test. The baseline demographics, motor and vision scores of the 606 children 

are described in Table 1 and Table 2, respectively. The distributions of each variable are 

shown in Figure 1 (vision) and Figure 2 (motor). The CHYLD and IDEAL cohorts differed 

in the prevalence of neonatal risk factors for neonatal hypoglycaemia (100% CHYLD, 4.2% 

IDEAL) and prenatal drug exposure (29% CHYLD, 85% IDEAL) because of the individual 

study designs.

MCT was modestly, but significantly associated with visual motor integration, motor 

coordination, gross motor and total motor scores (Table 3). A decrease (improvement) of 1 

standard deviation (SD) in MCT was associated with a 0.13 to 0.19 SD increase 

(improvement) in each of these motor functions. MCT remained significantly associated 

with each of these motor functions when the regression model was adjusted to include both 

visual acuity and stereoacuity or verbal IQ. MCT was not significantly associated with fine 

motor score but was significantly associated with the Beery visual perception score in all 

models. Moreover, the associations between motion coherence thresholds and the various 
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components of motor function were similar for children who had verbal IQ <15th percentile 

(n = 170, R2 ranged from 0.015 to 0.04) and ≥15th percentile (n = 430, R2 ranged from 0.02 

to 0.04).

The regression model including only MCT as an independent variable explained 2–4% of 

the variation in motor function (Table 3). The model also including visual acuity and 

stereoacuity as independent variables explained 2–5% of the variation in motor function and 

the model including verbal IQ explained 5–8%. Therefore, as expected, models including a 

measure of cognitive function explained a greater proportion of the variance in motor 

function than models including measures of visual function alone. In addition, children with 

poor verbal IQ (below 15th percentile) had significantly poorer global motion perception, 

visual acuity, stereoacuity, and motor function (all p < 0.005 and t > −2.95) than those with 

good verbal IQ (above 15th percentile).

The regression models involving MCT that adjusted for visual acuity and stereoacuity 

revealed that both of these visual functions were independently and significantly associated 

with a sub-set of motor functions. To further investigate these associations, two separate 

regression analyses were conducted that included either stereoacuity or visual acuity as the 

independent variable and each motor function separately as the dependent variable (Table. 

4). Unstandardized B-coefficients were used to quantify associations within these models 

because visual functions and motor functions were expressed in different units. Visual acuity 

and stereoacuity explained between 1–2% and 1–3% of variance in motor function, 

respectively. For statistically significant associations, a one-step increase in visual acuity 

grade (i.e. worse visual acuity; e.g. > 0.3 logMAR vs. ≤ 0.3 logMAR) was associated with a 

−0.49 to −0.63 percentile decrease (reduction) in motor function. Similarly, a one-step 

increase in stereoacuity grade (i.e. worse stereoacuity; e.g. 100 – 800 secs of arc vs. < 100 

secs of arc) was associated with a −0.14 to −0.28 percentile decrease (reduction) in motor 

function.

Post hoc exploratory analyses did not reveal any significant interactions between preterm 

birth or prenatal drug exposure and the association between motion coherence threshold and 

motor functions.

4. Discussion

Global motion perception is linked to the function of V5; a key dorsal stream area (Born & 

Tootell, 1992; Braddick et al., 2001; Goodale & Milner, 1992). However, the relationship 

between the development of global motion perception and visuomotor control, a primary 

function of the dorsal stream (Goodale, 2011), is not well understood. The presence of such 

a relationship in preschool children would provide evidence a link between visual and motor 

development and support the use of global motion perception as a measure of dorsal stream 

function (Atkinson et al., 1997; Brieber et al., 2010; Chakraborty, Anstice, Jacobs, LaGasse, 

et al., 2015; Gummel, Ygge, Benassi, & Bolzani, 2012; Gunn et al., 2002; Guzzetta et al., 

2009; Hansen, Stein, Orde, Winter, & Talcott, 2001; MacKay et al., 2005; Manning et al., 

2013; Palomares & Shannon, 2013; Reiss, Hoffman, & Landau, 2005). We addressed this 

issue by investigating whether global motion perception was related to performance on 
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standardized tests of motor function in a large group of 4.5-year-old children born with 

developmental risk factors.

