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Abstract

To investigate the functional connection betweemecal cognition and action
planning, we required participants to perform def@ grasping responses depending on the
parity status of Arabic digits. The results showat precision grip actions were initiated
faster in response to small numbers, whereas pgwes were faster to large numbers.
Moreover, analyses of the grasping kinematics fedean enlarged maximum grip
aperture in the presence of large numbers. RTtsffemained present when controlling for
the number of fingers used while grasping but gieaped when participants pointed to the
object. Our data indicate a priming of size-relatestor features by numerals and support
the idea that representations of numbers and a&ctbare common cognitive codes within

a generalized magnitude system.

Keywords: numerical cognition, action planning, getized magnitude system,

common representation, object grasping, SNARC
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In the last few decades many authors have empldasthat cognitive
representations of perceptual and semantic infeomatan never be fully understood
without considering their impact on actions (cf.ll&se & Lakoff, 2005). In this context
interactions between perception and action hava bgtensively studied (for a review see
e.g., Hommel, Musseler, Aschersleben, & Prinz, 200lore recently, researchers also
started to focus on the interactions between laggaamd action (e.g., Gentilucci, Benuzzi,
Bertolani, Daprati, & Gangitano, 2000; Glenberg &sd€hak, 2002; Zwaan & Taylor,
2006; Lindemann, Stenneken, van Schie, & Bekker2@06). However, a cognitive
domain that has been hardly investigated in resjgeids impact on motor control is the
processing of numbers. This is surprising sincermhtion about magnitude plays an
important role in both cognition and action. Acdernowledge about size or quantity is
not only required for high-level cognitive processaich as number comprehension and
arithmetic (cf. Dehaene, 1997; Butterworth, 1998} &lso for the planning of grasping
movements (cf. Jeannerod, Arbib, Rizzolatti, & Sakal995; Castiello, 2005). Since
magnitude processing in mathematical cognition endhotor control has been studied
typically independent from each other, little isokvm about possible interactions between
these two cognitive domains.

Interestingly, some authors have recently argued the coding of magnitude
information may reflect a direct link between numiggocessing and action planning
(Walsh, 2003; Gobel & Rushworth, 2004; Rossettigdian-Courtois, Rode, Ota, Michel, &
Boisson, 2004). This idea is so far primarily basadneuroimaging studies that found an
overlap in activated brain areas during processlesed to numerical judgments and those
related to manual motor tasks. In particular, thteaparietal sulcus has been suggested to

be the locus of an abstract representation of madmiinformation (for a review see
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Dehaene, Molko, Cohen, & Wilson, 2004). At the saimee, it is widely agreed that this
particular brain region, as part of the dorsal aispathway, is also concerned with
visuomotor transformations and the encoding of ispatformation required for motor
actions (cf. Culham & Valyear, 2006). Based on ¢hi#sdings, Walsh (2003) proposed a
neuropsychological model of magnitude representatibich states that space and quantity
information are represented by a single generalizedjnitude system located in the
parietal cortex. Such a system may provide a commetric for all sorts of magnitude
information whether this information relates to rarroal quantities while counting or to
physical sizes of objects while performing graspaggions. In other words, the model
claims that number cognition and action planning énked by a shared abstract
representation of magnitude, which is strongly emed with the human motor system.
First indirect behavioral evidence that symbolicgmtude information interferes
with motor processes has been provided by langbaged studies. For example,
Gentilucci et al. (2000) reported that graspingoast are affected by words representing
size-related semantic information (see also Gl&dbixon, 2002; Glover, Rosenbaum,
Graham, & Dixon, 2004). The authors required pgodiots to grasp objects on which they
attached different word labels and observed thattbrdlarge leads to a larger maximum
grip aperture when reaching out for the object tttenwordsmall. This finding indicates
that the processing of size-related semantic infion interferes with action planning.
However, as demonstrated by behavioral, neuropsygival, and animal research,
semantic knowledge about magnitudes constitutesrya domain-specific cognitive ability
that does not require any verbal processing butithdased on a language-independent
abstract representation of quantity and size (Bghaene, Dehaene-Lambertz, & Cohen,

1998; Gallistel & Gelman, 2000; Brannon, 2006). Smmuently, the findings of
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interference effect between semantics and actiorhaadly be generalized to the domain of
numerical cognition and it remains an open questibather number processing interferes
with action planning as would be predicted by tlation of a generalized magnitude
system.

A characteristic property of nonverbal number reprgations is the direct coupling
of magnitude information with spatial features (Hald, Piazza, Pinel, & Dehaene, 2005;
Fias & Fischer, 2005). Such an association betweembers and space is nicely
demonstrated by the so called SNARC effect (iffects of gatial-rumerical_asociations
of response ades), which has been first reported by DehaenssiBp and Giraux (1993).
The authors required their participants to indi¢dhteparity status of Arabic digits (i.e., odd
or even) by left and right keypress responses @sdrged that responses with the left hand
were executed faster in the presence of relatigemall numbers as compared to large
numbers. Responses with the right hand, howevere faster in the presence of large
numbers. The SNARC effect has been interpretediderce that numerical magnitude is
spatially represented; an idea that has been désaribed with the metaphor of a “mental
number line” on which numbers are represented éerading order from the left side to the
right. Although the origin of spatial numerical asmtions is still under debate (see
Fischer, 2006; Keus & Schwarz, 2005), there is gngvevidence suggesting that SNARC
effects do not emerge at the stage of motor préparar motor execution. For example, it
is known that spatial-numerical associations aependent from the motor effectors,
because they could be observed for different tybésteralized responses such as pointing
movements (Fischer, 2003), eye-movements (FistMarlop, Hill, & Fias, 2004; Schwarz
& Keus, 2004) or foot responses (Schwarz & Mul2006). Additionally, it has been

