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Gentilucci, Maurizio, Francesca Benuzzi, Massimo Gangitano, motor act that is taking possession of the object (Gentilucci and
and Silvia Grimaldi. Grasp with hand and mouth: a kinematic studRjzzolatti 1990; Rizzolatti and Gentilucci 1988). Functionally,
on healthy subjects] NeurophysioB6: 1685-1699, 2001. Neuronsﬁhis class of neurons can be involved in preparing successive

involved in grasp preparation with hand and mouth were previous .
recorded in the premotor cortex of monkey. The aim of the pres otor acts performed with both the hand and the mouth.

kinematic study was to determine whether a unique planning underlf@&asping a piece of food with the hand is frequently followed
the act of grasping with hand and mouth in humans as well. In a $& bringing it to the mouth to be ingested. Grasping a piece of
of four experiments, healthy subjects reached and grasped with fbed with the mouth is usually followed by hand grasp move-
hand an object of different size while opening the moetkperiments ments to placing it correctly in the mouth. Kinematic studies
1 and3), or extending the other forearrexperiment % or the fingers carried out on humans (Gentilucci et al. 1997; Marteniuk et al.
of the other handeixperiment 5 In a subsequent set of three exper19g87) showed that during actions formed by a sequence, each
:/Th?lr(]etsd Sé‘;ti’#ecﬁg;?nsp:r‘i ?)? tﬂzjifth?fh‘gggigztﬂﬁ;zf]t‘év'gh_)gﬁhngou otor act is planned in function of the successive one. Con-
pening g 9 rﬁequently, the grasp command can be sent to different distal

initial kinematics of mouth and finger opening, but not of forear . f . h
extension, was affected by the size of the grasped object congrueff{£ctors to prepare a series of successive motor acts. In the

with the size effect on initial grasp kinematics. This effect was dugase of grasp, information about the way to appropriately grasp
neither to visual presentation of the object, without the successitftat object can be provided. The first aim of the present
grasp motor actgxperiment nor to synchronism between finger anckinematic study was to determine whether humans also per-
mouth opening €xperiments 3, 7and 8). In experiment Ssubjects form simultaneous preparation of grasp with hands and mouth.
grasped with the right hand an object of different size while pronoungye tested this hypothesis by studying the possible interference
ing a syllable printed on the target. Mouth opening and sound prgf grasp preparation on the kinematics of aimless distal and
duction were affected by the grasped object size. The results of ximal movements. The likely interference of grasping on

present study are discussed according to the notion that in an acliq.\,rring aimless distal movements is further supported by
each motor act is prepared before the beginning of the motor iﬁ'robservation that, frequently, humans perform aimless ap-

quence. Double grasp preparation can be used for successive m | h duri killed f
acts on the same object as, for example, grasping food with the h&igre-closure mouth movements during skilled movements o

and ingesting it after bringing it to the mouth. We speculate that th&@nd manipulation (Darwin 1998). _ _
circuits involved in double grasp preparation might have been thelnferior premotor area of humans involved in hand and arm

neural substrate where hand motor patterns used as primitive canevements is adjacent to Broca’s area, which is known to be
munication signs were transferred to mouth articulation system. Thisvolved in speech production. However, recent data obtained
is in accordance with the hypothesis that Broca’s area derives phylsy neuroimaging studies indicate that Broca's area becomes
genetically from the monkey premotor area where hand movemegisiive also during execution of hand and arm movements
are controlled. (Bonda et al. 1994; Schlaug et al. 1994), during mental imag-
ery of hand grasping movements (Decety et al. 1994; Grafton
et al. 1996), and during tasks involving hand mental rotations
(Parsons et al. 1995). In addition, neurophysiological studies

A previous neurophysiological study (Rizzolatti et al. 1988)ave shown that the monkey premotor F5 area where prepar-
discovered in the premotor cortex of monkey (area F5) (Matelfig-grasp-with-mouth-and-hand neurons were recorded is also
et al. 1985) a class of neurons that fire when the animal gragpgolved in recognizing the same action performed by another
an object with both its hands and mouth. Usually, neurdndividual (Gallese et al. 1996). Overall, these data suggest the
discharge is selective for the type of hand grip. Neuron dibypothesis that Broca’s area derives phylogenetically from F5
charge occurs during hand or mouth movements even if, figlemotor area (Rizzolatti and Arbib 1998). If this hypothesis is
quently, it starts when the target-stimulus is visually presentedrrect, we can reliably postulate a relation between grasping
provided that its size is congruent with the type of hand gripbjects and speech production. Words are formed by the se-
coded by the neuron. We interpreted the discharge of thegeence of syllables, which are considered the units of speech
neurons as grasp commands sent to the effectors usually udeyelt and Wheeldom 1994; Tabossi et al. 2000). Similarly,
to accomplish this motor act. They can code the aim of the
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action is the sequence of motor acts, as for example reach#ugjects’ transverse axis (horizontal sides). No instruction about ve-
and grasping. Motor acts can be considered the units of mo\gsity of mouth opening was given. _ _
ment aimed to a target. The second aim of the present studﬁaCh experimental session consisted of 24 trials. In 16 trials, target

was to determine whether grasp control influences pronuncf2Iects with the XX configuration were presented: in 8 trials the tar-
tion of syllables get was large, and in the others it was small. In the other eight trials,

target objects with the cloud configuration were presented: in four
trials the target was large, and in the others it was small. Target

EXPERIMENT 1 objects were pseudorandomly presented.
Movements of arm and mouth were recorded using the three-
Methods dimensional (3D)-optoelectronic ELITE system (B.T.S. Milan, Italy).

