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Abstract

Mental rotation of visual images of body parts abdtract shapes can be influenced by simultaneous
motor activity. Children in particular have a stgoroupling between motor and cognitive processes.
We investigated the influence of a rotational hemaement performed by rotating a knob on mental
rotation performance in primary school-age child(®&* 83; Age range: 7.0-8.3 and 9.0-10.11
years). In addition, we assessed the role of nadtdity in this relationship. Boys in the 7-8-yeald
group were faster when mentally and manually notatn the same direction than in the opposite
direction. For girls and older children this effaeas not found. A positive relationship was found
between motor ability and accuracy on the menttdtian task: stronger motor ability related to
improved mental rotation performance. In both ageugs, children with more advanced motor
abilities were more likely to adopt motor processessolve mental rotation tasks if the mental
rotation task was primed by a motor task. Our ewidesupports the idea that an overlap between
motor and visual cognitive processes in childreinfisenced by motor ability.

1. Introduction

The focus of this study is the investigation of argirocesses, motor ability, and mental rotation in
primary school-age children. Mental rotation is #idity to imagine how a stimulus would look
when rotated (Shepard & Metzler, 1971). Motor peses may be investigated by analyzing how
participants conduct particular movements (e.gatiog a handle). Motor ability is evaluated based
on participants’ level of performance on particutastor tasks (e.g., coordination).

Mental rotation in adults and children

The original paradigm to test mental rotation &pias developed by Shepard and Metzler (1971).
In this paradigm, participants have to discrimireddast and accurately as possible whether aetbtat
figure is identical or a mirror reversed image ofaiginal upright figure. Response times in this
paradigm typically show a linear increase with @aging angular disparity, which indicates that
participants mentally rotate one figure into corggree with the upright position of the other figure
before making a decision (Courbois, 2000). It hasrbconcluded that mental transformations are
subject to the same spatio-temporal constraintpeaseived movements in the external world
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(Metzler & Shepard, 1982). A frequent phenomenomseoked in mental rotation is a gender
difference favoring males (Voyer, Voyer, & Brydet§95). This effect can also be found in primary
school-age children (Jansen, Schmelter, Quaisek-R@uburger, & Heil, 2013). There is good
evidence for psycho-social (Moe & Pazzaglia, 200&zareth, Herrera, & Pruden, 2013) as well as
biological-neuronal (Imperato-McGinley, Pichardoau®er, Voyer, & Bryden, 1991; McGlone,
1980) explanations for this difference. A completeraction of these factors seems to be responsible
for males outperforming females on mental rotatasks.

Research concerning the development of mentalioatability in children has shown that at 4 years
of age, some children are already able to mentatite age-appropriate stimuli, such as pictures of
toy bears (Marmor, 1975; Estes, 1998). By the ddiv® (Kosslyn, Margolis, Barrett, Goldknopf, &
Daly, 1990) or six (Estes, 1998), most children oantally rotate more complex figures, especially
after receiving training (for an overview see Fridkdhring, & Newcombe, 2014; Newcombe &
Frick, 2010). However, mental rotation in childras young as five seems to depend on the
characteristics of the stimuli. Courbois (2002)ws&d that it was difficult for 5-year-old children t
mentally rotate stimuli without salient axes. Getllgr mental rotation speed and accuracy (hit rate)
increase with age and reach adult levels duringeadence (Kail, Pellegrino, & Carter, 1980).

Motor processes, motor ability and mental rotatioradults

According to the embodiment approach in cognitigiersce, simple sensory motor interaction with
the environment plays an important role in the ttgu@ent of advanced cognitive skills (Wheeler &
Clark, 2008). The viewpoint of embodiment statest tognitive processes are deeply rooted in the
body’s interaction with the world and that sensangl motor resources are used for off-line cognitive
activity. For example, mentally simulated exteraaénts can be used in mental imagery (Wilson,
2002) and gestures can help mental rotation pedoce (Chu & Kita, 2011). A vast body of
literature has investigated the relationship betwphysical activity, motor skills, and cognitive
skills. Mental rotation is one prominent paradigeed to explore the link between body and mind.
This is because mental rotation — which requirebasic spatial abilities (Linn & Petersen, 1985) —
makes comprehensive demands on mental abilitiethelle is a link between body and mind, it
should be rather evident in more difficult taskarthin simpler tasks, which do not exploit mental
capacity. According to Kosslyn, Thompson, Wragal Aipert (2001) there are at least two distinct
mechanisms used to rotate objects, one that ingatvetor processing and one that does not. To
further support this idea, it has been shown that use of motor processes can be implicitly
manipulated via the introduction of motor contemiop to or during mental rotation (Wraga,
Thompson, Alpert, & Kosslyn, 2003).

The relationship between motor and mental rotapi@mctesses has been investigated using different
approaches. One approach explores the effect ddigdiyactivity on mental rotation ability. For
example, Moreau, Clerc, Mansy-Dannay and Guer20d%) investigated the effect of 10 months of
wrestling training compared to 10 months of runniragning. They found that wrestlers showed a
significant improvement in mental rotation perfomoa compared to runners.