shown that numbers do not only affect the initiationes of lateralized motor response but
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can also induce attentional (Fischer, Castel, Dé&ldPratt, 2003) and perceptual biases
(Fischer, 2001; Calabria & Rossetti, 2005). Theselifigs suggest that space-number
interferences occur during perceptual processingesponse selection but not in later,
motor-related stages of processing. Recently, ititisrpretation received direct support
from electrophysiological experiments on the fumeél locus of the SNARC effect (Keus,
Jenks, & Schwarz, 2005). Regarding the idea ofreeigdized magnitude system, SNARC
and SNARC-like effects can be considered as evelémat numbers and space are coded
on a common metric but it appears to be unlikegt they reflect an interaction between
number processing and motor control.

However, if numerical cognition and motor contrblee a cognitive representation
of magnitude, numerical information should affdw fpreparation or execution of motor
response. In other words, effects of numerical ritade should not only be present in
movement latencies but also in kinematic parametetise action. Moreover, the notion of
a generalized magnitude system implies that num@lestmulus-response compatibility
effects are not restricted to associations wittiapkcations as indicated by the SNARC
effect and predicts rather a direct interactionweein numerical and action-related
magnitude coding. Consequently, the processingiofemnical magnitudes should affect the
programming of size-related motor aspects—an eftteat could be described as within-
magnitude priming effect of numbers on actions (@falsh, 2003). First supporting
evidence for this hypothesis is coming from theeobation of an interaction between
number processing and finger movements recentlgrregp by Andres, Davare, Pesenti,
Olivier, and Seron (2004). In this study, particitsawere required to hold the hand in such
a way that the aperture between index finger andnth was slightly open. Then

participants judged the parity status of a visuphgsented Arabic digit and indicated their
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decision by means of a flexion or extension oftthe fingers (i.e., a closing or opening of

the hand). Electromyographic recordings of the hamdscles indicated that closing

responses were initiated faster in the presencendll numbers as compared to large
numbers, whereas opening responses were fastéeipresence of large numbers. This
interaction between number size and finger movesnatgmonstrates an interesting
example of a numerical priming of size-related@cfieatures. Andres et al. (2004) argued
that the performed movements may represent mimigkasping actions and supposed that
the observed interaction may point to a possibleriarence between number processing
and the computation of an appropriate grip aperaseneeded for object grasping.

However, to date, there is little empirical evidentat numerals affect reach-to-grasp
movements. To test this hypothesis directly, weid#et to investigate natural grasping

movements that involve, in contrast to finger moeats, a physical object, and that
comprise a reaching phase, which is characterigedoth an opening and closing of the
hand (cf. Castiello, 2005).

Thus, the present study investigates the effectswwohber processing on the
planning and execution of prehension movementsrderoto test the hypothesis that
numerical cognition and motor control share a commepresentation of magnitude. As
mentioned above, previous research has demonstitzéedeach-to-grasp movements are
sensitive to abstract semantic information (Geatilet al., 2000; Glover & Dixon, 2002;
Glover et al., 2004). Considering this and the fiiett the planning to grasp an object
depends to a large extent on magnitude processiog & requires a translation of physical
magnitude information (i.e., object size) into appmpriate grip aperture, grasping
responses appeared to us to be promising candittatssidy the presumed functional

connection between numbers and actions. To besgreme expected that the processing of
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Arabic numbers could prime the processing of setated action features (i.e., within-
magnitude priming effect; cf. Walsh, 2003) and @angently affect the initiation times and

movements kinematics of reach-to-grasp movements.

Experiment 1

Experiment 1 investigated whether processing ofemcal magnitude information
affects the response latencies and movement kinesnaif grasping movements.
Participants had to judge the parity status ofaligyresented Arabic digits. The decisions
had to be indicated by means of two different remeprasp movements toward a single
target object placed in front of the participar@pecifically, participants were required to
grasp the object with either a precision grip,, iggasping the small segment of the object
with thumb and index finger, or a power grip, igrasping the large object segment with
the whole hand. If magnitude representations fonerical cognition and action planning
have a common basis, we expected to find a stinmelgigonse compatibility effect between
number magnitude and the prehension act. Thus, g actions should be initiated
faster in response to relatively large numbers @edision grip actions should be faster in
response to relatively small numbers.

