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In the present study, we recorded the kinematics of grasping movements in order to mea-
sure the possible interference caused by digits printed on the visible face of the objects to
grasp. The aim of this approach was to test the hypothesis that digit magnitude processing
shares common mechanisms with object size estimate during grasping. In the first stages
of reaching, grip aperture was found to be larger consequent to the presentation of digits
with a high value rather than a low one. The effect of digit magnitude on grip aperture
was more pronounced for large objects. As the hand got closer to the object, the influence

Keywords: of digit magnitude decreased and grip aperture progressively reflected the actual size of the
Control object. We concluded that number magnitude may interact with grip aperture while pro-
Planning gramming the grasping movements.
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1. Introduction programming of grasping movements (Binkofski et al., 1999;

Several observations suggest that number magnitude and the
size of objects to grasp are processed in the dorsal visual path-
way by a common system of magnitude (Walsh, 2003). Indeed,
recent brain imaging studies have shown that judgements on
numerical magnitude and physical size are both associated
with increased activity in the intraparietal sulcus (IPS) and
premotor cortex (Fias et al.,, 2003; Kadosh et al., 2005; Pinel
et al., 2004). Because these two regions contribute to the

Culham et al,, 2003; Ehrsson et al., 2000; Frey et al., 2005;
Davare et al., 2006}, it is reasonable to assume that number
magnitude processing interacts with the visuo-motor pro-
cesses involved in shaping the handgrip to object size. In
line with this view, electrophysiological recordings in mon-
keys have shown that neuronal activity in the IPS and premo-
tor cortex is modulated by both the object size and the
appropriate hand posture (Raos et al.,, 2006); such neuronal
responding fits the requirements of number magnitude
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processing, as defined by computer simulations, because it in-
volves a size estimate independent of the object’s visual ap-
pearance (Dehaene and Changeux, 1993).

In a previous experiment, we asked participants to perform
either a grip closure or opening depending on the parity of a vi-
sually presented digit (Andres et al., 2004). Electromyographic
(EMG) recordings revealed that grip closure was initiated
faster in response to digits with a low value whereas grip
opening was initiated faster in response to digits with a high
value. However, these results did not allow us to infer com-
mon processes for the coding of number magnitude and ob-
ject size because the task required imitating grasp
movements in the absence of objects. A recent study extended
these results to natural grasping movements performed in
response to visually presented digits (Lindemann et al,
2007). Depending on digit parity, participants had to grasp
a physical object using either the finger and thumb (i.e., preci-
sion grip) or the whole hand (i.e., power grip). Results showed
that movement initiation was speeded up when participants
performed a precision grip in response to digits with a low
rather than a high magnitude, consistent with the specificity
of this hand configuration for grasping small objects. More-
over, during the reaching phase, the maximal grip aperture
was found to be larger following the presentation of high
than low digits, irrespective of the selected grip. Altogether,
these results confirm the existence of interactions between
number magnitude processing and the adjustment of grip ap-
erture to object size. However, little is known about the time
course of these interactions during grasping. In the study by
Lindemann et al. (2007), digit magnitude was found to influ-
ence the maximal grip aperture, which is classically observed
in the second half of the reaching phase, but their results did
not tell us anything about the effect of digit magnitude in the
first stages of the reaching phase.

Glover (2004) proposed that the reach-to-grasp movement
is characterized by a gradual cross-over between planning
and on-line control of the grasping movement. These two sys-
tems are assumed to involve different parts of the parietal
lobe. The purpose of planning is to select the appropriate mo-
tor program for a given action. For on-line control, the require-
ment is to minimize the spatial error of the movement
through fast correction mechanisms. The inputs of the plan-
ning stage include both spatial and semantic information
about the object to grasp, whereas on-line control is mainly
influenced by the spatial dimensions of the object such as
its size, orientation or position. Planning is responsible for
the initial determination of all movement parameters and
continues to be highly influential in the first stages of the
reaching phase. As the movement unfolds, the control system
exerts an increasing influence on spatial parameters. Regard-
ing the possible effect of number magnitude on grip aperture,
Glover’s model predicts maximal interference in the first
stages of the reaching phase, when grip aperture is thought
to reflect the integration of both spatial and semantic infor-
mation by the planning system. Because it is essential that
the final grip reflects the actual object size, visual control
mechanisms should contribute to reduce number magnitude
interference later on during movement execution.