A second approach investigates the motor procassas while solving a mental rotation task. In
several studies with adults it has been showndhatomical restraints affect the mental rotation of
visual images of body parts (Parsons, 1987; Pelli&z Georgopoulos, 1993; Sekiyama, 1982) and
other stimuli (e.g., abstract shapes; Chu & KitalD. Chu and Kita (2011) found better mental
rotation performance when participants were engrdato use supportive motor gestures while
solving a mental rotation task with cube figurestsiuli compared to participants who were told to
sit on their hands. The advantage in mental ratdto the gesture group continued even if the dse o
gestures was prevented in a subsequent block. Othera ascribe the effect to an internalization of
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the gestures and propose that gesture improvesttreal computation of spatial transformation in a
general way. In the quasi-experimental study byedar(2012), wrestlers were found to demonstrate
better mental rotation performance than runnerswéder, this advantage disappeared when
participants’ hands were restrained. These findsgggest that the wrestler's advantage in mental
rotation of abstract objects is not based on memation ability per se, but on the underlying
processes for this task, such as action simulafious, the fact that restraining the hands cledned t
advantage of the wrestler shows that they used smwert action of the hands to improve mental
rotation. Otherwise stated, it is inferred from ttegradation of performance that some action
simulation (i.e., covert hand movement) must haken place in the condition without the hands
restrained to improve performance compared to nsthers.

A third approach is to look at the relationshipvetn a motor task and a mental rotation task by
using an interference paradigm, in which a motod @ mental rotation must be conducted
simultaneously. Concurrent motor rotation includedating a knob while mentally rotating a
stimulus in the same or the opposite direction,cWwhshould evoke the involvement of motor
processes in mental rotation (Chu & Kita, 2011; §éraet al., 2003). Using this technique,
Wohlschlager and Wohlschlager (1998) found thatomand mental rotation share common
processes: Congruent manual and mental rotatiomowed mental rotation performance, whereas
incongruent manual and mental rotations (i.e.,timta in opposite directions) degraded mental
rotation performance. A similar result was showrtha interference study of Wexler, Kosslyn and
Berthoz (1998). Wohlschlager (2001) demonstratésl ititerference effect even when participants
only had the intention of manually rotating a kriblat without a real motor task) while performing a
mental rotation task.

Considering these three approaches, mental rotafiomages of bodies or body parts, and even
abstract objects, automatically engage embodimetegses (Kriiger, Amorim, & Ebersbach, 2014)
and might be supported or disturbed by the usewért motor processes. Experts in motor rotation
rely more automatically on covert motor rotationsew mentally rotating abstract stimuli (Moreau,
2013). For children, this relationship between mgimcesses, motor abilities, and mental rotation
has yet to be investigated thoroughly, but someomapt work has been conducted.

Motor processes, motor ability and mental rotatiorchildren

Jansen and Heil (2010) found a relationship betweetor ability and mental rotation skills in 5-6-
year-old children. Motor abilities including a cdorative component (e.g. collecting matches or
sticks bimanually) were a strong predictor for naénbtation performance. Ehrlich, Levine and
Goldin-Meadow (2006) confirmed the relation betwegstures and spatial transformation tasks for
children as young as 5 years. In comparison totgdile connection between motor processes and
the rotation of mentally represented objects setmise stronger in children. Frick et al. (2009)
showed an interference effect between motor raotatiod a simultaneous mental rotation task for
children less than 9 years of age. The study irdudur age groups: 5-year-olds, 8-year-olds, 11-
year-olds and adults. Figure and ground pairs weeel as stimuli to avoid ambiguity of the direction
of mental rotation. The motor rotation was carr@d by turning a wheel with a handle. In older
children (11-year-olds) and adults, interferences wiat detected. Based on these results it was
concluded that the ability to differentiate betwemotor processes investigated by a concurrent
motor task and cognitive processes develops with. &g another study, Funk, Brugger and
Wilkening (2005) found a stronger involvement oftorgprocesses for the mental rotation of images
of hands in 5-7-year-old children than in adultsider and Krist (2009) also found an effect of
motor processes in the mental rotation of imagebasfds to be stronger in first graders than in
adults.
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Goal and hypotheses of the present study

The main goal of this study was to investigate Wwletmotor and mental rotation share common
processes according to the studies of adults byIstblkiger and Wohlschlager (1998) and of
children by Frick et al. (2009). In addition, wenaid to investigate whether those common processes
depend on the motor ability of primary school-agédren (Jansen & Heil, 2010). In doing so, we
integrate two different approaches for the studynotor effects on mental rotation for the first &im

in this age group.

Our paradigm was similar to that used by Frickle{(2009) but with some important differences.
Instead of using figure ground pairs as stimulitfee mental rotation task, we used a classic mental
rotation paradigm with two stimuli presented sigesile. Because cube figures have been shown to
be too difficult for 7-8-year-old children (Jansenal., 2013), we used animal figures which were
rotated in the picture plane. Rotation in the pietplane was chosen to ensure that the manual and
mental rotation used the same axis. For manuaiioataa rotating knob of approximately the same
size as the depicted animal figures was used. We to match the assumed covert motor process
and the real motor process as closely as posdibladdition, we chose to use more trials in
comparison to Frick et al. (2009) in each condithorl to test more participants in each age group to
increase the reliability of our data and to be abldraw conclusions about a possible gender effect
We expected to find 9-10-year-old children to bpesior to 7-8-year-old children in mental rotation
performance. We expected to find interference &féetween manual and mental rotation in the
younger age group manifested by longer responsestiend lower accuracy (hit rate) for
incompatible versus compatible manual and mentation.