Since we know from research on eye-hand coordindhiat subjects tend to fixate a
to-be grasped object before initiating the reachrassp movement (cf. Land, 2006), we
obscured the right hand and the object from the @kthe participants and trained them to
grasp the object correctly without visual feedbathkere were two major reasons for the
use of memory-guided grasping actions in this ggrad First, if actions have to be

executed without visual feedback, participantsuaisattention remains constantly directed
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towards the parity judgment task until the movemienéxecuted and does not alternate
between the to-be grasped object and the monitoe. tAsk requirements as well as the
reaction time measurements are therefore compar@bléhose in classical number
processing experiments using button press respor&asond, online adjustments of
memory-guided actions are more difficult to perfoam compared to adjustments of
visually-guided actions (e.g., Schettino, Adamoyid Poizner, 2003). As a result,
participants are less prone to execute the reaanioggments before they complete their
judgment and have selected the required grip. Targrol is crucial for our paradigm,
because the hypothesized response latencies effactsbe only detected if number
processing and grip selection are fully completefbie the initiation of the reach-to-grasp
movement. With respect to the measurement of the&imuen grip apertures it is
noteworthy to mention that several studies havewshthat hand kinematics during
memory-guided grasping actions do not differ frdmosie found during visually-guided
actions (Santello, Flanders, & Soechting; 2002; §&8) Weber, & Santello; 2003; Land,
2006). It seems therefore to be unlikely that theeace of visual feedback influences the

appearance of potential number magnitude effedisaigrip aperture data.

Method

Participants

Fourteen students of the Radboud University Nijmegmarticipated in the
experiment in return of 4.50 Euro or course credis were naive to the purpose of the
study, had normal or corrected-to-normal visiord amere free of any motor problems that

would have influenced their performance on the.task
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Setup and Stimuli

Participants sat in front of a computer screenwing distance 70 cm) and were
required to grasp a wooden object consisting ofsegments: a larger cylinder (diameter 6
cm; height 7 cm) at the bottom and a much smallender (diameter 0.7 cm; height 1.5
cm) attached on top of it (see Figure 1). The dbjes placed at the right side of the table
behind an opaque screen (height: 44 cm, width:rdpatlowing the participants to reach it
comfortably with their right hand but without hagithe possibility of visual control (see
Figure 1a). At a distance of 30 cm from the obgsiter we fixated a small pin (height: 0.5
cm; diameter: 0.5 cm), which served as a marketHerstarting position of the reach-to-

grasp movements.

Please insert Figure 1 about here

As stimuli for the parity judgments task we chdse Arabic digitsl, 2, 5, 8, and9
printed in black fonts without serifs on a lighegrbackground. They were displayed at the

center of the computer screen and subtended &alerisual angle of approximately 1.8°.

Procedure
At the beginning of the experiment, participantgeveequired to practice to grasp
the object with either the whole hand at its lasggment (i.e., power grip) or with thumb
and index finger at its small segment (i.e., pieaigyrip). Figure 1b illustrates the two
required responses in the experiment. Only if pgdints were able perform the grasping
movements correctly and fluently without visiong éexperimental trial block was started.
The participant’s task was to indicate as soonassiple the parity status of the

presented Arabic digit (i.e., even vs. odd) by nseafithe practiced motor responses. That
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is, depending on the parity status the participeais required to reach out and grasp the
object with either a power or a precision grip. Hwer, in the case of the digh,
participants were required to withhold from respagd This ‘no-go’ condition was
introduced to ensure that reaching movements wetenitiated before the number was
processed and the parity judgment was made.

Each trial began with the presentation of a gregtion cross at the center of the
screen. If participants placed their hand correatlyhe starting position the cross turned
black and disappeared 1000 ms later. After a delagndom length between 250 ms and
2000 ms the digit was presented. Participants jidte parity status and executed the
corresponding grasping movements. The digit disagaewith the onset of the reach-to-
grasp movement or after a maximal presentation wih&000 ms. After an inter-trial
interval of 2000 ms the next trial started. If papants moved their hands before the digit
was shown or if they responded on a no-go triagdastop sign combined with a 4400-Hz

beep sound lasting 200 ms was presented as egral si

Design

The mapping between digit parity and required Jragpresponse was
counterbalanced between the participants. Thaha#, of the participants performed a
power grip action in response to even digits amdegision grip action in response to odd
digits. For the other half, the stimulus-responsg@ping was reversed.

The digitsl, 2, 8, and9 were presented 50 times. The experiment comptiagsl
100 power grip responses and 100 precision griporeses, whereas each grip type had to

be performed towards both small and large digidifonally, there were 25 no-go trials
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(i.e., digit5). All trials were presented in a randomized segaeifhe experiment lasted

about 45 minutes.

Data acquisition and analysis

An electromagnetic position tracking system (mifBl 800™, Ascension
Technology Corporation) was used to record handem@nts. Two sensors were attached
on the thumb and index finger of the participanight hand. The sampling rate was
100 Hz (static spatial resolution: 0.5 mm). The ermaent kinematics were analyzed off-
line. We applied a fourth-order Butterworth lowpdster with a cut-off frequency of
10 Hz on the raw position data. The onset of a mmmreé was defined to be the first
moment in time when the tangential velocity of ihdex finger sensor exceeded the
threshold of 10 cm/s. We used the reversed criterdetermine the movement offset. For
each subject and each experimental condition, wepated the mean reaction time (RT;
i.e., the time elapsed between onset of the digitthe onset of the reaching movement)
and the mean maximum grip aperture (i.e., averdgaeomaximum Euclidean distances
between thumb and index finger during the time leetwreach onset and offset).