To test these predictions, we conducted the present exper-
iment where participants were asked to reach and grasp

objects of different size, with either low (i.e., 1 and 2) or high
digits (i.e., 8 and 9) printed on the visible face. All objects
were grasped using a precision grip and kinematic recordings
were used to investigate the effect of number magnitude on
grip aperture. Based on previous results (Lindemann et al.,
2007), we hypothesized that grip aperture should increase
when a high, relative to a low, digit was printed on the object
to grasp. Moreover, we predicted that digit magnitude interfer-
ence should be maximal in the first stages of the reaching
phase and vanish progressively as the hand gets closer to the
object.

2. Methods
2.1. Participants

Sixteen English-speaking students from McGill University
gave their informed consent to participate in this experiment
(11 females; range of age: 19-35 years). They were all right-
handed and had normal, or corrected-to-normal, vision.
They reported no history of neurological or mathematical dis-
abilities. The protocol was approved by the Research Ethics
Board of the Montreal Neurological Institute and Hospital.

2.2. Stimuli and procedure

Subjects sat at a table covered by a black tissue secured with
tape, with both hands at rest on the table. A 10-mm piece of
pen was attached to the table in a starting position located at
250 mm on the right of the body midline and 200 mm from
the edge of the table nearest to the subject. Subjects were
instructed to hold the piece of pen, between their right finger
and thumb, at the beginning of each trial. The task consisted
in grasping a white 25 mm (height) x 20 mm (width) rectangu-
lar wooden block; the length of the block was either 400, 500, or
600 mm. The wooden block was placed in front of the subject,
at a distance of 250 mm from the starting position, with the
long axis of the block orthogonal to the direction of movement.
The block was positioned on an inclined plane facing the sub-
ject and forming a 45° angle with the table surface in order to
improve the view of the stimuli. An Arabic digit with either
alow (i.e., 1 or 2) or a high magnitude (i.e., 8 or 9) was printed
centrally on the visible face of the block. Digits were black
stickers, with a 7-9 mm width and a 15 mm height. In total,
all possible combinations between the three block sizes and
the four digits were presented. The experimenter sat at the
right edge of the table in order to change the presented block
between trials; 1.5 x 1.5 m black panels prevented the subject
from seeing the experimenter manipulating the blocks.

At the beginning of each trial, subjects had their eyes
closed and held their right hand in the starting position. A
low tone was then delivered through headphones and the
subjects were instructed to open their eyes, reach and grasp
the block using exclusively the bidigital grip formed by the in-
dex finger and the thumb, and place it either in front of or be-
hind the inclined plane. Half of the subjects were asked to
place it forward if the printed digit was even and backward
if the digit was odd, whereas others received the reverse in-
structions. The goal of the grasp movement was related to
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aparity judgementin order to force the subjects to attend to the
presented digit, while keeping the processing of number mag-
nitude implicit. Instructions emphasized the need to grasp the
blocks with maximal accuracy by placing only the tips of the
finger and thumb on the lateral ends of the block. At the end
of the trial, a high tone was delivered in the headphones to re-
mind the participants to come back to the starting position,
close their eyes again and wait for the next trial. One series of
10 practice trials and two series of 60 experimental trials
were completed by the subjects, resulting in 20 observations
for each combination of block size (40, 50, 60 mm) and digit
magnitude (1-2 vs 8-9). The blocks were presented in a random
order, with the double constraint that the same digit could not
appear in more than two consecutive trials and that block size
could not be the same in more than three consecutive trials.