Since mental rotation performance is often reldatedhotor abilities (Jansen & Heil, 2010; Jansen,
Schmelter, Kasten, & Heil, 2011), each child cortgglea motor test, measuring manual dexterity,
balance and ball skills. According to the studyMwreau (2012) with adults, we hypothesized that
children with stronger motor skills would rely mare the beneficial involvement of motor processes
while solving mental rotation tasks. Therefore, expected to find a positive relationship between
motor abilities and mental rotation performanceadtiition, we anticipated an interaction between
motor ability and the compatibility of manual anémal rotation. Manual and mental rotations are
compatible when animal picture and knob are rotatede same direction. If children with increased
motor ability rely more on motor processes when talgn rotating, a simultaneously executed
incompatible motor rotation should be more distractor these children than for those with poorer
motor ability. Additionally, we anticipated a pring effect that would result in a stronger correlati
between mental rotation performance and motortghilithe experimental block that followed trials
on which mental and manual rotation were combirt@dally, we expected to find an interaction
between this type of motor priming and children'stan ability.

Although gender differences were not the main faduhe study, we predicted, according to Jansen
et al. (2013), a gender difference in mental rotaperformance with boys outperforming girls. We
did not know, however, how gender related to thesfide motor interference effect.

2. Materials and methods

2.1. Participants

In this study, 83 children in two age groups wexsdd at their schools: 45 children were in tige 7-
year-old age group (Range: 7.0 to 8.3 yeds= 7.7; SD = 0.3; male: 21, female: 24) and 38
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children were in the 9-10-year-old age group (Rafdeto 10.11 yeard]l = 9.8;SD= 0.5; male: 18,
female: 20). Children were recruited from two prignachools. All parents were informed that the
experiment was conducted in accordance with théc#tistandards of the APA and gave written
informed consent. Participants had normal or céeceto-normal vision and 77 were right handed.
Six children (5.3%) were left-handed, however, tluthis low percentage neither a separate analysis
nor a modified experiment was conducted for theHahded group.

2.2.  Apparatus and Stimuli

All children completed the Movement Assessment &wtl for children (M-ABC-2; Petermann,
2008) and a chronometric mental rotation test wart without concurrent manual rotation.

2.2.1. Movement Assessment Battery

The Movement Assessment Battery 2 for children (BI©A2; Petermann, 2008) assesses sensory-
motor ability in three dimensions: hand dexterill skills, and balance. The test was chosen
because it covers relevant motor areas, which ledergvith mental rotation performance in children
(Jansen & Heil, 2010; Jansen, Lange, & Heil, 20TWo weeks test-retest reliability for this test is
given with r = .97 in the handbook. The inter-ratrability specified is .95. Thus, the M-ABC-2 is

a reliable means to assess motor ability in childre

The hand dexterity assessment included three tglstsing pegs in a board with holes, threading a
lace through a lacing board, and drawing a trdile Dall skills assessment included catching a ball
bounced off a wall with two hands and throwing arbbag onto a mat 1.8 meters away. The balance
assessment consisted of one-legged balancing ataade board, walking heel-to-toe forwards, and
one-legged hopping on mats.

An overall score was used for statistical analyStuldren reached an overall composite scorel 6f
10.94 6D = 2.72), which equals a percentile rank of 60 égally, composite scores can range from
1-19). There were no significant differences betwage groups or sexes (plp .05).

2.2.2. Chronometric mental rotation test with additional manual rotation

Chronometric mental rotation test

Testing was carried out on laptop computers (1%hitor) with a rotating knob in a box connected
to the laptop. Children were seated at a table thighlaptop in front of them. Stimuli for the menta
rotation test were presented using the softwarsetation (Neurobehavioral Systems). The stimuli
consisted of 9 different animal pictures (Snodg&sganderwart, 1980): alligator, bear, cat, dog,
donkey, elephant, fox, gorilla, and rabbit. Eaattyme was 7x7 cm on the screen and the two images
were spaced 5 cm apart. Participants were frebdose the most comfortable viewing distance. Two
stimuli were presented on the screen simultaneodsig right stimulus was either identical to the
left or mirror-reversed. The left stimulus appeasddiays upright while the right stimulus was
rotated 0°, +45°+ 90°, +135° 180°, -135°, -90°-46°. Children were explicitly instructed to
mentally rotate the right stimulus to align it withe left, upright stimulus (shown in its canonical
orientation). A positive angle corresponded to gtinotated in a clockwise direction and a negative
angle corresponded to stimuli rotated in a coufdekevise direction.