Anticipation responses (i.e., responses before tomgethe go signal and
RTs < 100 ms), missing responses (i.e., no reac@om RTs > 1500 ms), incorrect motor
responses (i.e., all trials in which participangslefd to hit the object or stopped their
reaching and initiated a new reach-to-grasp movénatd wrong parity judgments were
considered as errors and excluded from furtheistitatl analyses. In all statistical tests, a
Type | error rate oft = .05 was used. To report standardized effectrsigasurements, we

calculated the parameter omega squanéflgs suggested by Kirk (1996).
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Results
Anticipations and missing responses occurred in?0.8f the trials. 2.7 % of the
grasping responses were performed incorrectly.eFha rate for the parity judgments was

2.2 %.

Please insert Figure 2 about here

The mean RT data were submitted to a two-way repeateasures analyses of
variance (ANOVA)with the factors Number Magnitude (small magnitudle& 2, large
magnitude: 8 & 9) and Type of Grip (power grip, @s&n grip). Figure 2 depicts the mean
RTs. Power grip responses (605 ms) were initiagesdef than precision grip responses
(621 ms), F(1,13) =5.17,p< .05, ®* =.13. Most importantly, however, the analysis

yielded a significant interaction between the fextdumber Magnitude and Type of Grip,

F(1,13) = 7.13,p< .05, @ =.10. That is, precision grips were initiatedtéasto small
numbers (612 ms) as compared to larger numbers rf&31t(13) = -2.30,p < .05. This
difference appeared to be reversed for the powprgsponses, since actions were initiated
faster to large (600 ms) than to small numbers (&R This contrast, however, failed to

become significant(13) = 1.10p = .32.

Please insert Table 1 about here

The mean maximum grip apertures were analyzed tdlsame two-way ANOVA
as used for the RT data (see Table 1 for meang). ni&in effect of Grip Type was
significant F(1,13) = 376.5,p <.001, which reflects the trivial fact that maximugrip

aperture was larger for the power grip respons28.0Lmm) than for the precision grip
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responses (75.0 mm). Interestingly, we also foundain effect of Number Magnitude,

F(1,13) = 5.31p < .05, @* = .13. This finding indicates that grip apertune=re somewhat
larger in the context of large numbers (97.8 mnantim the context of small numbers
(97.2 mm). The interaction between the two factalisl not reach significance,

F(1,13) = 3.8p = .08.

Discussion

Experiment 1 demonstrates a magnitude priming eféaumerals on grasping
latencies. That is, the grasping responses to sfigits were faster initiated if the object
had to be grasped with a precision grip and reg®ons large numbers were relatively
faster if a power grip was required. In additiore feund that number magnitude affected
the grasping kinematics, i.e., the maximum gripriapes were enlarged when the object
was grasped in presence of a large number. Althdlighinteraction between Grip Type
and Number Size was not significant, the mean maxingrip apertures seem to suggest
that the main effect of the number size is regtddip the precision grip actions only. A
possible reason for this dissociation is the faat thany participants had to open their hand
to a maximum degree in order to perform the powgr gesponse and clasp the bottom
cylinder with its large diameter. Under these amstences, the processing of large
numbers can hardly result in a further enlargenwnthe grip aperture. The number
magnitude effect on the grasping kinematics isetfoee less pronounced as it could be
observed for precision grip actions.

The magnitude priming effect on the grasping latesyand the number effect on
the grip aperture indicate that the processingushlvers has an impact on the prehension

actions. Both findings are in line with the hypdatisethat numerical cognition and action
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planning share common cognitive codes within a gdized system for magnitude
representation (Walsh, 2003). A possible objectmthe interpretation that the numerical
magnitudes primed the size-related motor featufeten grasping actions is that the two
responses did not only vary with respect to theliredq grip size (i.e., precision or power
grip), but they were also directed toward differgmairts of the object. That is, each
precision grip was directed toward the small tognsent, whereas each power grip was
directed toward the large bottom segment. It casrefiore not be excluded that the
observed response latency differences reflect apathility effect between numerical
magnitudes and spatial response features alongetttieal direction. That is, it might be
possible that responses to the top were facilittaecgmall numbers and responses to the
bottom were faster for large numbers. Such SNARE-&ffects for the vertical direction
have been previously shown by different researcteets, Ita & Hatta, 2004; Schwarz &
Keus, 2004). However, these studies consistentigest a spatial-numerical association of
upward movements with large numbers and an asgwotiat downward movements with
small numbers. Although we observed in Experimetttelopposite pattern of effects, we
can not exclude at this point that the differenicethe latencies of the grasping response
might be driven by a reversed vertical SNARC effécsecond possibility to account for
the data of Experiment 1 is the assumption of spwadence effects between the
numerical size and the size of the object segnenthich the action was directed. That is,
reach-to-grasp responses toward the small or Begment could be facilitated in response
to small or large numbers, respectively. This paesiassociation between abstract
magnitude information and physical object propertigould also argue against our
interpretation of numerical priming effects on grag actions. To evaluate these

alternative explanations we conducted a secondriex@et.
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Experiment 2

The aim of Experiment 2 was to control for a polesdonfound of the required grip
size and the relative vertical goal location of teaching movements in Experiment 1 and
to exclude thus that the observed response lateffects were driven by a spatial
association between numerical magnitudes and thdcale dimension (e.g., vertical
SNARC effect). To do so, we required the partictpan Experiment 2 to merely reach out
for the object without grasping it (i.e., pointimgovement). That is, the parity status of
Arabic digit had to be indicated by means of poigtmovements toward the small top or
large bottom segment of the object. If our previduslings would reflect a reversed
vertical SNARC effect or compatibility effect betere number size and the size of the
object segments that served as goal location ®rréisponse, the same response latency
effects should be present in pointing movementswéder, if the effects reflected a
priming effect of aperture size, the intention t@gp should be crucial to find stimulus-
response compatibility effects between numerictdrmation and object-directed actions.