It consists of two TV cameras detecting infrared reflecting markers at

Eight right-handed [according to Edinburgh Inventory (Oldfieldhe sampling rate of 50 Hz. Movement reconstruction in 3D coordi-
1971)] subjects (5 women, 3 men, age 19-23) participated in thates and computation of the kinematic parameters are described in a
present experiment to which they gave informed consent. All of theprevious work (Gentilucci et al. 1992).
were néve as to the purpose of the experiment. In the present study five markers were used. The first marker was

In a dark and soundproof room each subject sat in front of a blaglaced on the styloid process of the radium at the wrist; the second and
table, placing his/her right thumb and index finger, held in the pinahe third markers were placed on the base of the nail of the thumb and
position, on a circle located on the table plane (starting position, SPtiie index finger, respectively. The fourth and the fifth marker were
Fig. 1). SP was 15 cm distant from table edge. Target object was qilaced on the center of the upper and the lower lip, respectively.
of two white parallelepipeds with square base: small object (sides 3 We analyzed 3D displacements, velocities, and accelerations of the
3 cm, height 1 cm), and large object (sidex% cm, height 1 cm). markers. The marker placed on the subject’s wrist was used to analyze
On their visible face either the symbols “XX” (XX configuration) orthe reach component. We computed the time courses of the modules
a configuration of small points randomly scattered in the same argfahe acceleration spatial vector and of the tangential velocity vector.
occupied by XX (cloud configuration) could be printed in black. XXThe reach component is constituted by an acceleration and decelera-
was 2 cm wide and 1.5 cm high. The points of the cloud configuratigion phase (see, as an example, Fig. 2). We analyzed the acceleration
were obtained by decomposing the two XX using a PC software. OpkRase and, in particular, the following kinematic parameters: peak
parallelepiped was placed on the plane of the table at a distance ofatgeleration, peak velocity, and time-to-peak velocity. We studied the
cm from SP. grasp component by analyzing the time course of the distance between

Subjects were required to reach and grasp the target object wiil thumb and the index finger. This is constituted by a finger aperture
their right thumb and index finger and to lift it, independently of th@hase (grip aperture or hand shaping) and a phase of finger closure on
configuration printed on the object (Fig. 1). In addition, when the XXhe object (see, as an example, Fig. 2). We analyzed the grip aperture
configuration was presented, they were required to open simulghase and measured the following kinematic parameters: peak veloc-
neously their mouth. Mouth opening amplitude was arbitrary. Hovity of grip aperture, maximal grip aperture, and time to maximal grip
ever, subjects were explicitly required to maintain it constant throughperture. We studied the lip aperture by analyzing the time course of
out the experimental session. They closed their mouth at the end of he distance between the upper and lower lip. We measured peak
action before moving their hand back to SP. We adopted this expeelocity of lip aperture, maximal lip aperture, and time to maximal lip
imental paradigni) to avoid an automatic and synchronous openingperture. Finally, we calculated the time lag (TL) of mouth-opening
of both the mouth and the hand a@ji in the attempt of eliciting beginning with respect to finger-opening beginning. We analyzed
mouth opening independent from the size of the object to be graspgitial kinematic parameters of arm and mouth movements because we
lllumination of the room (rising time of the lamp, 15 ms) was thevere interested in studying the effects of the motor preparation rather
signal for the two movements to begin. Subjects were required titan those of movement execution control, according to the scopes of
reach and grasp the target with the maximal velocity compatible withe present study. The procedures for calculating beginning and end of
the accuracy required by the task. Grasp was always accomplishechbyd and lip movements were identical to those previously described
positioning the fingers on the sides of the object parallel to th&entilucci et al. 1994).

The experimental design included two within-subjects factors (tar-
get size: small vs. large; lip opening: absent vs. present) for reaching-
grasping analysis and one within-subjects factor (grasped target size:
small vs. large) for lip aperture and TL analyses. Separate ANOVAs
were carried out on mean values of reaching-grasping parameters,
lip-aperture parameters, and TL. Newman-Keuls post hoc test was
used.

Results

HAND REACHING-GRASPING. Reaching Arm peak acceleration
was affected by no factor, whereas arm peak velo€ifg [7) =
6.6, P < 0.03, 665.7 vs. 654.0 mm/s] decreased and time to
arm peak velocity increase&(l,7) = 7.3,P < 0.03, 331.1 vs.
350.5 ms] when reaching the small object.

Grasping. Peak velocity of grip apertureF[1,7) = 45.2,
P < 0.0003] and maximal grip aperturg(fL,7) = 306.9,P <
0.00001, Fig. 2] were greater when grasping the large object

: (Fig. 2). Also time to maximal grip aperture was longer,

i e o s e s although not significantly (Fig. 2).

Fic. 1. Schematic representation of the experimental apparatus usedf@UTH OPENING. Pef_ik velocity of lip apertureM(1,7) = 5.8,
experiment 1SP, starting position. P < 0.05], maximal lip apertureF(1,7) = 5.2,P < 0.05], and
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FIG. 2. Reaching-grasping with the right hand and lip aperture executerp@riment 1. Top rowepresentative example of
grasp time coursddft pane) and reach velocity profileright pane). Note that grasp is constituted by a finger aperture phase till
a maximum (maximal grip aperture) and a finger closure phase. Reach is constituted by an acceleration phase till a maximum (arm
peak velocity) and a deceleration phastddle row. mean values of grasp parameteédsttom row mean values of lip aperture
parametersd ands, movements directed to the small and large target, respectively. Bar markers are SE. * Significance in the
ANOVA.

time to maximal lip apertureH(1,7) = 5.4, P < 0.05] in- mouth in the presence of the same stimuli presentexkper-
creased when reaching-grasping was directed to the large whent 1,but without grasping them. Second, reach velocity,
ject (Fig. 2). which varied with object size, influenced mouth opening. This
TL was affected by no factor. On average it was 25.3 mshypothesis was tested iexperiment 3,in which reaching-
grasping and contemporaneous mouth opening were required.
Experimental paradigm was manipulated to induce reach ve-
locity to vary, and hand shaping to remain constant. To this

According to the results of previous experiments (CorradifTPOSe we chose to vary target distance. In an alternative

et al. 1992; Gentilucci et al. 1991; Jakobson and Goodaﬁéperimemal paradigm we could require subjects to reach and

1991), both the reach and the grasp components were affedEPP an object placed at the same Iocatiqn by using different
by obj,ect size. velocities. However, one of the two velocities would not be

Although subjects were required to maintain mouth openivr\%’g(:lpriate for reaching-gra?%ing_ that Oﬁjeﬁt’ Iz;nd, CO%S].&
constant throughout the experimental session, lip opening ITj y,ﬁacc?]raca/ rﬁqu!remden_ uring reach shou lva\;\;//_. IS
affected by object size. The first hypothesis is that hand sh%u aftect hand shaping during grasp as previously Wing et