Children were asked to decide if the two animalgh@nscreen were the same or mirror reversed by
way of pressing one of two marked keys (coloredaed green) on the keyboard of the laptop. The
buttons were the left and right mouse button uretinthe touchpad and had to be operated with the
forefinger and the middle finger of the left harhildren had to use the left hand for the button
presses in all blocks to avoid differences betweamditions with and without concurrent manual
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223 rotation. Instructions were given in child apprapei language, i.e. they were told to mentally eotat
224  the right animal the shortest way (regarding rotatngle) until it was standing on its feet like th
225 left animal and to press the green button if thienats looked in the same direction or the red utto
226  if the animals looked in opposing directions. Irdiéidn, they were told to respond as quickly and
227  accurately as possible. Only one stimulus pair uwsesd for the practice trials to familiarize childre
228  with the demands of the task and 8 different stiraydairs were used for the test trials, resultimg i

229  total of 128 different stimulus pairs: 8 (animaks® (same/mirror reversed) x 8 (angular disparity).
230 The angles in the practice and in the test trisdsewthe same. The two stimuli stayed on the screen
231 until a response was made. The setup was the samadl fchildren, regardless of dominant hand.
232 Following the response a smiling face or frowniagd appeared for 1000ms as feedback. Feedback
233 was used throughout the experiment to maintainvabtin.

234  Response time (RT) and hit rates (HR) were analyZels with RT below 300ms and over
235 15000ms were considered outliers and treated assef®.7% of all trials). Response times faster
236 than 300ms in a mental rotation task are not plessiithout guessing (Schmidt & Lee, 2011) and
237 the upper limit of 15000ms was chosen to provid&ldm with more time to make a decision on the
238 demanding interference task. For the RT analysify oorrect responses to non-mirror reversed
239 stimuli were used because angular disparity is abearly defined for mirror-reversed responses
240  (Jolicceur, Regehr, Smith, & Smith, 1985). Thus, 128ls per participant were used in the RT
241  analysis.

242 Motor rotation

243  The box with the rotating knob was positioned oa tidible at the right side of the laptop. The knob
244  was 4 cm in diameter and could only be rotated raddhe z-axis. The dimensions of the box were
245  14x15x35 cm (height x width x length) and the kwadis placed inside to prevent participants from
246  seeing their hand turning the knob. The knob apprately matched the size of the animal pictures
247  presented in the mental rotation task. We choseoa because the rotation resembles the movement
248  of actually picking up an animal figure and turnihg

249  Children turned the knob with their right hand e tmanual rotation trials. The fixation cross was
250 followed by a curved arrow indicating the directittve knob should be rotated in. The experiment
251 only proceeded if children turned the knob in tlerect direction. The arrow stayed on the screen
252 until the knob was rotated in the correct directibhe mental rotation stimuli appeared as soon as
253 the arrow disappeared and stayed on screen ur@fippnse was made (see Figure 1). Children were
254  told to continue rotating the knob until the feechbaas shown. The direction of the curved arrow
255 stayed the same for each participant but was rarzéoimn each age group resulting in 22 children
256  rotating the knob clockwise and 23 children rotgtounterclockwise for the 7-8-year-old group and
257 19 children rotating the knob clockwise and 19 tiotait counterclockwise for the 9-10-year-old
258  group.

259 Insert Figure 1 about here
260 2.3. Procedure

261  The order of the mental rotation test and the M-AB®as counterbalanced. The mental rotation test
262  began with 16 practice trials. The experimentalsgheonsisted of four blocks of 64 trials each. In
263 each block, four different animal pictures weredisehe first and fourth blocks consisted of mental
264  rotation only and the second and third blocks iadi of mental and manual rotation. This design
265 was chosen to equally distribute possible traimfigcts.

266
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Results

In this section, we first describe the results feental rotation performance. Next, we describe
analyses of interference effects between simultam@ranual and mental rotation on response times
and hit rates in the mental rotation task. Finallg,investigate if manually rotating a knob in @1t
with mental rotation (as in the second and thirdck) sheds a light on the relationship between
motor ability and mental rotation performance.

3.1 Analysis of mental rotation performance

To investigate children’s performance in mentaation, response time (RT) and hit rates (HR) were
analyzed in all four blocks of the test.

3.1.1 Response time (RT)

RT was submitted to an ANOVA with the within-sulijéactors ‘angular disparity’ (0°, +45°, +90°,
+135°, 180°, -135°, -90°, -45°) and ‘manual rotatiwith and without) and the between-subject
factors ‘age group’ (7-8 vs. 9-10), ‘gender (make female) and ‘direction of manual rotation’
(clockwise vs. counterclockwise). Main effects wiyend for ‘angular disparity’(7,504) = 82.87,

p < .001mp? = .54, as well as for the factor ‘age grof(1,72) = 20.1p < .001n2 = .22.

A repeated contrast analysis was run for the faatwjular disparity to take a closer look at the
differences between each consecutive angle. Alirasts were statistically significam € .05). The
respective means (averaged across clockwise andterolockwise rotation) were 1724.53ms,
2037.26ms, 2350.02ms, 2766.59ms, and 3039.21mbdoangles 0°, 45°, 90°, 135°, and 180°. A
linear regression analysis was computed to moaetdfation between rotation angles and RT, which
yielded a significant resul&(1,4)=872.63p < 0.001).