In that case, we expected the pointing responbe tmmaffected by the presented digits.

Method

Participants
Twenty-two students of the Radboud University Nigee participated in

Experiment 2 in return for 4.50 Euro or course itsedNone of them took part in the
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previous experiment. All were naive to the purpadethe study and had normal or

corrected-to-normal vision.

Setup and Stimuli

The experimental setup and stimuli were identicdtxperiment 1.

Procedure

The procedure and the design were the same as peribent 1. The only
modification was that, instead of the previous giag movements, participants performed
pointing movements. That is, depending on the ypaiatus of the presented digit the
participants were required to point either to threal top or to large bottom segment of the
object. Since the pointing movements needed toeb®nmed accurately without sight, the

responses were again practiced at the beginnitigeagxperiment.

Design

Half of the participants had to point to the sntap segment in response to even
digits and to the large bottom segment in resptmseld digits. The other half were given
the reverse stimulus response mapping. The expeticwmprised again 225 trials (50
repetitions of the digitg, 2, 8, and9 plus 25 no-go trials with the digh) presented in a

random order and lasted about 30 minutes.

Data acquisition and analysis

An electromagnetic motion tracking sensor was h#dcto the participant’s right
index finger and used to record the pointing tiajees. Movement onsets were determined
and analyzed as described in Experiment 1. In additve calculated for each pointing

trajectory the path curvature index (PCI), whichswdefined as the ratio of the largest
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deviation of the pointing trajectory from the lisennecting the movement start and end
location to the length of this line (see Desmurgeablanc, Jordan, & Jeannerod, 1999).
Trials with incorrect parity judgments were exclddéom the reaction time
analysis. In order to increase the chance to fmeéféect of the number magnitude on the
pointing, we also considered movements with strypgived trajectories (i.e., movements
with a PCI larger than .5) as incorrect responbesause in these cases participants may
have initiated the pointing movement before hawwognpleted their parity judgment or

may have corrected their judgment during the moveme

Results
Anticipation and missing responses occurred in%.4f the trials. 2.6 % of the
pointing movements were performed incorrectly (RCI > .5)* The average error rate for

the parity judgments was 1.1 %.

Please insert Figure 3 and Table 2 about here

We applied a two-way repeated measures ANOVA with factors Number
Magnitude (small, larger) and Pointing Goal Locati@mall top segment, large bottom
segment) on the RT data (see Figure 3) and thedR@l(see Table 2 for means). Pointing
movements toward the small top segment were iedi&gster than movements to the large
bottom segment (530 ms vs. 543 ni)1,21) = 4.80p < .05, &* = .08. Responses toward
small numbers were faster than to large number& (B4 vs. 531 ms)F(1,21) = 7.38,
p<.01, & =.12. Most important, however, the analysis dimt show a significant
interaction between the factors Number Magnituded dPointing Goal Location,

F(1,21) < 1, even though the statistical pdafrthe performed ANOVA was sufficient to
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detect an interaction effect that was only half ¢siee of the effect found in Experiment 1,
i.e., (18) = .83 for an expected’= .05 and an assumed population correlation betatten
factor levels op = .75 (conservatively estimated from the obseemgirical correlations).
The analysis of the PCI data revealed that pointmgyements toward the top
segment (PCIl =.29) were more curved than the mew&sntoward the bottom segment
(PCI = .20) F(1,21) = 26.98p < .001. Importantly, there were no significant effefor the
factor Number Magnitude and the interaction betwisenfactors Number Magnitude and
Pointing Goal Location, boths(1,21) < 1.5, which shows that number processadrio

impact on the pointing kinematics.

Discussion

If participants made pointing instead of graspingveaments, the interaction
between numerical magnitudes and motor responsappiared. Likewise, the analysis of
movement curvature data failed to reveal any imitgeof the numerals. This absence of
numerical magnitude effects on the pointing movesexcludes that the priming effects
observed in Experiment 1 were driven by spatiabeistions between numbers and relative
vertical locations or by associations between nunmbggnitude and physical object size.
Since other authors reported numerical associatigtislocations along the vertical axis, it
might be possible that the absence of effects éontmg movements was caused by two
opposite effects resulting from contrary assocraiof numerical magnitude with vertical
space (i.e., vertical SNARC effect) and with phgkiabject size (i.e., association between
number and size of object segment). Independemh filmis speculation, however, the
outcome in Experiment 2 shows clearly that numeat@sot affect the motor actions if the

responses did not involve a grasping component e@musisted only of a pointing
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movement. Together with the results of Experimenivd can therefore conclude that the
intention to grasp is a prerequisite for the presghnumerical magnitude priming of
actions, which in turn indicates that the obserivedrference effects must have emerged
while the selection and preparation of the grip.