Discussion

ing during grasp influenced mouth opening. The finding th (1986) observed using this experimental paradigm. In con-

the size effect on lip opening was lower than that on ha tpst, subjects would use two natural velocities to reach and
shaping (see Fig. 2) can be easily explained by the mut@fSP an object located at two distances, and the probability of
influence between two motor programs simultaneously acYariation in accuracy requirement during reach could be lower.

vated. The first one implemented an equal lip aperture, inde-

pendently of the presented object, whereas the second @& ERIMENT 2
implemented a different aperture according to object Siz,@fl‘ hod
However, two alternative hypotheses cannot be excluded. Fi ,t ods

subjects unconsciously matched the size of the presented objeat new sample of eight rige right-handed [according to Edinburgh
by opening their mouth, independently of grasp. This hypotihventory (Oldfield 1971)] subjects (5 women, 3 men, age 20—24) par-
esis was tested iaxperiment 2n which subjects opened theirticipated in the present experiment to which they gave informed consent.
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Apparatus and stimuli were the same askperiment 1When Grasping. Maximal grip aperture was not affected by target
the XX configuration was presented, subjects were required dgstance, whereas peak velocity of grip apertlf€l [7) = 5.7,
open their mouth by an arbitrary amplitude, but to keep it constapt — 0.05, 348.2 vs. 304.3 mm/s] decreased and time to maximal

throughout the experimental session. Objects were never grasp&qip _ <
Experimental session consisted of 24 trials asxperiment 1Data incregggg%?tkl:f(t;,rget dgt%nZe 0.0003, 534.0 vs. 600.0 ms]

recording and analysis were the same asiperiment 1.Two
markers were used. They were placed at the center of the upper s#@UTH OPENING. Peak velocity of lip aperture, maximal lip
the lower lip. The lip aperture was studied by analyzing the timaperture, and time to maximal lip aperture were not affected by
course of the distance between upper and lower lip. The measuggiinulus distance (Fig. 4).

lip aperture kinematic parameters were peak velocity of lip aper- No factor affected TL. On average it was 8 ms.

ture, maximal lip aperture, and time to maximal lip aperture. The

experimental design included one within-subjects factor (stimulus i

size: small vs. large). Separate ANOVAs were carried out on meBHSCUSSION

values of lip aperture parameters. The results ofexperiment 3confirm that target distance

affects initial reach kinematics (Gentilucci et al. 1991, 1994,
Jeannerod 1988). Nevertheless, these effects did not influence
Peak velocity of lip aperture, maximal lip aperture, and time 1 opening. Taken together, these results rule out that reach

maximal lip aperture were not affected by stimulus size (Fig. 3jelocity exerts an effect on mouth opening. According to
previous results (Chieffi and Gentilucci 1993; Gentilucci et al.

Results

EXPERIMENT 3 1994) target distance influenced initial grasp. The lack of an
effect on mouth opening could be due to the contemporaneous
Methods decrease in finger velocity and increase in time to maximal grip

A new sample of eight riae right-handed [according to Edinburgh@Perture with distance. Indeed, the variation in the two param-
Inventory (Oldfield 1971)] subjects (3 women, 5 men, age 23-30) p&ters produced the same maximal grip aperture, such as they
ticipated in the present experiment to which they gave informed consdhdluced the same maximal lip aperture. That is, mouth opening

Apparatus was the same aseixperiment 1The target objects were could be related to the global grasp motor act, but not to
the two large parallelepipeds usederperiment 1A target could be variation in single kinematic parameters. In fact, neither peak
placed on the plane of the table at a distance of either 14 or 28 g@locity of lip aperture, nor time to maximal lip aperture
from SP. As inexperiment 1subjects were required to reach angg|owed the variation in the corresponding grasp parameters.
gﬁ;ﬁtm‘zogﬁcgn?n?nto ?g:ennigng]!tﬁ]”ee;’(‘;flgc}:ﬁ'rur:‘;i‘g;‘ by aconstankq aching far target slowed down when mouth opening oc-

' ynp g ' curred simultaneously. This result can be explained by the

Data recording and analysis were the same &xperiment 1The . . e .
experimental design included two within-subjects factors (target dféicrease in task difficulty when subjects both reached the far

tance: near vs. far; lip opening: absent vs. present) for reachitgfget (Fitts 1954) and performed two actions contemporane-

grasping analysis and one within-subjects factor (stimulus distan€a!Sly (reaching-grasping and mouth opening).

near vs. far) for lip aperture and TL analyses. Separate ANOVAs wereThe results oexperiments 2and3 confirm that grasping an

carried out on mean values of reaching-grasping parameters, dipject influences mouth opening. Can hand grasp influence

aperture parameters, and TL. Newman-Keuls post hoc test was usadvements of other body effectors, and, in particular, move-
ments of proximal effectors? We tested this hypothesis in

Results experiment 4during which subjects reached and grasped an

HAND REACHING-GRASPING. ReachingArm peak acceleration object with their right hand while extending their left forearm.

[F(1,7) = 45.2,P < 0.0003], arm peak velocityF(1,7) =

106.9,P < 0.00001], and time to arm peak velocity(l,7)= EXPERIMENT 4

12.9,P < 0.009] increased with distance (Fig. 4). Arm peak

acceleration and arm peak velocity decreased also when reddgthods

ing the far object and opening the mouth [interaction betweeny neyw sample of eight rige right-handed [according to Edinburgh

target distance and lip opening; peak accelerati€(l,7) = |nventory (Oldfield 1971)] subjects (5 women, 3 men, age 20—24)
22.7,P < 0.002, 4,712.5 vs. 4,320.3 mriypeak velocity, participated in the present experiment to which they gave informed
F(1,7) = 31.4,P < 0.0008, 817.6 vs. 778.6 mm/s]. consent.
EXPERIMENT 2
PEAK VELOCITY OF LIP APERTURE TIME TO MAXIMAL LIP APERTURE MAXIMAL LIP APERTURE

260 440 56

mm/s ms mm

220 365 51

180 SIZE VARIATION 290 SIZE VARIATION 46 SIZE VARIATION

Fic. 3. Mean values of lip aperture parameters collecteexiperiment 20ther conventions as in Fig. 2.
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FIG. 4. Reaching-grasping with the right hand and lip aperture executexp@riment 30 ands, movements directed to the
near and far target, respectively. Other conventions as in Fig. 2.