The younger children had longer RT than older chitdM = 2704msSE= 97 vs.M = 2063msSE

= 105). In addition, a main effect was found foraimual rotation’F(1,72) = 27.35p < .001,n? =
.28. RT was longer when mental rotation and mamtation were performed simultaneousM €
2530msSE= 85 vs.M = 2238msSE= 67). An interaction also occurred between ‘aagdisparity’
and ‘gender’ F(7,504) = 2.6p < .05,n2 = .04. Post hoc analyses with t-tests for eacjeadid not
produce any significant differences between boysdiris.

3.1.1.10°-Trials

To control for effects other than mental rotatisnch as perception, encoding of stimuli and motor
reaction, an ANOVA for the dependent variable RTOfAtrials was performed. The within-subject
factor was ‘manual rotation’ (with or without) amlde between-subject factors were ‘gender’ (male
vs. female), ‘age group’ (7-8 vs. 9-10) and ‘direst of manual rotation’ (clockwise vs.
counterclockwise). Main effects were found for ‘ag@up’, F(1,75) = 13,p < .01, = .15, and
‘manual rotation’,F(1,75) = 10.5p < .01,n2 = .12. Younger children had longer RT than older
children M = 1943ms SE= 82 vs.M = 1509ms SE = 89) and RT was shorter when no additional
manual rotation had to be performeéd £ 1602msSE= 51 vs.M = 1849msSE = 87). These data
suggest that perceptual and motor processes asz fasthe older age group in comparison to the
younger and are also faster when children perfosmpadial task in comparison to a dual task.

3.1.1.2Mental rotation speed

Mental rotation speed is calculated as the investepe of the regression. Its analysis sheds bght
the process of mental rotation without the timedeekfor processes such as perception, encoding of
stimuli and motor reaction. Due to negative rotatspeed or values more than 3 standard deviations
above or below the mean, four children had to bduebed from the analysis. Afterwards mental

7
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rotation speed was submitted to an ANOVA with ththin-subject factor ‘manual rotation” and the
between-subject factors ‘age group’ and “gendermain effect for the factor ‘gender’ was found,
F(1,71) = 5.25p < .05,n,2 = .07. Boys rotated faster than girls acrossa@dl groupsNl = 192°/s,SE
=13 vs.M = 153°/sSE= 11). No other effects or interactions were faund

3.1.2 Hitrates (HR)

HR was submitted to an ANOVA with the within-sulijéactors ‘angular disparity’ (0°, +45°, +90°,
+135°, 180°, -135°, -90°, -45°) and ‘manual rotatiwith and without) and the between-subject
factors ‘age group’ (7-8 vs. 9-10), ‘gender (mate female) and ‘direction of manual rotation’
(clockwise vs. counterclockwise). Main effects wlyend for ‘angular disparity’F(7,525) = 19.72,

p < .001,ne? = .21, as well as for the factor ‘age group(l,75) = 5.76p < .05,n,?> = .07. HR
decreased with increasing angle (repeated cordragyses showed that contrasts between 0° and
45°, 135° and 180°, -90° and -45° are significamhwp > .05; all other contrastp < .05) and
younger children made more errors than older obdM = 89%,SE= 1.4 vs.M = 94.1%,SE =
1.6). In addition, a main effect was found for ‘roahrotation’,F(1,75) = 7.154p < .01,n,? = .9. HR
was higher when mental rotation and manual rotattere performed simultaneousiy (= 92.4%,
SE=1 vs.M = 90.6,SE= 1.2). An interaction appeared between ‘manutdtian’ and ‘gender’,
F(1,75) = 4.82p < .05,n,? = .06. Post hoc analyses with t-tests for eacfdition did not produce
any significant differences so this interaction wias$ analyzed in further detail. Finally, to rulet@
possible speed-accuracy tradeoff a correlationyasalbetween mean HR and mean RT was
performed. Only significant negative correlatiomsild be found: mental rotation only € -.23,p <
.05), mental and manual rotation< -.3,p < .01), indicating that children with higher HRsalhad
shorter RT.

3.2 Analysis of the effect of compatible and incompatile manual and mental rotation

To investigate whether manual and mental rotati@rescommon underlying processes, the effect of
compatible and incompatible manual and mental imtabn RT and HR in the two blocks with
manual rotation (block 2 and 3) was investigatedg®ive and positive angles were classified as
compatible or incompatible according to the pagoait's direction of manual rotation. RT and HR
for the angles 0° and 180° were excluded fromdhilysis because either no rotation was needed to
solve the task or the direction of rotation wasteaby. The remaining 48 trails per participant ever
used in this analysis after excluding the trialthv@® and 180° rotation angle. A 3 (angular digyari

X 2 (compatibility) x 2 (age group) x 2 (gender? Xdirection of manual rotation) ANOVA with the
dependent variables RT and HR was used. M-ABC-2ese@s considered as a covariate in the
analysis of HR because partial correlation analystween M-ABC-2 score, RT and HR in block 2
and 3 only showed significant results for HR=(.29,p < .01).