Nevertheless, our interpretation of a within-magmé priming effect between
numerical cognition and action planning could dt#l questioned. The reason is that the
motor responses in Experiment 1 did not only difféih respect to the size of the required
grip but also with respect to the number of fingéest had to be used for grasping. That is,
precision grips always implied grasping movemerith ¥wo fingers (e.g., only thumb and
index finger), whereas power grips always involteel use of all five fingers of the hand.
We can therefore not exclude that our findings wdnigen by the different amount of
fingers involved in the grasping responses. Suclexgianation is not farfetched and it
appears to be even plausible to assume that tharstrong association between the fingers
of the hand and the semantic knowledge about noalemagnitudes (see e.g. Di Luca,
Grana, Semenza, Seron, & Pesenti, 2006). This ctionds for instance nicely illustrated
by children’'s use of finger-counting strategies whiearning to deal with abstract
guantities. And, in fact, there is empirical evidenfor this relation coming from
developmental studies indicating that the perforeeanf a child in a finger agnosia test is a
good predictor for later numerical skills (Noel, 0&). Moreover, neuropsychological
research has shown that symptoms of finger agrosiaften associated with symptoms of
dyscalculia (so called Gerstmann’s syndrome: Maytrtory, Pegna, Landis, Delavelle,
& Amnoni, 1999). Consequently, we conducted a thesgperiment to control for the

number of fingers involved in the grasping respsnse
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Experiment 3

Experiment 3 sought to provide further evidence thanber processing interferes
with the processing of action-coded magnitude mfaion for motor preparation and
aimed to exclude that this compatibility effect wesused by overlearned associations
between numbers and the fingers of the hand. Teajowve tested whether magnitude
priming effects of numerals could also be foundgrasping movements that required a
fixed number of fingers for both required types gifp. As in the first experiment,
participants grasped the object in different waysndicate the parity status of Arabic
digits. Now, however, power and precision grips tate performed both with thumb and
index finger only. Consequently, the two graspiesponses differed only in aperture Size.
In order to ensure that ring, middle and littlegiems were not used to grasp the target
object, we required our participants to hold witlede three fingers a little stick. If the
response latency differences in Experiment 1 weikeed by a number-finger association,
we should not observe any magnitude priming effetftghey reflected, however, a
magnitude priming of size-related response featafdbe grasping action, we should be

able to replicate our previous findings.

Method

Participants

Eighteen students of the Radboud University Nijnmegeho had not participated in
one of the previous experiments, took part in Expent 3. The participants were paid 4.50
Euro or received course credits. All were naivéh purpose of the study and had normal

or corrected-to-normal vision.
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Setup and Stimuli

The experimental setup and stimuli were identicdtxperiment 1.

Procedure and Design

The procedure and the experimental design werdigd¢no Experiment 1. Again,
participants were required to indicate the parifyus of the presented digits by performing
different types of grasping responses with theghtrihand. However, in contrast to
Experiment 1, the object had to be grasped witmth@and index finger only. That is,
depending on the presented digits participantspgchshe object with two fingers either at
the large segment (i.e., power grip) or at the sgment (i.e., precision grip). In order to
ensure that no other finger of the right hand wesed for grasping, participants had to hold
during the experiment a little stick (5 cm lengtihb cm diameter) between their right

middle, ring and little finger.

Data acquisition and analysis
Data acquisition and analysis were identical ts¢hemployed in Experiment 1. An
additional motion-tracking sensor was mounted mdite stick and used to control that

participants held the stick in their right handidgrall trials.

Results
Anticipations and missing response occurred in%0.@f the trials. Only 0.9 % of
the grasping movements were performed incorrecillye error rate for the parity

judgments was 1.6 %.

Please insert Figure 4 about here
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The RT and grip aperture data (see Figure 4 & Tablevere analyzed as in
Experiment 1. The 2 (Number Magnitude: small vegea x 2 (Type of Grip: precision grip
vs. power grip) ANOVA of the RTs revealed no maifeets, bothFs < 1. Importantly, a

significant interaction effect between these twatdes was foundi=(1,17) = 5.46p < .05,

@’ = .06. Post-hod-tests indicated that the precision grip RTs wemerter to small
numbers (556 ms) than to large numbers (571 t(isj) = -2.13,p < .05, whereas for the
power grips there was a non-significant trend talsahe reversed effect, that is, shorter
RTs to larger (560 ms) than to smaller numbers (%), t(17) = 1.95, p = .058. The two-
way ANOVA of the mean maximum grip apertures regda main effect for Type of Grip,
F(1,17) = 292.76p < .001, which showed that the grip apertures wanrgelr for power grip
actions (116.7 mm) than for precision grip actigidi8.9 mm). Although the mean grip
apertures difference between responses toward amllarge numbers was identical to the
main effect observed in Experiment 1, the factormidar Magnitude did not reach

statistical significance;(1,17) = 2.11p = 0.16.

Discussion

Experiment 3 replicates the reaction times effdcExperiment 1 and shows an
interaction between numbers and grasping actiossitivolve a fixed number of fingers.
The finding excludes that the observed responsendst effects were driven by an
association between numbers and the fingers ohamel and provides additional support
for the idea of numerical priming of size-relatedtor features.

In contrast to Experiment 1, the size of the maxmgyrip apertures did not differ
for small and large numbers. A possible reasoithigrmight be that the grasping responses

in Experiment 3 had to be performed in a ratheratumal manner. Since participants were
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required to hold a stick with the three remainingpérs while grasping the object with
thumb and index finger, the responses were ceytandre difficult to perform and might

thus have been more disturbed than in ExperimeRtvidence for this is provided by the
observation that the within-subject confidencerwvaéfor the grip aperture data was larger
for Experiment 3 as compared to ExperimerititLis therefore likely that the increased
movement complexity was responsible for the absehgep aperture effects when objects

had to be grasped with two fingers only.