Apparatus and stimuli were the same as in experiment 1. AlsoGrasping. Peak velocity of grip apertureF[1,7) = 51.8,
procedure was the same except that subjects were required to ex@end 0.0002], and maximal grip aperturg([l,7) = 248.4,P <
their left forearm by a constant and arbitrary amplitude, while thqy_ooo()l] were greater when grasping the large object (Fig. 5).

reached and grasped, with the right hand, the target with the Xptme to maximal grip aperture was also longer, although not
configuration. The mouth was not opened. significantly (Fig. 5).

Data recording followed the same procedure asXperiment 1. . .
In the present experiment, five markers were used. Three markERREARM EXTENSION. Peak velocity of forearm extension,
were used to Study reaching_grasping’ as}jqp)eriments and 3. ma.X|ma.| forearm eXtenSIon, and time to ma.X|ma| forearm
The fourth and the fifth marker were placed on the shoulder and 8xtension were affected by no factor (Fig. 5).
the wrist of the left arm to study forearm extension at elbow. The TL (mean value 13 ms) was affected by no factor.
measured reaching-grasping parameters were the sameeas in
periment 1.The forearm extension was studied by measuring the. .
time course of the distance between wrist and shoulder. TH&SCUSSION

kinematic parameters were the following: peak velocity of forearm . . . . . .
extension, maximal forearm extension, and time to maximal fore- Grasping objects of different size with the hand did not

arm extension. TL was the time lag of elbow-extension beginnirgf{€Ct & movement performed with a proximal effector. In
with respect to grasp beginning. Data analyses were the same a8Qftrast, right reach was slowed down by left forearm exten-
experiment 1. sion. An explanation of this result is the possibility of recip-
rocal interference between movements of proximal effectors.
In addition, greater trunk stabilization probably occurred when
Results the two arms moved simultaneously. This could slow down
HAND REACHING-GRASPING. Reaching Arm peak acceleration reach since it is known that arm and trunk movements are
[F(1,7) = 7.4,P < 0.03, 3,323.0 vs. 3,117.6 mrysand arm strictly coordinated during reaching-grasping actions (Wang
peak velocity F(1,7) = 13.2, P < 0.008, 595.9 vs. 573.4 and Stelmach 1998).

mm/s] decreased when reaching the small object, whereas tim&rasping with the right hand appears to have an effect on
to arm peak velocity was affected by no factor. Arm peakiouth opening. Consequently, it is possible to postulate the
acceleration f(1,7) = 24.5,P < 0.002, 3,496.6 vs. 2,943.8existence of a reciprocal influence only among movements of
mm/<] and arm peak velocityH(1,7) = 27.3, P < 0.001, distal effectors. In particular, grasping with the right hand can
610.2 vs. 558.0 mm/s] decreased when left forearm was affect hand movements executed with the left hand and vice
tended. versa. In support of this hypothesis stand previous neurophys-
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GRASP TIME COURSE ARM VELOCITY PROFILE
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Fic. 5. Reaching-grasping with the right hand and left arm extension executggéniment 4. Top rowepresentative example
of grasp time coursadft pane) and reach velocity profileight pane). Middle row: mean values of grasp parameté&sttom row
mean values of forearm extension parameters. Other conventions as in Fig. 2.

iological data recorded from the monkey premotor cortex (Riwvere used to study reaching-grasping agxperiments 1, 3and4,

zolatti et al. 1988); these findings show a class of neurons firiagd the other two markers placed on thumb and index finger tips of the
when grasping an object independently of whether the right @ff1€r hand were used to study finger aperture. The finger aperture was
the left hand was used. Bxperiment e tested the influence studied by analyzing the time course of the distance between the

of hand grasp on finger aperture with the other hand. thumb and index finger. The_ meas'ured finger aperture klne_matlc
parameters were peak velocity of finger aperture, maximal finger

aperture, and time to maximal finger aperture. TL was the time lag of

EXPERIMENT 5 finger-opening beginning with respect to grasp beginning. The exper-
imental design included three within-subjects factors (hand: right vs.
Methods left, target size: small vs. large; finger opening: absent vs. present) for

A new sample of eight riae right-handed [according to Edinburghr_eachlng—grasplng analysis and two within-subjects factors (hand:

) : right vs. left, grasped target size: small vs. large) for finger aperture
'”Vrf.”FO“t’ Ejo.lgf'tﬁld 1r971)r]]tSUbJe‘r:.t; (gt \{vomﬁn,hzthmen, age.nzfor_rﬁ §d TL analyses. Separate ANOVAs were carried out on mean values
Egnlszﬁ? ed in the present expenment to which they gave informg reaching-grasping parameters, finger aperture parameters, and TL.

Apparatus and stimuli were the same agxperiment 1Subject’s
thumb and index finger of both the right and the left hand, held in tHiResults

pinch position, were.placed on the tgble plane. The grasping hand WAS D REACHING-GRASPING Reaching Arm peak acceleration
located on SP. Subjects were required to reach and grasp the obé\elz '

. . . . o 45 affected by no factor, whereas arm peak velo€itg,[7) =
with their thumb and index finger and to lift it. When “XX" was ’ T
printed on the object, they were required to open contemporaneou%ﬂrg’P < 0'000_9' 888.6 vs. 863.7 mm/s] decreased and time to
the thumb and the index finger of the other hand by an arbitrafM Peak velocityf(1,7) = 5.6,P = 0.05, 331.1 vs. 350.5 ms]
amplitude, constant throughout the experimental session. increased when reaching the small object.

Each experimental session consisted of 48 trials. Four subjectdgGrasping.Peak velocity of grip aperture=[1,7) = 47.0,
reached and grasped the target with their right hand and opened tRei 0.00002] and maximal grip aperturé(fL,7) = 307.5,P <
left fingers in the 1st 24 trials, whereas they reached and grasped@h@0001] were greater when grasping the large object (Fig. 6).

target with their left hand and opened their right fingers in thg|so time to maximal grip aperture was longer, although not
successive trials. The other four subjects reversed the order of h%‘il%ificantly (Fig. 6).

use.
Movement recording was the same as in the previous experimeslGER OPENING. Maximal finger apertured(1,7) = 5.8,P <
In the present experiment, five markers were used. Three mark@r85], and time to maximal finger apertufg(1,7) = 5.6,P =
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FIG. 6. Reaching-grasping and finger aperture executexkgeriment 5From top to downlst row representative examples
of time course of grasp executed with the right haledt (pane) and with the left handright pane); 2nd row representative
examples of velocity profiles of the right haniéf pane) and of the left handright pane) reaches3rd row:. mean values of
grasp-with-the-right-hand parameters and grasp-with-the-left-hand param&tengw. mean values of right-fingers-aperture
parameters and left-fingers-aperture parameters. Other conventions as in Fig. 2.