Motion coherence thresholds were moderately but statistically significantly associated with 

visual motor integration, motor coordination, gross motor and total motor scores, whereby 

lower (better) motion coherence thresholds were associated with higher (better) motor 

scores. These associations remained after controlling for other visual and cognitive 

functions. Therefore, our data indicate that global motion perception and, by extension, V5 

function is related to multiple aspects of motor control in pre-school children. This is 

consistent with previous studies of adults involving neuropsychological patients (Goodale & 

Milner, 1992), non-invasive brain stimulation (Whitney et al., 2007) or fMRI (Oreja-Guevara 

et al., 2004) that have demonstrated an association between V5 function and visuomotor 

control.

Our results are also in agreement with a recent study of normally developing children that 

reported an association between global motion perception and visuomotor control (R2 = 

0.06) (Braddick et al., 2016). The association reported by Braddick et al. in a normal 

population was slightly stronger than those that we observed, even though our sample 

included children at risk of abnormal motor development. Braddick et. al. tested older 

children (range 5–12 years, mean age ~8 years) than those tested in this study (4.5 years). 

Older children are likely to provide less variable threshold estimates and this may have 

increased the strength of the association detected by Braddick et. al. Supporting this 

possibility, Braddick et al. reported that variability in motion coherence thresholds reduced 

substantially with increasing age in their sample, presumably due to maturation of global 

motion processing and/or cognition.

Although the associations we report between motion coherence thresholds and motor 

functions are statistically significant and cannot be explained by visual acuity, stereopsis or 

verbal IQ, they account for only a modest portion of the variance within the regression 

models. Individual differences in the maturation of dorsal stream areas at the age of 4.5 

years might account for some of this variability (Braddick et al., 2016). In addition, other 

aspects of neurodevelopment such as visuospatial cognition, which was not measured in this 

study, might account for a larger portion of the variance.

The associations between motion coherence threshold and motor functions that we observed 

were not significantly influenced by preterm birth or prenatal drug exposure. This is 

important because preterm birth and prenatal drug exposure have been found to 

independently affect motion coherence thresholds (Chakraborty, Anstice, Jacobs, LaGasse, 

et al., 2015; Guzzetta et al., 2009) and motor function (Moreira, Magalhães, & Alves, 2014; 

Wouldes et al., 2014). Therefore, our data suggest that there is a true association between 

motion coherence threshold and motor function, including among children with a range of 

developmental risk factors.

Twenty-five of the children in the IDEAL cohort did not experience prenatal drug exposure, 

but were matched for socioeconomic risk factors with the rest of the cohort. Their motion 

coherence thresholds (58 ± 23%) did not differ from those of the drug exposed children (57 
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± 22%). It is possible that socioeconomic risk factors, that were common to all children, had 

a more detrimental effect on the development of global motion perception than did drug 

exposure. A detailed analysis of the impact of prenatal drug exposure on motion coherence 

thresholds in the IDEAL cohort is available elsewhere (Chakraborty, Anstice, Jacobs, 

LaGasse, et al., 2015).

The average motion coherence thresholds we observed were higher (poorer) than those 

reported in some previous studies involving children of a comparable age (MacKay et al., 

2005; Parrish, Giaschi, Boden, & Dougherty, 2005) and lower (better) than others (Hadad, 

Maurer, & Lewis, 2011). Differences in testing protocols and stimulus parameters are likely 

to contribute to differences in absolute motion coherence thresholds between studies of 

preschool age children (Narasimhan & Giaschi, 2012; Pilly & Seitz, 2009).

Within a secondary analysis, we also assessed the relationship between motor functions and 

two other measures of visual function, visual acuity and stereoacuity, that have previously 

been linked to motor development (Piano & O’Connor, 2013). In agreement with previous 

work (Ho et al., 2015), visual acuity was significantly but weakly related to the Beery visual 

motor integration and visual perception scores as well as total motor scores. However, we 

did not observe a relationship between visual acuity and motor coordination, gross motor or 

fine motor scores. The relationship between visual acuity and the Beery visual perception 

score is expected as the visual perception test is designed to detect spatial vision 

impairments that might complicate the interpretation of visual motor integration scores 

(Subramanian, Morale, Wang, & Birch, 2012). It is important to note that <5% of the 

children in our study had abnormal visual acuity for their age and therefore our results do 

not bear upon the relationship between impaired visual acuity and motor function. 