2.3. Kinematic recordings

The kinematic parameters of grasp movements were recorded
using an Optotrak motion tracking system (Northern Digital,
Waterloo, Ontario). An infrared light emitting diode (IRED)
was taped on the thumb (near the right inferior corner of the
nail, palm facing down) and on the index finger (near the
base of the nail on the left side, palm facing down) of the right
hand. As a control, we also taped an IRED on the styloid process
of the radius of the right wrist. Finally, a reference IRED was
fixed 5 cm behind the inclined plane. The camera was attached
to the wall facing the subject, at a distance of 5 m, and was in-
clined at about 45° to cover the whole workspace. During grasp
movements, the IRED positions were sampled with a 200 Hz
frequency. The recording was triggered by the low tone and
lasted 3000 msec. In order to measure the spatial resolution
of the Optotrak system in the present workspace, we secured
10 cm spaced IREDs on a wooden stick and moved it in several
directions above the table (Haggard and Wing, 1990). The
average distance between the two IREDs, as measured by the
Optotrak system, showed a standard deviation of 0.02 mm
across all sampled frames. So, we considered that an IRED
displacement superior to 0.1 mm reflected actual movement.

Movement onset was thus determined by taking the time
point where the grip aperture increased by more than
0.1 mm, with the additional constraint that such a change
should be observed in 30 successive samples (i.e., for
a 150 msec duration). The first frame in each sequence of 30
successive samples matching these two criteria was consid-
ered as the movement onset; likewise, the movement offset
corresponded to the first frame where changes in grip aper-
ture remained smaller than 0.1 mm for a continuous period
of 150 msec. We calculated the following parameters: (1) the
RT, i.e., the time interval between the low tone and movement
onset; (2) the movement time (MT), i.e., the time interval be-
tween movement onset and offset as defined according to
the aforementioned criteria; (3) the grip aperture throughout
the movement. It is worth noting that grip aperture was mea-
sured by computing the three dimensional distance between
the IREDs placed on the nails of the finger and thumb. As a re-
sult, when the hand contacted the object at 100% of the MT,
grip aperture was overestimated relative to the size of the pre-
sented object, which was seized between the tips of finger and
thumb. Importantly, the overestimation was the same across

conditions because the position of the IREDs on the fingers
was fixed throughout the experiment.

Trials were excluded from the analyses if: (a) the IREDs
placed on the fingers were not visible by the camera during
the grasp movement; (b) the subject made errors in placing
the block forward or backward depending on digit parity;
(c) the RT was shorter than 200 msec or longer than
1200 msec; (d) the MT fell outside a 500-1500 msec range. Anal-
yses of variance (ANOVA) were performed on the remaining
trials (92%) and unilateral t-tests were used for post-hoc com-
parisons (« corrected for multiple comparisons).

3. Results

The meanRT (+S.D.) was 692 + 151 msec and the mean MT was
1038 + 101 msec. We entered the RT and MT values in two sep-
arate ANOVAs with block size (40, 50, 60 mm), digit magnitude
(low: 1 and 2 vs high: 8 and 9) and target location (forward vs
backward) as within-subject factors and response assignment
(i.e., forward if the digit was odd and backward if the digit was
even us forward if the digit was even and backward if the digit
was odd) as between-subject factor. Results showed that RT
and MT remained unchanged across conditions (all p-
values > .12). In particular, there was no effect of block size
on the RT (F(2,28) =.97, p <.39) and on the MT (F(2,28) = .41,
p < .67),indicating that the initiation and duration of the reach-
ing phase were not affected by the size of the target.