0.05] increased when reaching-grasping was directed to tt@93). Consequently, the effect of right hand grasping on left
large object (Fig. 6). Peak velocity of right finger aperturband opening might be stronger than the reverse. This discrep-
showed the same trend, although this was not significaaricy can be explained by the fact that, differently from the
(Fig. 6). movements tested in our previous study (Gentilucci et al.
Mean TL was—65 ms, that is finger opening preceded grasi©98), finger aperture was an aimless internally driven move-
beginning, independently of the hand. In fact, TL was naebent, and probably it was easily influenced by the grasp

affected by any factor. program also when executed with the left hand.
Kinematics did not differ between reaching-grasping with
Discussion the right and the left hand. The target was placed at an easily

reachable distance, and the two target sizes did not require

Grasping with the right hand influenced left finger Opem_”%]reat accuracy during reaching-grasping. Consequently, move-
and grasping with the left hand influenced right finger openingant could be easily executed also by the less skilled (left)
The effect was the same for both the two hands. Indeed,

shaping of the two grasping hands varied with target size in they, gy heriments 1-@ve studied the influence of the grasping
same way. Correspondingly, the variation in finger aperture gf,q o mouth opening. Can the reverse be possible, that is an
the two hands was the same. In addition, finger aperture wag Ejence of the grasping mouth on finger opening? We tested
the same order of magnitude as maximal grip aperture (Fig. f)is hypothesis irexperiment 6.

Overall, these data suggest that the movements of the two
hands were related to each other, both depending on object size

analysis. This supports our hypothesis that the grasp comma&PERIMENT 6
is sent to the distal effectors commonly used to perform th"ﬁ

motor act. ethods

~ In a previous study (Gentilucci et al. 1998) we observed anp new sample of eight fige right-handed [according to Edinburgh
interference effect of the right hand on the left hand greatgfentory (Oldfield 1971)] subjects (5 women, 3 men, age 19—23)

than the reverse, according to the notion that the left henpiarticipated in the present experiment to which they gave informed
sphere controls both hands (Beisteiner et al. 1995; Kim et abnsent.
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In a dark and soundproof room each subject sat in front of a blasknall vs. large) for finger aperture and TL analyses. The same anal-
table, as inexperiment 1(Fig. 7). His/her right thumb and index yses as in the previous experiments were carried out.
finger, held in the pinch position, were placed on the plane of the
table. Target objects to be grasped with the mouth were two breﬁd |
cubes: a small object (sidesXL 1 X 1 cm), and a large object (sides esults
3 X 3 X 3 cm). Objects smaller than those presenteediperiment 1 MoUTH GRASPING. Grasp-with-the-mouth time course was
were chosen according to the smaller maximal mouth opening wighmilar to grasp-with-the hand time course (compare Fig. 8
respect to the maximal finger opening. They were placed on a suppgith Fig. 2). Peak velocity of lip aperturé(1,7) = 53.7,P <

on the visible face of which a red disk could be placed (RD in Fig. 7@) 0002], maximal lip aperturé=[1,7) = 29.6,P < 0.001] and
The support was placed on the table plane at a distance of 20 cm frgj i ; N . .
the edge of the table. Subjects were required to reach the object@@e to maximal lip apertureH(1,7) = 27.6,P < 0.001] were

flexing their trunk, to grasp it with their mouth and to come backit—ﬂg ater for the large object (Fig. 8). Maximal lip aperture
the starting position (Fig. 7). When the red disk was presented, thdy(1,7) = 10.9,P < 0.001, 27.1 vs. 29.1 mm] and time to
were required to open contemporaneously their right thumb and ind&aximal lip aperture £(1,7) = 10.8, P < 0.001, 543.8 vs.
finger by an amplitude independent of the presented object. Althoug83.0 ms] increased when fingers were opened.

opening was arbitrary, subjects were required to maintain it constantly ser opening. Maximal finger apertured(1,7) = 9.9,P <
throughout the experimental session. lllumination of the room was | egOl] and tirﬁe to maximal finger aperturlé(l 7) = ’12 0

signal for starting the movements. Subjects were required to reach . . .
grasp the bread cube with the maximal velocity compatible with t e 0.001] increased when grasp with the mouth was directed

accuracy required by the task. No instruction about finger openiF@the large object (Fig. 8). Pea_k velqcity of finger aperture was
velocity was given. poorly affected by grasped object size.

Each experimental session consisted of 24 trials. In 16 trials the redMean TL was—53 ms, that is beginning of mouth opening
disk was presented: in 8 trials the object was large, in the others it wialowed beginning of finger opening. No factor influenced it.
small. In one-half of the remaining eight trials the object was large; in
the others it was small. Objects were randomly presented. . .

Movement recording was the same as in the previous experimerl-r?éscuss'on

In the present study four markers were used. Two markers were . . . . .
placed on the center of the upper and the lower lip, respectively, andGrasplng with the mouth influenced finger opening, as well

the other two markers were placed on the base of the nail of the U%Zom eXpe”rT‘e”t 1where_ graspllnglwnh the hand mﬂuenc_ed
thumb and index finger, respectively. The grasp component wWAXUth opening. The variation in finger aperture with object
studied by analyzing the time course of the distance between the upp@€e Was of the same order of magnitude as the variation in
and lower lip. The measured grasp kinematic parameters were titger aperture recorded experiment §compare Fig. 8 with
following: peak velocity of lip aperture, maximal lip aperture, andrig. 6). In other words, variation in finger aperture was inde-
time to maximal lip aperture. The finger aperture was studied pendent of the variation in amplitude of the grasping effector,
analyzing the time course of the distance between the thumb apgt is the left and right hands Experiment 5and the mouth
index finger. The measured finger aperture kinematic parameters weyehe present experiment, but seemed to be related to the

the following: peak velocity of finger aperture, maximal finger apeg;aiation in object size. In fact, in the present experiment the

ture, and time to maximal finger aperture. Time lag (TL) of finger-_ ._.. . . -
opening beginning with resp%ct tg mouth-openingg;l (beg)inninggwggnathn in maximal aperture of the. grasping m_outh was
calculated. approximately 30% lower than the variation in maximal aper-

The experimental design included two within-subjects factors (tdjd'® Of the grasping hand recorded emperiments 1and 5
get size: small vs. large; finger opening: absent vs. present) for mo{@@mpare Fig. 8 with Figs. 2 and 6). This also explains why the
grasping analysis and one within-subjects factor (grasped target sie@tiation in lip aperture with object size ixperiment was

‘ : . lower than the variation in finger aperture recordeexperi-
ments 5and 6. Briefly, the aperture of the effector seemed to
pantomime its shaping during grasp.