Associations between visual acuity and a range of motor functions have been reported in 

populations that include children with visual impairment (Celano et al., 2015).

Stereoacuity was significantly associated with all measures of motor function that were 

included in this study. The strongest associations were with visual motor integration and 

total motor scores. This is consistent with recent reports that stereopsis plays an important 

role in the development of specific fine motor skills in children with normal vision (Alramis 

et al., 2016) and visuomotor control in patients with amblyopia or strabismus (Caputo et al., 

2007; Drover et al., 2008; Grant et al., 2007; Melmoth et al., 2009; Rogers et al., 1982).

The strengths of this study include a large sample size studied at a consistent age. This 

allowed us to detect subtle relationships. Furthermore, we had access to verbal IQ scores that 

allowed us to control for factors that may have influenced the ability of preschool children to 

comprehend our psychophysical global motion task. However, the study also has 

weaknesses. Although our study team was experienced in pediatric data collection, the 

young age of our participants is likely to have increased the variability within our dataset 

and this may have contributed to the relatively weak associations that we observed. 

Furthermore, because we assessed children at 4.5 years of age when global motion 

perception and motor function are not yet fully mature (Hadad, Maurer, & Lewis, 2011), we 

do not know if a relationship between these two factors persists during later development. 
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Studies of older children such as the experiment recently conducted by Braddick et al. are 

required to address both of these issues (Braddick et al., 2016).

Because this was a correlational study, we cannot directly quantify the functional 

significance of the associations we observed. Dorsal stream processing has been implicated 

in skills such as reading (Solan, Shelley-Tremblay, Hansen, & Larson, 2007) and therefore 

there may be a link between motion coherence thresholds, motor function and academic 

achievement. However, well-controlled interventional studies using techniques such as 

perceptual learning to improve global motion perception (Law & Gold, 2008; Sasaki, Nanez, 

& Watanabe, 2010; Sasaki & Watanabe, 2001; Watanabe et al., 2002) are required to assess 

whether changes in global motion perception result in functionally significant developmental 

gains.

In conclusion, our data indicate that global motion perception is related to motor function in 

4.5-year-old children. This is consistent with the concept of a dorsal processing stream that 

involves motion sensitive area V5 and projects to areas of the posterior parietal lobe involved 

in visual motor control. Furthermore, our results highlight the importance of stereoacuity 

and motion perception for motor development.
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Highlights

• Global motion perception is modestly associated with motor development

• Stereoacuity is also associated with both gross and fine motor control
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Figure 1. 
Distributions of (A) motion coherence thresholds, (B) stereoacuity and (C) visual acuity. 

Data are combined across the two cohorts of children.
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Figure 2. 
Distributions of (A) visual motor integration, (B) visual perception and (C) motor 

coordination (D) total motor function (E) gross motor function, and (F) fine motor function. 

Data are combined across the two cohorts of children.
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Table 1

Cohort details:

N‡

Maternal background

Ethnicity, N(%)

 European 323 (53.65)

 Maori 602 217 (36.04)

 Pacific 32 (5.31)

 Other 30 (4.98)

Household income categories, N(%)

 < NZD 10,000 13 (2.83)

 > NZD 10,000 – 20,000 50 (10.91)

 > NZD 20,000 – 30,000 66 (14.41)

 > NZD 30,000 – 40,000 458 59 (12.88)

 > NZD 40,000 – 50,000 13 (2.83)

 > NZD 50,000 257 (56.11)

Maternal substance use, N(%)

 alcohol 521 137 (26.29)

 marijuana 527 79 (14.99)

 tobacco 475 221 (46.52)

 methamphetamine and other drugs 528 79 (14.96)

Child characteristics

Gender female, N(%) 606 287 (47.35)

Gestational age in weeks, mean (SD) 600 38.8 (2.42)

Birth weight in kg, mean (SD) 600 3.2 (0.73)

Preterm (>32 weeks’ gestation), N(%) 600 156 (26)

Small (< 2.5 Kg birth weight), N(%) 600 71 (11.83)

Large (> 4.5 Kg birth weight), N(%) 600 41 (6.83)

Verbal IQ¶, N(%)

 ≥85 600 430 (70.95)

 <85 170 (28.05)

‡
N: the number of children for whom data were available. Not all study participants provided responses in all categories.