General Discussion

The present finding of an interaction between regméations of numerical
information and representations of action-coded nitade information for grasping
provides evidence for a close link between numemcgnition and motor control. We
asked participants to indicate the parity statugisially presented Arabic digits by means
of different reach-to-grasp movements (Experiméni& 3) and observed that precision
grip actions were initiated faster in responsediatively small numbers, whereas power
grip actions were initiated faster in responsea@é numbers. This finding indicates a
magnitude priming of grasping actions by Arabic euats. Beside that, we observed that
the numerical magnitude had also an impact on thge aperture kinematics. With both
effects, we provide behavioral support for the idleat number processing and action
planning share common cognitive codes within a gdized system for magnitude
representation (Walsh, 2003).

Interestingly, the present study indicates thatititention to grasp the object was

crucial for the interference between number prdngsand action planning. Numerical
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magnitudes did not affect the actions if they ineal no grasping component and consisted
merely of a reaching movement (i.e., pointing resg) toward the smaller or larger
(respective upper or lower) part of the object @xmpent 2). This findings clearly discards
the possibility of a compatibility effect betweenmbers and the reaching component of
the actions—an effect that could have been caugezhkassociation of number size with
the size of to-be grasped object part or with thé position of the reaching movement
along the vertical dimension (vertical SNARC effect Ito & Hatta, 2004; Schwarz &
Keus, 2004). In addition, we excluded the possibihat interactions between grasping
actions and number magnitude were driven by theréiit amount of fingers involved in
the two different grasping responses, since thaipg effects of the Arabic numerals were
also present when the grasping actions were pegdrrwvith two fingers only
(Experiment 3).

Arabic numerals did not only affect the time torpknd initiate the grasping action
but also influenced the way in which the action \wasformed. That is, when participants
grasped the object without any restrictions cornogrithe fingers to be used, maximum
grip apertures were enlarged in the presence gé laumbers. Taken together, we conclude
that the processing of numerical magnitude inforomasomehow biased the processing of
size-related motor features when preparing thepgrgsresponses. Possibly, this effect
originates from processes in the dorsal pathwayreviheagnitude information needed to
select an appropriated grip aperture is computddepresented (cf. Castiello, 2005).

The present magnitude priming effect in object girag substantially extends
previous findings of numerical stimulus-responsmpatibility effects that were caused by
an association between numbers and spatial logatidre most prominent example of this

relationship is the SNARC effect reflecting thedency to respond fast with a left-side
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response toward small and a right-side responsartbvarge numbers (Dehaene et al.,
1993; for review see, Hubbard et al., 2005). Sp $NARC effects have been shown for
several types of lateralized motor responses (BrscB003, Schwarz & Keus, 2004,
Schwarz & Miller, 2006). It is, however, importaotnotice that in the present study the
grasping actions did not differ with respect toatetalized left/right response feature.
Instead, participants moved always with the sanmel haward the same object at the same
location. Consequently, the observed differencehénlatencies of the reaching responses
can not be explained by an association between ergrdnd spatial response features.
Rather, our data revealed an interaction betweenerigal magnitude information and
size-related features of the motor response the.grip aperture). Thus, the demonstrated
magnitude priming of grasping actions shows alsat thumerical stimulus-response
compatibility effects are not restricted to an assiion between numerical values and
spatial locations along the mental number line.(@ghaene et al., 1993).

The experiments reported here represent a dird@vilgral test of the idea of a
generalized magnitude system for number processidgaction planning. Importantly, the
present findings go beyond the number finger-mowenregeraction previously shown by
Andres et al. (2004). Although also the authorscglaged that the compatibility effects
observed between numbers and the extension/flefitme index finger might be the result
of a common representation involved in number m@sicg and hand aperture control, the
reported evidence for this was quite indirect sitite task did not require any grasping
action. For example, it can not be excluded thatdfiects in the study of Andres et al.
(2004) were the result of an association betweenbeus and space along the sagittal axis,
because each response comprised an index fingegmamt either towards or away from

the body. The findings could be therefore also &xyeld in terms of the more classical idea
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of the mental number line. Moreover, the assumethection with grasping behavior
appears to be problematic, not only because thenactlid not involve objects but also
because an opening or closing of two fingers diffarseveral crucial motor features from
natural grasping movements. As we know from sewtalies on motor control, reach-to-
grasp movements consist always of both an opemdgeaclosing of the hand rather than a
single change of the grip aperture (for review €stiello, 2005). Since the hand
preshaping is strongly linked to the transport phafsthe hand, we argue that magnitude
effects in grasping actions can not be investigagoropriately without considering the
whole reaching movement. It is thus important tGaeothat, in contrast to previous work,
the present findings were not driven by finger moeats per se and reflect an effect on the
reach onset times and grasping kinematics whilehiag out for the target object. Since
the observed numerical magnitude priming is anceié the intended end postures of the
grasping actions, our results indicate that the sfzhe required grip aperture at the end of
the reaching is the crucial motor feature respdeddy the observed cognitive interference.
This interpretation is in line with recent theoriaghe field of motor control assuming that
the motor planning is mainly guided by the desiesttli postures of a goal-directed
movement (Rosenbaum, Meulenbroek, Vaughan, & Jar2@®il). Taken together, the
major advancement made by studying number effectsatural grasping actions is that our
findings provide clear-cut evidence for the pregeatwithin-magnitude priming between
numbers and size-related motor features and dematadurthermore that these effects
emerge during action planning well before the dgactually grasped.