Unlike experiment 1grasp beginning followed finger-open-
ing beginning. This result may be explained by yaw inertia
greater than finger inertia, which might delay mouth movement
beginning. If inertia played a role, we should have observed a
similar effect in experiment 4when we compared forearm
extension with hand grasping. This was not the case. Another
possibility is that the command to start the movement is
primarily sent to the hand, which guides the other distal move-
ments.

The finding that mouth shaping increased when fingers
opened can be due to the difficulty of performing two tasks
contemporaneously. Difficulty could increase also because
reaching with the trunk an object to be grasped with the mouth
is an unusual movement.

In the present experiment finger opening resembled a grasp
movement. That is, subjects could unconsciously pantomime a
grasp motor act. Our hypothesis, also according to previous

Fie. 7. Schematic representation of the experimental apparatus used@Urophysiological data (RiZZO|atti_et al. 1988), is that multiple
experiment 6RD, red disk. grasp commands can be sent to distal effectors, whose succes-
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GRASP TIME COURSE
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FIG. 8. Grasping with the mouth and right finger aperture executedperiment 6. Top panelepresentative example of grasp
time course.Middle row. mean values of grasp parameteBottom row mean values of finger aperture parameters. Other
conventions as in Fig. 2.

sive motor pattern resembles the grasp motor act. Con§eger aperture. TL was measured aseikperiment 6Data analyses
quently, finger motor patterns unrelated to the grasp patteyare the same as iexperiment 6.

should not be influenced by preparation of grasp with the

mouth. We tested this hypothesiserperiment 7. Results

MOUTH GRASPING. Peak velocity of lip apertureH(1,7) =
EXPERIMENT 7 36.0,P < 0.0005], maximal lip aperture~[1,7) = 35.6,P <

0.006], and time to maximal lip aperture(fl,7) = 6.7,P <
Methods 0.04] were greater for the large object (Fig. 10). Peak velocity

A new sample of eight riae right-handed [according to EdinburghOf lip aperture F(1,7) = 5.7,P < 0.05, 137.1 vs. 146.4 mm/s]
Inventory (Oldfield 1971)] subjects (3 women, 5 men, age 20-25) par-
ticipated in the present experiment to which they gave informed consent.

Apparatus and stimuli were the same asekperiment 6 Sub-
jects were required to reach a piece of bread by flexing their trunk,
to grasp it with their mouth, and to come back to the starting
position. When the red disk was presented, they were required to
abduce their right index and middle fingers by an arbitrary and
constant amplitude (Fig. 9). The required finger movement is a
typical gesture pantomiming scissors cutting. The procedure was
the same as iexperiment 6.

Movement recording was the same as in the previous experiments.
In the present study, four markers were used. Two markers were
placed on the center of the upper and the lower lip, respectively, and
two markers were placed on the base of the nail of the index and
middle fingers, respectively. The grasp component was studied by
analyzing the time course of the distance between the upper and lower
lip, as inexperiment 6The finger aperture was studied by analyzing
the time course of the distance between the index and middle finger.

The measured finger aperture kinematic parameters were peak velogms. 9. Schematic representatlon of the expenmental apparatus used in
ity of finger aperture, maximal finger aperture, and time to maximakperiment 7.

J Neurophysiol VOL 86 « OCTOBER 2001 WWW.jN.0rg



1694 GENTILUCCI, BENUZZI, GANGITANO, AND GRIMALDI

GRASP TIME COURSE
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150 750 75 _Fie. 10.  Grasping with the mouth and
right finger aperture executed @xperiment 7.
Other conventions as in Fig. 8.
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and maximal lip aperturéd(1,7) = 5.1,P = 0.05, 73.1 vs. 70.3 movement recording, and data analyses were the sameeapéni-
mm] increased when fingers were opened. ment 6.

FINGER OPENING. Peak velocity of finger aperture, time to
maximal finger aperture, and maximal finger aperture were ridesults

affected by grasped object size (Fig. 10). MOUTH GRASPING. Peak velocity of lip apertureF{1,7) =
TL (mean value—20 ms) was affected by no factor. 49.4,P < 0.002], maximal lip apertureF{1,7) = 81.0,P <
0.00001], and time to maximal lip aperturg(lL,7) = 36.5,

Discussion P < 0.0005] were greater when grasping the large object (Fig.

) ) ) _ ~12). Time to maximal lip aperture~[1,7) = 11.4,P < 0.01,
Grasping with the mouth did not affect finger openings27.0 vs. 499.6 ms] and maximal lip aperturg1,7) = 6.8,

Values of maximal finger aperture recorded in the presept< .04, 66.1 vs. 67.8 mm] increased when fingers were
experiment were comparable with those recordea@peri- opened.
ment 6(compare Fig. 10 with Fig. 8). Consequently, should an . ) .
effect of the grasped object size on finger opening be presenffii°ER OPENING. Peak velocity of finger aperture, time to
the present experiment, it could not be masked by a smalf@fXimal finger aperture, and maximal finger aperture were not
finger aperture. statistically affected by grasped object size (Fig. 12). However,
Two not mutually exclusive hypotheses can explain tH&t€ in Fig. 12 a small but not significant effect of grasped
results ofexperiments @nd 7. The first one is that the com- OPJECt Sizé on maximal finger aperture.
mand to grasp with the mouth is directly sent to muscles whose! L (Méan value 24 ms) was affected by no factor.
contraction controls opposition of the thumb to the other fin-
gers. The second one is that the command is sent to an
intermediate circuit, which implements opposition of thumb to
the other fingers. By assuming that the second hypothesis is
correct, the grasp command could be inhibited when hand
position was incompatible with grasping the presented object.
This was tested iexperiment 8.