¶
Verbal IQ – verbal intelligence quotient.
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Table 2

Vision and motor outcomes:

N‡

Visual outcomes

Motion coherence threshold %, mean (SD) 606 55 (22.0)

Stereoacuity, N(%)

 <100 secs of arc 476 (78.54)

 >100 – 800 secs of arc 606 84 (13.86)

 >800# secs of arc 46 (7.59)

Visual acuity, N(%)

 ≤ 0.3 logMAR 606 578 (95.37)

 > 0.3 logMAR 28 (4.62)

Motor outcomes (mean, SD)

Beery VMI percentile 600 51.3 (20.14)

Beery VP percentile 597 42.4 (28.11)

Beery MC percentile 593 33.9 (22.44)

Fine motor control percentile§ 594 36.3 (27.78)

Gross motor control percentile§ 587 43.8 (22.12)

Total motor control percentile§ 594 37.8 (26.89)

Abbreviations:

‡
N: number of children for whom data were available. Not all study participants provided responses in all categories.

#
includes children who had no measureable stereoacuity. VMI – visual motor integration, VP – visual perception, MC – motor coordination.

§
See main text for the details of this calculation.

Vision Res. Author manuscript; available in PMC 2018 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chakraborty et al. Page 23

Ta
b

le
 3

T
he

 a
ss

oc
ia

tio
ns

 b
et

w
ee

n 
m

ot
io

n 
co

he
re

nc
e 

th
re

sh
ol

d 
an

d 
m

ot
or

 f
un

ct
io

ns
 w

ith
 a

nd
 w

ith
ou

t a
dj

us
tm

en
t f

or
 b

ot
h 

vi
su

al
 a

cu
ity

 a
nd

 s
te

re
oa

cu
ity

 o
r 

ve
rb

al
 

IQ

V
is

ua
l m

ot
or

 in
te

gr
at

io
n

V
is

ua
l p

er
ce

pt
io

n
M

ot
or

 c
oo

rd
in

at
io

n
G

ro
ss

 m
ot

or
F

in
e 

m
ot

or
To

ta
l m

ot
or

β 
[9

5%
 C

I]
 (

p)
R

2
β 

[9
5%

 C
I]

 
(p

)
R

2
β 

[9
5%

 C
I]

 (
p)

R
2

β 
[9

5%
 C

I]
 

(p
)

R
2

β 
[9

5%
 C

I]
 

(p
)

R
2

β 
[9

5%
 C

I]
 

(p
)

R
2

M
ot

io
n 

co
he

re
nc

e 
th

re
sh

ol
d

−
0.

17
 [

−
0.

25
, 

−
0.

09
] 

(<
 0

.0
01

)*
0.

03
−

0.
19

 [
−

0.
27

, 
−

0.
11

] 
(<

 

0.
00

1)
*

0.
04

−
0.

15
 [

−
0.

24
, 

−
0.

07
] 

(<
 

0.
00

1)
*

0.
02

−
0.

13
 

[−
0.

18
, 

−
0.

04
] 

(0
.0

02
)*

0.
02

−
0.

07
 

[−
0.

15
, 

−
0.

01
] 

(0
.0

87
)

0.
00

3
−

0.
15

 
[−

0.
24

, 
−

0.
07

] 
(<

 

0.
00

1)
*

0.
02

M
ot

io
n 

co
he

re
nc

e 
th

re
sh

ol
d 

ad
ju

st
in

g 
fo

r 
vi

su
al

 a
cu

it
y 

an
d 

st
er

eo
ac

ui
ty

−
0.

14
 [

−
0.

23
, 

−
0.

07
] 

(<
 0

.0
01

)*
0.

05
−

0.
17

 [
−

0.
26

, 
−

0.
09

] 
(<

 

0.
00

1)
*

0.
05

−
0.

14
 [

−
0.

22
, 

−
0.

06
] 

(0
.0

01
)*

0.
03

−
0.

10
 

[−
0.

16
, 

−
0.

02
] 

(0
.0

11
)*

0.
04

−
0.

05
 

[−
0.

13
, 

−
0.

04
] 

(>
0.

25
0)

0.
02

−
0.

13
 

[−
0.

22
, 

−
0.

05
] 

(0
.0

01
)*

0.
05

M
ot

io
n 

co
he

re
nc

e 
th

re
sh

ol
d 

ad
ju

st
in

g 
fo

r 
ve

rb
al

 I
Q

−
0.