Since Arabic digits represent broadly speaking restance of symbolic semantic
information, our findings may also contribute tesearch investigating the relationships

between semantic processing and motor actionslé8itnithe current number effect on the
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grasping kinematics, an impact of word meanings tbe grip aperture has been
demonstrated by several studies (Gentilucci e800; Glover & Dixon, 2002; Glover et
al., 2004). For example, semantic action effectgehaeen found of words representing
categorical magnitude relations (i.emall or large) as well as for words denoting objects
that are associated with a specific physical siee grape or apple) and therefore also with

a specific type of grip (cf. Tucker & Ellis, 200Ihe present study extends these findings
and provides first empirical evidence for a compbragrip aperture effect of Arabic
numerals. This shows that semantic effects on mattions are not restricted on words
representing physical or relative magnitudes bat they can be also elicited by stimuli
representing knowledge about abstract and absolagnitudes. Glover and Dixon (2002)
performed a very detailed analysis of the grip aperkinematics and found that semantic
effects of word reading are only present very eanyn the reach. As the hand approaches
the target object this effect gradually decline$ie Tauthors concluded therefore that
semantic information interferes with motor plannimgt not with processes of movement
control, which become effective only after the actihas been initiated. Following this
reasoning, it is likely that the kinematic effedt numbers also occurred while motor
preparation. We assume therefore that the gripiaeeeffects of numerals originated from
the same cognitive interference during the stageaation planning as the magnitude
priming effect found in the reaching latencies.

Several authors have suggested recently that semprdcessing and action
planning should be understood as two mutually degenprocesses (e.g., Glenberg &
Kaschak, 2002; Gallese & Lakoff, 2005). This ideaplies not only that semantic
processing affects action planning but also thatoacplanning may affect semantic

processing. Evidence has been provided recentlythier by the observation that the
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planning and execution of an action is capableatlifate semantic judgments on the
meaning of action-related words or sentences (Zwadraylor, 2006; Lindemann et al.,

2006). Whether such a reversed effect of actiommteg on higher cognitive processes
exists as well for the processing of numbers isirdnguing open question for future

investigations.

In sum, not much is known about the role of magtgtinformation in the coupling
between motor control and other cognitive proces3ée present study indicates the
existence of a functional connection between nurakgognition and action planning. As
the magnitude priming of grasping actions by Aratigits shows, the coding of numbers
interferes with the coding of size-related respofestures. This finding suggests that
number processing and motor preparation share conoognitive codes (cf. Hommel et
al., 2001) and supports in particular the idea géaeralized magnitude system (cf. Walsh,
2003) in which representations of numbers and astare linked by a common metric for

size and quantity information.
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Footnotes

1. A two-way repeated measures ANOVA with the festblumber Magnitude
(small, larger) and Pointing Goal Location (smalb tsegment, large bottom segment) on
the error data (i.e., amount of incorrect performeator response) yielded no significant
effects, allps>.20.

2. The statistical power analysis was conductedgusihe programG*Power 3
(Faul, Erdfelder, Lang, & Buchner, in press).

3. For reasons of simplicity we keep here the |&pelver grip” for the grasping of
the large segment with thumb and index finger,calth the term is usually reserved for
grasping actions with all fingers of the hands.

4. The within-subject confidence interv&l( cf. Loftus & Masson, 1994) for the
mean maximum grip apertures in presence of smdlllamge numbers wasl = £0.56 in

Experiment 1 an€l = £.91 in Experiment 3.



Table 1
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Tables

Mean Maximum Grip Aperture (in mm) during the Reach-to-grasp Movementsin

Experiment 1 and 3 as a function of the Factors Number Magnitude and Type of Grip

Grip Small number  Large number
Experiment 1

Precision 74.6 75.9

Power 119.6 119.7

Mean 97.2 97.8
Experiment 3

Precision 73.7 74.2

Power 116.3 117.0

mean 95.0 95.6

37



Getting a grip on numbers 38

Table 2
Mean Path Curvature Indices (PCI) for the Pointing Movementsin Experiment 2 asa

Function of the Factors Number Magnitude and Pointing Goal Location

Segment Small number Large number
Small top 29 .29
Large bottom .20 21

mean .24 .25
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Figure Captions

Figure 1. Basic experimental setup. (A) Participants sat &hbée with a computer
screen and a manipulandum. An opaque screen olsthedo-be grasped object and the
right hand from view. (B) The object consists ofotwegments: a large cylinder at the

bottom affording a power grip and a small cylindethe top affording a precision grip.

Figure 2. Mean response latencies in Experiment 1 as a famaif the factors

Number Magnitude and Type of Grip.

Figure 3. Mean response latencies in Experiment 2 as aibmdf the factors

Number Magnitude and Pointing Goal Location.

Figure 4. Mean response latencies in Experiment 3 as aibmdf the factors

Number Magnitude and Type of Grip.
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