EXPERIMENT 8
Methods

A new sample of eight riae right-handed [according to Edinburgh
Inventory (Oldfield 1971)] subjects (3 women, 5 men, age 21-24)
participated in the present experiment to which they gave informed
consent.

Apparatus and stimuli were the same asxperiment 6During the L :
experimental session subjects placed their right hand on their backc. 11. Schematic representation of the experimental apparatus used in
(Fig. 11) instead of placing it on the plane of the table. Procedureperiment 8.
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Fic. 12.  Grasping with the mouth and right finger aperture executexperiment 80Other conventions as in Fig. 8.

Discussion In the previous experiments we compared a movement di-
) ) _rected to a target, that is grasping an object with hand or mouth,
_Finger aperture was poorly influenced by grasped objegith an aimless, internally driven, movement, that is lip or
size. This finding can be due to hand position incompatibj;yger opening. Consequently, subjects could unconsciously
with object grasping. However, also preclusion of hand visigfantomime a grasp movement. We chose to study the mutual
could increase finger variability, masking a grasp effeGhfluence between hand grasp movements and mouth move-
Against this explanation there are the following argumet)ts. ments driven by a visual stimulus, that is pronouncing read
A lack of an effect was also found on initial finger openingy|iables because (seerobuction) we hypothesized that the
parameters as well; these are poorly affected by visual conti@glo movements are related to each other. This is based on the
of the relationships between finger aperture and target siggyothesis that Broca’s area seems to derive phylogenetically
during movement?) In experiments @nd7 subjects probably from F5 premotor area of monkey where neurons involved in
Controlled fingerS W|th periphel‘al ViSion, Since they fOVeat%bmmanding grasp with hands and mouth and in recognizing

the reaching-grasping target (Jeannerod 1988; Paillard 19&]?rhsp motor acts were recorded (Rizzolatti and Arbib 1998).
Consequently, the inaccuracy in finger control was probably

the same as when iaxperiment 8vision of the hand was
precluded. EXPERIMENT 9
Taken together, the results of the previous experime thods
suggest that the reciprocal influence between hands and mout
movements is not due to a command directly sent to hand ang new sample of eight riee right-handed [according to Edinburgh
mouth muscles. Conversely, we hypothesize the existencelrokntory (Oldfield 1971)] subjects (5 women, 3 men, age 21-24) par-
intermediate circuits where hand and mouth muscle contrdicipated in the present experiment to which they gave informed consent.
tions are implemented. We previously (Gentilucci and Rizzo- Apparatus was the same as in the previous experiments. Objects to
latti 1990; Rizzolatti and Gentilucci 1988) hypothesized th®€ reached and grasped were the small (sides33cm, height 1 cm)
morkey premolr areas re miolved N and ot G S o oo
reparation. We suggest that human premotor areas are likgly . ey g s A7
?o bF:a involved in prggaring the grasp gct independently of tgg“pnnted. The syllables could be the following: “GU” (/gu/), “GA

: {(IgAl), “PU” (/pul), “PA” (IpA/). That is, either velar or labial con-
used effector. However, up to now there are no neuroimagi8ghants were presented. The syllable was 2 cm wide and 1.5 cm high.

data showing that areas, where grasp with the mouth and gr@&dchose to present the syllables printed on the target face to induce
with the hand are prepared and/or imagined, partially overlagimultaneous analysis of object size and syllable, and, consequently,
with each other. a simultaneous implementation of two motor programs, which more
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likely could influence each other. A different location of syllablé&s0 cm from the subject’s frontal plane. A microphone was connected
could induce successive visual-motor integration and reduce the praba PC for sound recording by a card device (16 PCI Sound Blaster).
ability of reciprocal interference. One parallelepiped was placed dfean spectrograms of each syllable were computed by using a fast
the plane of the table at a distance of 15 cm from SP. Fourier transform (FFT) during the conditions of grasping the small
Subjects were required to reach and grasp the object with their rigimtd the large object. New plots were constructed by means of mean
thumb and index finger and to lift it. In addition, they were requiregdpectrograms. Abscissa was frequency, and ordinate was the sum of
to pronounce the presented syllable contemporaneously to reachihg- power levels recorded for each frequency. Maximal power level
grasping. They were required to use the same acoustic volumeyagie and corresponding frequency were measured.
during nor_mal conversation. Procedure was the same as in the prevign reaching-grasping parameters, two series of ANOVAs were
ous experiments. ) ) . carried out. In the first series we compared the effects of pronunciation
Each experimental session consisted of 70 trials. Each syllable WaSeach syllable on arm and mouth kinematics. The experimental
presented in 14 trials: in 7 trials it was presented on the large tar%%ign included three within-subjects factors (consonant: G vs. P;
object; in the others it was presented on the small target object. Ingdety g \j vs. A: object size: small vs. large). In the second series we
il arget ohject i the cloud confuraon were preseniec fimpared the cffect of sylable pronouncing on arm and mouth
T . Y 9¢; y &inematics. The condition of pronouncing each syllable was compared
arget objects were pseudorandomly presented. . ot o s .
Movements of arm and mouth were recorded assiperiment 1. with the “silent condltlon. In the ANOVAs thg within-subjects fac-
é%rg were the following two: syllable pronouncing (present vs. absent)

The following reach and grasp parameters were analyzed: arm p ; X :
acceleration, arm peak velocity, time to arm peak velocity, pezﬁ? object size (small vs. Iarge). On lip aperture parameters, TL, and
velocity of grip aperture, maximal grip aperture, and time to maximgPund parameters, one series of ANOVAs was carried out. The

grip aperture. The following lip aperture kinematic parameters durifgPerimental design included the three following within-subjects fac-
syllable pronouncing were analyzed: peak velocity of lip apertuﬁs' consonant (G vs. P), vowel (U vs. A), and object size (small vs.
maximal lip aperture, and time to maximal lip aperture. Time lag (TLf9€)- In all analyses Newman-Keuls post hoc test was used.
of lip-opening beginning with respect to finger-opening beginning
was calculated. esults