In order to test the influence of block size and digit magni-
tude on grip aperture, we also performed a repeated measure
ANOVA on the maximal grip aperture observed during the MT.
A main effect of block size was found (F(2,28) = 431.97, p < .001,
7*=.97), showing that maximal grip aperture differed signifi-
cantly between the three sizes of blocks (40 mm: 76.9+
5.2 mm; 50 mm: 84.4+5.9 mm; 60 mm: 91.1+6.7 mm; all p-
values < .001). In contrast, the maximal grip aperture only
increased by 0.3+0.7 mm when high relative to low digits
were presented, resulting in a marginal effect of digit magni-
tude (F(1,14) =4.00, p < .07, n*=.22). Target location and re-
sponse assignment had no effect on the maximal grip
aperture (p-values >.1) and were not taken into account in
the rest of the analyses.

We hypothesized that digit magnitude had little influence
on the maximal grip aperture because this maximum was typ-
ically observed in the second half of the movement (i.e., be-
tween 66 and 82% of the total MT), at a time where grip
aperture is likely to be exclusively determined by block size
(Jeannerod, 1984). We further investigated this hypothesis by
dividing, for each individual trial, the total MT in 21 intervals
of equal duration. These intervals were then expressed as
a percentage of the total MT, allowing us to measure, and av-
erage across subjects, the grip aperture evolution during the
reaching phase. As illustrated in Fig. 1A, the correlation be-
tween grip aperture and block size increased with the percent-
age normalized MT. Fig. 1B shows the digit magnitude effect,
as measured by computing the difference in grip aperture be-
tween the movements performed in response to high and low
digits, irrespective of the block size. Positive values indicate
a larger grip aperture following the presentation of digits
with a high rather than a low value. In contrast to the block
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Fig. 1 - (A) Grip aperture as a function of block size over
time. Time was normalized across subjects to a percentage
of the total movement duration in each individual trial: the
fingers started to move at 0% and contacted the object at
100%. (B) Differences (+S.E.) in grip aperture between the
movements performed in response to a high digit and the
ones performed in response to a lower digit, irrespective to
object size. Positive values indicate a larger grip aperture
following the presentation of digits with a high rather than
a low magnitude. The time scale is the same as in (A).

size effect, the grip enlargement caused by high digits was
maximal in the first half of the reaching phase (i.e., 40% of
the total MT) and decreased afterwards. Before 20% of the
MT, grip aperture was too small to reflect a substantial effect
of either block size or digit magnitude.

We entered the values of grip aperture at 20, 40, 60, 80 and
100% of the MT in a 3 (block size) x 2 (digit magnitude) x 5
(timing) repeated measure ANOVA. Results showed a main ef-
fect of block size (F(2,30) = 255.09, p <.001, % =.94) and digit
magnitude (F(1,15) = 32.37, p < .001, n* = .68), as well as an in-
teraction between these two factors (F(2,30)=3.36, p < .05,
n?=.18). As shown in Fig. 2, when grasp movements aimed
a 60-mm block, the presentation of high digits increased grip
aperture by 1.38 + 1.6 mm relative to the presentation of low
digits (Bonferroni t-test, t(15) = 3.49, p < .01). Although it does

80 -
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72

O digits 1,2
m digits 8,9

70 +
68
66

Grip aperture (mm)
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60 T T
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60 mm

Fig. 2 - Average grip aperture (+S.E.) as a function of block
size and digit magnitude. Asterisks signal the object size
conditions where grip aperture was significantly increased
by the presentation of digits with a high rather than a low
magnitude ("p < .05, *'p < .01).

not exceed 0.81 + 1.4 mm, a significant increase in grip aper-
ture was also found when testing the effect of digit magnitude
on the grasping of a 50-mm block (Bonferroni t-test,
t(15) =2.27, p < .05). In contrast, digit magnitude did not influ-
ence the grasping of the smallest block (t(15) =.5, p < .31).