14
 [

−
0.

22
, 

−
0.

06
] 

(<
 0

.0
01

)*
0.

06
−

0.
17

 [
−

0.
25

, 
−

0.
09

] 
(<

 

0.
00

1)
*

0.
05

−
0.

13
 [

−
0.

21
, 

−
0.

05
] 

(0
.0

02
)*

0.
05

−
0.

09
 

[−
0.

15
, 

−
0.

01
] 

(0
.0

23
)*

0.
05

−
0.

04
 

[−
0.

13
, 

−
0.

04
] 

(>
0.

25
0)

0.
03

−
0.

12
 

[−
0.

20
, 

−
0.

04
] 

(0
.0

03
)*

0.
08

* in
di

ca
te

s 
st

at
is

tic
al

ly
 s

ig
ni

fi
ca

nt
 a

ss
oc

ia
tio

ns
.

β:
 r

ep
re

se
nt

s 
st

an
da

rd
iz

ed
 c

oe
ff

ic
ie

nt
s

Vision Res. Author manuscript; available in PMC 2018 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chakraborty et al. Page 24

Ta
b

le
 4

T
he

 a
ss

oc
ia

tio
ns

 b
et

w
ee

n 
st

er
eo

ac
ui

ty
 o

r 
vi

su
al

 a
cu

ity
 a

nd
 m

ot
or

 f
un

ct
io

ns

V
is

ua
l m

ot
or

 in
te

gr
at

io
n

V
is

ua
l p

er
ce

pt
io

n
M

ot
or

 c
oo

rd
in

at
io

n
G

ro
ss

 m
ot

or
F

in
e 

m
ot

or
To

ta
l m

ot
or

B
 [

95
%

 C
I]

 (
p)

R
2

B
 [

95
%

 C
I]

 (
p)

R
2

B
 [

95
%

 C
I]

 (
p)

R
2

B
 [

95
%

 C
I]

 (
p)

R
2

B
 [

95
%

 C
I]

 (
p)

R
2

B
 [

95
%

 C
I]

 (
p)

R
2

V
is

ua
l a

cu
it

y
−

0.
54

 [
−

0.
92

, −
0.

16
] 

(0
.0

06
)*

0.
01

−
0.

63
 [

−
1.

02
, 

−
0.

25
] 

(0
.0

01
)*

0.
02

−
0.

19
 [

−
0.

58
, 

−
0.

20
] 

(>
0.

25
0)

0.
00

1
−

0.
33

 [
−

0.
66

, 
−

0.
00

8]
 (

0.
06

2)
0.

00
5

−
0.

39
 [

−
0.

77
, 

−
0.

00
6]

 (
0.

06
4)

0.
00

5
−

0.
49

 [
−

0.
88

, 

−
0.

11
] 

(0
.0

13
)*

0.
01

St
er

eo
 a

cu
it

y
−

0.
24

 [
−

0.
37

, −
0.

10
] 

(0
.0

01
)*

0.
02

−
0.

15
 [

−
0.

29
, 

−
0.

03
] 

(0
.0

31
)*

0.
00

6
−

0.
20

 [
−

0.
39

, 

−
0.

06
] 

(0
.0

04
)*

0.
01

−
0.

14
 [

−
0.

38
, 

−
0.

10
] 

(<
 

0.
00

1)
*

0.
03

−
0.

22
 [

−
0.

36
, 

−
0.

08
] 

(0
.0

02
)*

0.
02

−
0.

28
 [

−
0.

42
, 

−
0.

15
] 

(<
 

0.
00

1)
*

0.
03

* in
di

ca
te

s 
st

at
is

tic
al

ly
 s

ig
ni

fi
ca

nt
 a

ss
oc

ia
tio

ns
.

B
: r

ep
re

se
nt

s 
un

st
an

da
rd

iz
ed

 c
oe

ff
ic

ie
nt

s

Vision Res. Author manuscript; available in PMC 2018 June 01.


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Global Motion Perception
	2.3. Visual Acuity and Stereoacuity
	2.4. Neurodevelopmental Assessment
	Motor function
	Verbal IQ

	2.5. Statistical Analyses

	3. Results
	4. Discussion
	References
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3
	Table 4