We recorded the voice emitted by six subjects during syllablz‘é
pronouncing. A microphone (Studio Electret Microphone, 20—20,00(AND REACHING-GRASPING. Reaching Arm peak acceleration
Hz, 50012, 5 mV/Pa/1 kHz) was placed on the table at the distance ahd time to arm peak velocity were affected by no factor,
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100 100
mm mm

50 50

0 500 ms 1000 0 500 ms 1000
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Fic. 13. Reaching-grasping with the right hand and syllable pronouncing execwgggeénment 9From top to downist row
representative examples of grasp time course while pronouncing a l&fiapgne) and a velar fight pane); 2nd row lip
aperture-closure time course while pronouncing a laled pane) and a velarright pane). Frequently, pronouncing a labial was
constituted by a double lip aperture-closure. The 1st maximal lip aperture was always much smaller than the 2mbrone.
mean values of grasp parametefth row. mean values of lip aperture parameters. Other conventions as in Fig. 2.
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whereas arm peak velocity(1,7) = 16.0,P < 0.005, 815.4 labial was pronounced. This effect did not depend on a larger
vs. 796.5 mm/s] decreased when reaching the small objectlip excursion (see Fig. 13), but probably on a greater control on
Grasping. Peak velocity of grip apertureF[1,7) = 26.4, motor lip pattern, which was the specific effector used to
P < 0.001], time to maximal grip apertur&(l,7) = 5.5,P = pronounce a labial. In addition, voice was affected by grasped
0.05], and maximal grip aperture=[1,7) = 573.8, P < object size, and a different temporal coupling was observed
0.00001] were greater when grasping the large object (Fig. 1Between hand and mouth movement beginning, according to
SYLLABLE PRONOUNCING. Peak velocity of lip aperture wasthe pronounced syllable and object size. Probably, different
affected by vowel [f(1,7) = 12.6, P < 0.009] and by the inner or outer parts of mouth were specifically used to pro-
interaction between vowel and consondftl],7) = 23.6,P < hounce each syllable (Ladefoged 1975; Perkel and Nelson
0.002]. Peak velocity of lip aperture did not significantly vary-982). Movements of these parts were specifically influenced
when pronouncing GU (112.1 mm/s) and GA (104.7 mm/syy. the grasping hand. Summing up, grasping with the hand
whereas it was greater when pronouncing PA (128.4 mmjgfluenced not only mouth aperture, but also the complex
with respect to PU (86.0 mm/® < 0.01). The interaction articulation system used for syllable pronunciation. .
between consonant and object size was significE(t,f) = Pronouncing a syllable did not influence grasp. Theoreti-
7.3,P < 0.03]. Peak velocity of lip aperture increased whef@lly, an effect was possible. In fact, both mouth opening and
pronouncing the labial (P) and grasping the large object (FRPuNd production varied with pronunciation of different sylla-
13). Maximal lip aperture increased when pronouncing G witffes. Sound production (at least the parameters measured in the
respect to PF(1,7) = 11.5,P < 0.01, Fig. 13]. It was larger Present experiment) was influenced only by vowel (Young and
when grasping the large objed(l,7) = 11.8,P < 0.01, Fig. Sachs 1979), whereas lip opening was affected by both vowel,
13]. Time to maximal lip aperture increased when grasping tf@nsonant, and by their interaction (Ladefoged 1975; Perkel
large object, although not significantly (Fig. 13). and Nelson 1982). All these variations were comparable with
Maximal power level was significantly greater when provariation in grasp parameters with object size (see Fig. 13). It
nouncing A than UF(1,5) = 33.3,P < 0.002; Fig. 14]. It was IS Possible that in a different experimental paradigm, in which

higher also when grasping the large objeefl[5) = 6.5,P = Pronunciation of the same syllable was required, although with
0.05, Fig. 14]. Frequency was affected only by vowdlifferentacoustic volumes, an effect on grasp might be found.
[F(1,5) = 92.1,P < 0.0002, Fig. 14]. However, this paradigm is inappropriate for the scope of the

TL was affected by consonarf(l,7) = 15.2,P < 0.005; P, Present experiment, because we were poorly interested in
72.0 ms; G~9.6 ms], vowel F(1,7) = 11.6,P < 0.01; U, 18.2 Studying the possible synchronism between hand and mouth

ms; A, 44.6 ms], and object sizE(L,7) = 7.2,P < 0.03; large Movements. _ ]
object, 37.8 ms; small object, 25.0 ms]. The finding that grasp influenced speech production, but

speech production did not influence grasp control, can be due
to the fact that the control of shaping of the grasping hand
depends more on visual analysis of object properties (i.e., size
Grasping an object influenced pronouncing a syllable. Lgnd shape) than the control of mouth motor pattern on vision of

opening was affected by grasped object size especially whed @rinted syllable. Consequently, a motor implementation
based on analysis of real physical features of the target has

Discussion

EXPERIMENT 9 probably easier access to a more abstract motor implementa-
tion in which the correspondence between mouth pattern and
MAXIMAL POWER LEVEL syllable features is more arbitrary. The hypothesis of the strict
1200 relation between intrinsic object properties and grasping hand
b * control is in accordance with the results of our previous studies

(Gentilucci and Gangitano 1998; Gentilucci et al. 2000). In-
deed, we observed an effect even of the automatic reading of
750 words related to intrinsic and extrinsic target properties on the
control of grasp and reach parameters.

300 GENERAL DISCUSSION
U o) "A" . .
v VOWEL The results of the present study suggest that grasping with

FREQUENCY AT MAXIMAL POWER LEVEL the hand or with the mouth can affect movements of other

900

. distal effectors éxperiments And3-6). Variation in hand-or-
Hz mouth shaping (initial grasp kinematics more related to plan-
ning), as a function of intrinsic object properties influenced
600 o_th_er distal movements. This effth was consequent neither to
vision of the object without grasping iexperiment 2 nor to
synchronism between finger and mouth opening. Indeed, grasp
j parameters, which changed as a consequence of changes in
extrinsic object propertiesekperiment B did not influence
300 . .
U VOWEL "A" movement of other distal effectors. In sum, the transformation
Fie. 14.  Mean values of sound parameters collecteskperiment @luring  Of Visual intrinsic object properties in a grasp motor pattern is
syllable pronunciation. Other conventions as in Fig. 2. the necessary prerequisite for an influence of grasp on the
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