3.2.1 Response time

Main effects were found for ‘angular disparit{f(2,148) = 53.15p < .001,n,? = .42, as well as for
the factor ‘age groupf(1,74) = 18.05p < .01,n?2 = .20. Again, RT increased with increasing angle
(repeated contrast analyses: all contrasts.001) and younger children had longer RT thateol
children M = 2869msSD = 113 vsM = 2169msSD = 120) (see Figure 2). Additionally, significant
interactions were found for the factors ‘age groampd ‘compatibility’,F(1,74) = 7.37p < .01,np? =
.09, ‘age group’, ‘compatibility’ and ‘gender;(1,74) = 8.35p < .01,ny? = .10 (see Figure 2), and
for ‘compatibility’ and ‘direction of manual rotatn’, F(1,74) = 4.26p < .05,n? = .05. For the latter
interaction, post hoc analyses with t-tests revkeale significant differences between the mean RT
during clockwise M = 2491ms,SD = 122) or counterclockwiseV( = 2526ms,SD = 119) manual
rotations p > .1).

This is a provisional file, not the final typeset article 8
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To further investigate the interaction between ‘@geup’, ‘compatibility’, and ‘gender’, separate
analyses for each age group were calculated. Inyd@ger age group the factor ‘compatibility’
revealed a significant main effed¥(1,40) = 4.59,p < .05,n,?> = .10. In addition, a significant
interaction was found between the factors ‘comiégiband ‘gender’,F(1,40) = 5.89p < .05,n,? =
.13. In the older age group, these effects werefownd: ‘compatibility’ @ = .09), interaction
between ‘compatibility’ and ‘genderp(= .1). The compatibility effect can be accountedlfy the
the boys in the younger age group (7-8-year-oldsbagmpatible rotation directiod = 2613ms,
SD = 182; incompatible rotation directioM = 2902ms,SD = 190; 7-8-year-old girls: compatible
rotation directionM = 2989msSD = 166; incompatible rotation directioM = 2971msSD = 172
and see Figure 2). To summarize, a significantceffé compatibility of rotation direction on the RT
was found only for 7-8-year-old boys.

3.2.2 Hitrates

To control for the influence of motor ability onropatibility effects, the M-ABC-2 overall score was
added as a covariate. The ANCOVA yielded a maiactffor the factor ‘age groupF(1,74) = 6.13,

p < .05n? = .08. Older children had higher HR than yourdeidren M = 95.8%,SD= 1.4 vsM =
90.9%,SD = 1.3). Another main effect was found for the ¢acangular disparity’F(2,148) = 4.91,

p < .01,n,? = .06, with higher HR for smaller disparities. d@ated contrast analyses revealed a
significant difference between 45° and 90°<.05), but no significance for the differenceviretn
90° and 135°( > .05). For the factor ‘compatibility’, no sigrefint effects§ > .05) or interactions
were found (allp > .05). Finally, motor ability, as measured witte tM-ABC-2, was significantly
related to HRF(1,74) = 5.0p < .05,n¢2 = .06. Thus, no significant effect of compatttyilof rotation
direction on HR was found.

3.3 Effects of motor ability and motor priming on subseuent mental rotation

Further analyses were performed to investigate lvgnet concurrent motor action (manually rotating
a knob) primes the use of motor processes in aahestation task. Specifically, we asked whether
motor processes are involved in mental rotatioa tgeater extent after performing a motor task in
context with a mental rotation task. If this is tese, the RT and HR should differ between block 4
(mental rotation preceded by a motor task) andkbloémental rotation that was not preceded by a
motor task).

To determine if motor ability should be used asosaciate to investigate this question, partial
correlation analyses between the M-ABC-2 scoreraadtal rotation performance (HR and RT) and
‘age in months’ as a control variable were run lack 1 and 4. The Bonferroni-adapted partial
correlations between M-ABC-2 score and mental rataperformance (HR and RT) were significant
in the second block (block 4) of mental rotatioT (R=-.3,p < .01; HR: r=.3,p < .01) but not in the
first block.

Two repeated measures ANCOVAs were subsequentlyvitinthe within-subjects factors ‘angular
disparity’ (0°, +45°, + 90°, +135°, 180°, -135°0%%and -45°) and ‘priming’ (with and without) and
the between-subjects factors ‘gender’ and ‘age grtar the dependent variables RT and HR; ‘M-
ABC-2 overall score’ was used as a Covariate becatithe correlation in block 4.

3.3.1 Response time

The ANCOVA for the blocks of mental rotation withtomanual rotation with RT as dependent
variable revealed main effects for ‘angular dispyariF(7,504) = 4.89p < .001,n,? = .06, and ‘age
group’, F(1,72) = 19.55p < .001,n,? = .21. RT increased with increasing angular digpdut
repeated contrast analyses showed that the diffesgm< .01) were significant only between 0° and
45° and between -45° and -90°: Older children Haatter RT than younger childreM(= 1952ms,

9
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SD= 95 vs.M = 2531msSD = 90). No significant main effect for the fact@riming’ was found j§

> .05) indicating that no general learning effeccwred. A significant interaction was found
between ‘angular disparity’ and ‘gendef(7,504) = 2.3p < .05,n,?2 = .03. Separate analyses with t-
tests showed significantly longer RT for girls oally135° (girlsM = 2912msSD = 966 vs. boysM