A block size by timing interaction was also observed
(F(8,120) = 52.96, p < .001, 5* = .78). Although the effect of block
size was highly significant whatever the timing (all p-
values <.001), the differences in block size were better
reflected in grip aperture at the end of the movement than
at the beginning. Indeed, the mean difference in grip aperture
between the 40-mm and 60-mm conditions increased linearly
throughout the MT (linear trend: F(1,15)=184.97, p <.001,
n*=.93): it was equal to 2.8+ 3 mm at 20%, 9.3+5.1 mm at
40%, 12.3+43mm at 60%, 153+3mm at 80% and
18 +£ 2.5 mm at 100%.

Furthermore, an interaction between digit magnitude and
timing suggests that, contrary to the increasing effect of block
size, the grip enlargement caused by high digits decreased
throughout MT (F(4,60)=6.26, p<.001, n*=.30). The digit
magnitude by timing interaction remained significant when
the 100% data points were removed from the analysis
(F(3,45)=4.7, p < .01, n* = .24), indicating that it cannot be to-
tally explained by the fact that the hand had contacted the ob-
ject at 100% of the MT and grip aperture could therefore not
reflect an effect of digit magnitude. When compared to low
digits, the presentation of high digits increased grip aperture
by 0.6 + 1.1 mm at 20%, 1.7 + 1.5 mm at 40%, 1+ 1 mm at 60%
and 0.3+0.8mm at 80% (quadratic trend: F(1,15)=7.75,
p <.01, °=.34). The increase in grip aperture was signifi-
cantly different from 0 at 20, 40 and 60% of the MT (all
p-values < .05) but not on later timings.

4, Discussion

In the present study, the distance between the finger and thumb
was measured during the reaching phase of grasping move-
ments performed towards objects of different size. Grip
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aperture was found to be larger when digits with a high value
were printed on the object to grasp than when digits with
a low value were presented. This finding agrees with previous
studies suggesting interference between number magnitude
and grip aperture (Andres et al., 2004; Lindemann et al., 2007).

Moreover, we found that the effects of number magnitude
and object size on grip aperture had a distinct time course.
Whereas the correlation between object size and grip aperture
increased as the hand approached the object, the interference
of digit magnitude peaked in the first half of the reaching
phase (i.e., 40% of the MT) and decreased progressively in
the second half. These results indicate that information re-
lated to number magnitude is processed during the planning
stage of grasping movements, where both semantic and spa-
tial informations are taken into account to select the appropri-
ate hand shape. In line with Glover’s (2004) model, our results
also suggest the existence of control mechanisms that coun-
teract the interference of number magnitude during move-
ment execution to allow the precise adjustment of grip
aperture to object size.

This finding parallels the results of similar experiments
showing that the initial grip aperture is larger when subjects
read words related to large objects (e.g., apple) than when
they read words related to small objects (e.g., grape; Glover
and Dixon, 2002; Glover et al., 2004). It is worth noting that
the digit magnitude effect on the maximal grip aperture was
marginal in the present study. Because this maximum is clas-
sically observed at about 75% of the MT (Jeannerod, 1984), we
hypothesized that it was mainly determined by object size
and showed little effect of digit magnitude. However, in a sim-
ilar study, Lindemann et al. (2007) found that the maximal ap-
significantly influenced by the previous
presentation of digits. Such discrepancy may be explained
by the fact that, in the study by Lindemann et al., participants
were trained to perform the grasping movements without vi-
sual feedback. In accordance with the model of Glover (2004),
we can assume that the semantic information relative to digit
magnitude kept on influencing grip aperture in the latest
stages of the movement due to the absence of visual control.

Our view predicts that the interference of digit magnitude
with grip aperture should be exacerbated in patients with a se-
lective impairment of the on-line visual control of grasping
movements (i.e., optic ataxia). Because these patients cannot
rely on spatial information during movement execution,
numbers could also be used as quantitative cues to calibrate
grip aperture anticipatively. Milner et al. (2001) studied a pa-
tient who failed to scale her handgrip appropriately when
reaching an object, except when, after training, she was able
to use memorized visual information about the object to
grasp. Additional experiments should assess the potential
benefits of using numbers to calibrate handgrip in ataxic pa-
tients. Future studies should also investigate the interactions
between number and finger representations in patients with
mathematical disabilities. Although the association between
numerical and finger deficits has been underlined many times
since Gerstmann (1930) described a syndrome combining
acalculia and finger agnosia, the relationship between these
two deficits is still poorly understood (e.g., Mayer et al., 1999).