= 2391ms,SD = 772). The family wise alpha error was below 58aother interaction was found
between ‘priming’ and ‘M-ABC-2 overall scoreF(1,72) = 4.01p < .05,n? = .05. This interaction
supports the correlation analysis reported in &Bildren with more advanced motor skills show
higher levels of performance in a mental rotatiest tonly in the last block, i.e. after combined
mental and manual rotation

3.3.2 Hitrates

In the ANCOVA with the dependent variable ‘HR’, ticevariate ‘M-ABC-2 overall score’ was
significantly related to ‘HR’F(1,78) = 5.96p < .05,n,? = .07. Significant main effects were also
found for the factors ‘angular disparityr(7,546) = 5.73p < .001,n,? = .07, and ‘age group’,
F(1,78) = 4.4p < .05n? = .05. HR decreased with increasing angular digplaut repeated contrast
analyses showed that the only significant diffeemnp < .05) were between 0° and 45°, 45° and 90°,
and -90° and -135°. Older children had higher H&htiiounger childrenM = 93%,SD= 1.8 vsM =
88%,SD = 1.6). No effect or interaction with the fact@ngler could be found (gil> .05).

There was also a significant interaction betweetnfing’ and the covariate ‘M-ABC-2 overall
score’,F(1,78) = 4.64p < .05,ny? = .06. Post hoc analysis of an interaction wittogariate is not
possible. According to the correlation analysisorégd in 3.3, children with stronger motor abiktie
have shorter RT and higher HR. This holds truenalast block of mental rotation alone after two
blocks with motor priming. There is no relationsfopind in the mental rotation block preceding the
motor priming.

Another significant interaction was found betweandular disparity’ and the covariate ‘M-ABC-2
overall score’,F(7,546) = 2.71p < .01,n?2 = .03. Thus, the effect of motor priming on ménta
rotation performance depended on the overall sobtke M-ABC-2. Children with advanced motor
ability profited more from motor priming, i.e. perfned better after combined mental and manual
rotation than those with weaker motor ability.

4 Discussion

The aim of the present experiment was to invesigéfects of manual rotation on mental rotation in
two different age groups and to test the impaahofor ability on these effects. A significant effec
of compatibility of rotation direction on the regse time in a mental rotation task was found only
for 7-8-year-old boys. Rotating a knob in one dimtinterfered with the mental rotation of animal
pictures in the opposite direction. Boys in the-ye@r-old group were about 300ms faster when
mentally and manually rotating in the same directompared to the incompatible condition. This
effect could not be found for girls in the same ggmup or for 9-10-year-old children. An interactio
between children’s motor abilities and the intesfere effect was not found. However, mean
response times and hit rates in the mental rotaek were significantly influenced by children’s
motor abilities after performing a manual rotatiask (rotating a knob) in context with the mental
rotation task.

4.1 Mental Rotation

In line with previous literature, the findings diet present study include effects of both age and
angular disparity on mental rotation performanceg$lyn et al., 1990). Children in the younger age
group made more errors and had longer responss tim@ children in the older age group. In both
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age groups, errors and response times increasdd imdteasing angular disparity. This result
indicates that children did use mental rotatiosdtve the task (Shepard & Metzler, 1971). Although
significant interactions were found between angueparity and gender (response time) resp.
manual rotation and gender (hit rates), post haalyaes did not reveal significant differences
between boys and girls in any of the angular disparand neither for the condition with, nor foet
condition without manual rotation. This result isdontrast to the study of Jansen et al. (2013). A
gender difference was only found when the effechahual rotation compatibility was also assessed.

4.2 Interference between motor processes and mental m@&tion

Though the present study uses a slightly diffeparadigm, the results of Frick et al. (2009) were
largely replicated. Compatible with our findingsijdk et al. (2009) found an effect of compatibility
for younger children. Unlike Frick et al. (200Metpresent results revealed an effect of gender. An
age-dependent effect of compatibility supportsttieory that the ability to dissociate visual mental
activities and motor processes develops with adee 1-8-year-old boys in our study showed a
response time in the compatible condition that a@mind 300ms shorter than in the incompatible
condition. Moreover, the younger boys’ reactiongimas around 300ms shorter than that of the girls
in the same age group. This gender difference wa®xpected and is, as far as we know, a new
finding regarding dual task paradigms. As may be tlase, boys take advantage of a strong
relationship between motor and visual-mental preegsas long as the task is not interfered by a
concurrent motor task. This could possibly contigbto the explanation of the often found gender
difference in mental rotation. However, with thaadat hand, this point remains speculative. Please
also note that no gender effects were found reggrdiit rates. Moreover, in contrast to our
hypothesis, no interaction between motor abilitgt #re compatibility effect could be found.

4.3 Motor ability, mental rotation and motor priming

The influence of motor ability on the mean hit g in line with previous literature (Jansen & Hei
2010; Jansen et al., 2011). According to Moread 220the involvement of motor processes in non-
motor processes, such as mental rotation, is dpedo extensive motor experience. Following their
arguments, people with strong motor skills shouéd rbore likely to use motor processes while
solving mental rotation tasks and profit from usthgse skills. In a different experiment, Wraga et
al. (2003) showed that motor priming by performiag motor-related task has immediate
consequences on a subsequent set of actions. h@stound that cortical areas in the brain that
are involved in motor action were activated duningntal rotation after motor priming. Hence, motor
processes were used in computing the mental rotaticabstract objects. In contrast, these brain
regions were not activated if the previous taskuided no motor priming.

A separate analysis of the response times andtei$ in the first block of mental rotation, where n
motor priming in the form of manual rotation couligger the involvement of motor processes,
showed no influence of motor ability on mental tata performance. In block 2 and 3 the hit rates in
the mental rotation task were significantly relatednotor ability. Finally, in block 4, hit ratesié
even response times showed a relationship witld@rls motor abilities. A general learning effect
from block 1 to block 4 is unlikely because no metfect for the factor ‘priming’ was found. A main
effect would have indicated that all children imped their performance during the test. In contrast,
the interaction between the factor priming and tbegariate M-ABC-2 overall score shows that
children’s mental rotation performance after theeiference task was modulated by motor ability.
Children with stronger motor ability profited madrem simultaneous compatible manual and mental
rotation. This suggests that the manual rotatioa kfiob in our experiment induced the use of motor
processes to solve mental rotation ta8ender did not seem to play a crucial role in thalysis of
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priming effects. No gender effects were found fdr Hates. For response times, a significant
interaction between angular disparity and gendey fwand. However, separate analyses with t-tests
showed significantly longer response time withggfdr one angular disparity only.

Chu and Kita (2011) propose that the applicationmadtor processes generally has a positive
influence on mental processing of spatial trans&iroms. Boys in the younger age group may have
relied innately more on motor processes while sgivthe mental rotation task which proved
beneficial and resulted in a mean response time whaa around 300ms shorter than the girls’
response time. But if this reliance on learned mptocesses was disrupted by a concurrent motor
process such as rotating a knob in the opposieztitin, boys had to rely more on visual processes.
This might result in a mean response time of tmeeskength as the girls’. Whether the girls in the 7
8-year-old age group relied on visual processe$evgalving mental rotation tasks cannot be derived
from these data, since the concurrent motor taske@sed girls’ response time and it was not
influenced by direction of manual rotation.

We may only speculate about why gender differemoe® found for the effect of compatibility in
the younger age group. One reason might be thdidie in this age group had a better perception-
action coupling (Mounoud, Duscherer, Moy, & Periau@007; Piaget, 1952)A ction-perception
coupling” refers to the observation made by Moumketal. (2007) that the perception of an action
pantomime can facilitate the subsequent recognitiba corresponding tool. Given boys’ general
preference for toys which tend to encourage maatpmr, construction, and active exploration
(Cherney & London, 2006) and thus foster spatidliteds (Robert & Héroux, 2004), 7-8-year-old
boys may be more sensitive to effects of compdtibiFor the children in the older age group, faste
response times, higher hit rates and no effectsoofpatibility were found. This supports the idea
that as children grow older, there is a developalesttift that allows for better decoupling of visua
mental representations and manipulations on thénand and motor processes on the other.

4 A Limitations

Some limitations of the study should be notedhbpgaradigm used, an arrow appeared on the screen
indicating the direction the knob should be rotatedAs soon as the knob was rotated in the correct
direction the arrow disappeared and the stimulitfer mental rotation task appeared on the screen.
Children were told to constantly rotate the knobilevtsolving the mental rotation task. When
cognitive load increased while solving the mentaation task, many children slowed their speed of
manual rotation or even stopped. Although childseme reminded of the instructions when this was
observed, they soon returned to this behaviorutthér studies it may prove effective to couple the
knob with a velocity detection system so that asfide slowing of the rotation can be measured.
Nevertheless, a compatibility effect was observethe present study and the use of motor processes
in solving a mental rotation could be induced.

The possibility that some children, in contrastite instructions, might have rotated the left (gbt)
stimulus in order to align it with the right (ro¢af) stimulus cannot be ruled out. Another point tha
has to be considered is that the presentation efathrow might have stimulated a predominantly
visual strategy to solve the mental rotation tasistreducing interference effect due to motor
processes. This point can also not be ruled outptetely with our data. The finding that mental
rotation performance in the block subsequent tarthaual mental rotation task is clearly influenced
by motor ability, however, shows that beneficialtorgrocesses have been induced in children with
stronger motor skills. Further research with thearas a primer prior to mental rotation without
manual rotation might resolve this issue. Furtheend may be possible that it was primarily girls
who stopped rotating the knob.

This is a provisional file, not the final typeset article 12
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4. 5Conclusion

The collective results of this study suggest th&tyear-old boys rely more on motor processes in
solving mental transformation tasks compared tdés gof the same age. In older children, this
difference may be eliminated due to more advanamghitive skills, but this theory should be
investigated in further studies. Children with sgganotor abilities are more likely to use beneficia
motor processes in mental rotation tasks afteropmihg a motor task in context with a mental
rotation task. These results confirm an overlapvbeh motor and cognitive processes, especially for
young children, and underline the importance oftifadeted motor experience.
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658 7 Figure legends

659  Figure 1 Schematic drawing of the sequence of ditipnesented within one trial.

660  Figure 2 Mean of the response times per age grodgeander for compatible, incompatible and no
661  rotation trials.
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