Furthermore, we found that the grip aperture increase con-
sequent to the presentation of high digits, relative to low ones,

erture was

was modulated by object size. Indeed, we found that the in-
crease in grip aperture following the presentation of digits
with a high magnitude was larger during the grasping of
60 mm blocks than that of 50 mm blocks. No effect of digit
magnitude was found during the grasping of 40 mm blocks.
Following the additive-factor method (Sternberg, 2001), the ef-
fects of digit magnitude and object size should simply add up
if each magnitude estimate was computed in independent
modules. In contrast to this prediction, we observed an inter-
action between the effects of digit magnitude and object size,
suggesting that the two factors influence a common process-
ing stage. The present data do not allow us to determine
whether such interaction occurs at a central or peripheral
level. One could argue, for example, that the digit magnitude
effect vanished when movements were directed towards
small blocks due to a more difficult finger positioning, as pre-
dicted by Fitt’s law. Indeed, the duration of the reaching
movement classically increases as object size decreases
(Gentilucci et al., 1991; Jakobson and Goodale, 1991). In the
present experiment, this possibility seems unlikely because
the MT did not increase during the grasping of the smallest
block. Moreover, although the blocks had different lengths,
it is worth mentioning that the graspable surfaces were al-
ways the same. However, the question remains whether digit
magnitude and object size were integrated into a single repre-
sentation before the selection of the handgrip or whether both
magnitudes were processed separately to converge at the re-
sponse selection stage.

We specifically addressed this question in a recent experi-
ment where participants had to make judgements about the
possibility to grasp objects of different size following the pre-
sentation of digits with low or high values (Badets et al., 2007).
If digit magnitude directly influences the representation of the
grip aperture, the maximal size of graspable objects, as evalu-
ated by the participants, should be underestimated after the
presentation of low digits and overestimated following that
of high digits. In contrast to this prediction, we found that par-
ticipants felt able to grasp larger objects after the presentation
of low digits than in the control condition, whereas the pre-
sentation of high digits led them to underestimate the maxi-
mal size of graspable objects. This result rather suggests
that digit magnitude interfered with the computation of the
object size estimate, which in turn biased the decision about
the ability to grasp the given object. Importantly, digit magni-
tude did not affect the performance in a perceptual estimation
task where the same objects had to be classified as smaller or
larger than a reference object. These results support the view
that the effect of digit magnitude on grip aperture is mediated
by a representation of the object size, which is involved in the
programming of grasping movements but not in perceptual
judgements (Badets et al., 2007).

Finally, in the present study, digit magnitude had no effect
on RTs whereas the digit magnitude and grip aperture interac-
tion was initially observed using chronometric methods
(Andres et al., 2004; Lindemann et al., 2007). However, previ-
ous studies used a choice-RT paradigm where participants
had to select one of two possible hand configurations based
on digit parity, whereas our task required the use of a precision
grip in all trials and the grasping movement involved a reach-
ing phase characterized by both an opening and closing of the
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grip. Only the goal of the movement varied across trials: the
grasped object had to be placed either in front of or behind
its initial position depending on digit parity. Because number
and space interactions have been reported in several studies
(Hubbard et al., 2005), one could still expect to observe shorter
RTs when the object had to be placed forward than backward
in response to low digits, and backward than forward in re-
sponse to high digits. Indeed, such an association is reminis-
cent of the alignment of numbers along the vertical axis of
a thermometer. However, statistical analyses failed to reveal
any significant interaction between digit magnitude and tar-
get location. So, the number and space interactions reported
in the literature are likely to involve different processes from
those required to perform grasping movements.
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