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Abstract We examined the contribution of tactile cues to
accuracy during point-to-point movements. We used a
task in which the experimenter guided either the left or
right hand of the subject to a spatial location during the
reference movement. During the subsequent test move-
ment subjects were asked to point with the right hand to
the remembered location without vision. Subjects contact-
ed the target with their fingertip either during the refer-
ence movement, both the reference and test movements,
or neither movement (i.e., the fingertip was held above the
target surface). To differentiate between the contribution
of tactile and proximal deep pressure information, the left
index finger was anesthetized in a subsequent experiment.
When subjects contacted the surface with the fingertip of
the reference hand alone, error in movement direction de-
creased. When subjects made fingertip contact during the
reference and test movements, gain error also decreased.
Anesthesia of the fingertip degraded accuracy, suggesting
that tactile information, independent of information from
proximal deep pressure receptors, influenced movement
accuracy. Thus, tactile information contributed to accura-
cy in pointing movements. We suggest that forces at fin-
gertip contact may provide information regarding the ori-
entation of the finger and forearm in space, which is used
to replicate final arm posture. In addition, tactile cues at
the beginning and end of the movement may be used to
scale movement amplitude.
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Introduction

Accuracy of hand positioning based on integration of vi-
sual and proprioceptive inputs is more precise than that
predicted by a model that simply adds the precision of
visual and proprioceptive inputs (van Beers et al. 1999).
This suggests that additional sensory information from
other sources is either used to localize hand position in
the workspace or potentiate existing proprioceptive in-
puts. Tactile cues may be an additional source of infor-
mation for position sense, particularly when visual infor-
mation is not available (Moberg 1983; Prochazka 1996;
Slinger and Horsley 1906). During typing, for example,
suppression of tactile information from the index finger
(following digital nerve block) influences the terminal
finger accuracy without altering the movement trajectory
(Gordon and Soechting 1995). This suggests that tactile
information may contribute to enhanced endpoint accu-
racy of the finger in space, at least when contour infor-
mation (e.g., from the edge of the key) is available.
Tactile information from the fingertip may also con-
tribute to position sense during pointing movements
when contour information is not available. For instance,
terminal accuracy of pointing movements was higher
when subjects made contact with the target surface dur-
ing adaptation to Coriolis force perturbations (Lackner
and Dizio 1994). In addition, in an apposition task (when
subjects pointed with the left hand to the remembered |o-
cation of the passively positioned right hand without vi-
sion) the variability of movement endpoints was lower
when subjects touched the target surface (Helms Tillery
et a. 1994). In both of these studies, however, fingertip
contact with the surface likely provided deep pressure
information from proximal jointsin addition to tactile in-
formation. Moreover, in the apposition task, touching the



target surface primarily influenced variable error. Differ-
ences in constant error did not reach statistical signifi-
cance, perhaps due to the small number of subjects (four)
tested (Helms Tillery et al. 1994). Thus, it is not clear
whether tactile cues from fingertip contact (independent
of proximal deep pressure receptors) provide specific in-
formation regarding movement accuracy (direction and
amplitude) or contribute to reduced variability in end-
point positioning.

Here we further examine the contribution of tactile
cues to accuracy of pointing movements in the absence
of vision. We adapted the task used by Helms Tillery et
a. (1994) in which the experimenter guided either the
left or right hand of the subject (whose eyes were closed)
to a spatial location during the reference movement.
During the subsequent test movement subjects were
asked to point with the right hand to the remembered |o-
cation without vision. This guided arm movement para-
digm was chosen since active pointing of the reference
arm would have required vision of the target, which is
known to dominate over al other sources of feedback.
Subjects made fingertip contact with the target surface
either during the reference movement (which provided
information about the target), both the reference and test
movements (which provided information about the target
and movement accuracy), or neither movement (i.e., the
fingertip was held above the target surface). To differen-
tiate between the contribution of tactile and deep pres-
sure information, the left index finger was anesthetized
in experiment 2. This methodology allowed us to ask the
following questions: (1) does fingertip contact with the
target surface influence movement direction and ampli-
tude or variability? (2) What is the effect of suppression
of tactile information on movement accuracy? (3) Does
tactile information influence accuracy when kinesthetic
information about target location is directly available
(same hand used for reference and test movements) com-
pared to movements in which kinesthetic information re-
garding target location is not directly available (different
hand used for reference and test movements)?

Materials and methods

Subjects

Fourteen right-handed healthy subjects (age range 2040 years)
participated in the experiments after giving informed consent ac-
cording to the declaration of Helsinki. Ten subjects (five males
and five females) participated in experiment 1 and 3. Nine sub-
jects (six males, three females) participated in experiment 2, in-
cluding five subjects who participated in the other two experi-
ments. The experiments were conducted approximately 1 month
apart. Subjects participating in experiment 2 had no history of al-
lergic response to local anesthetic. The study was approved by the
Institutional Review Board at Teachers College, Columbia Univer-
Sity.

Experimental setup and procedures

The experimental procedures were adapted from Helms Tillery et
al. (1994) and were generally similar for all three experiments re-
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ported. Subjects sat 15 cm in front of a table with the index finger
of both hands resting on a starting position located approximately
10 cm from the edge of the table along their body midline. Sixteen
targets were arranged on a planar rectangular grid on the surface
of the table. The targets (0.75 cm diameter) were drawn on a sheet
of graph paper. The distance between targets was 10 cm in the an-
teroposterior plane and 15 cm in the mediolatera plane (see
Fig. 1). An electromagnetic sensor (Polhemus Fastrak, Colchester,
VT) was mounted on the dorsal aspect of the distal phalanx of the
subjects’ right index finger. The sensor was connected to a person-
al computer and interfaced with a data acquisition and analysis
system (SC/ZOOM, Umed University, Sweden). The sensor mea-
sured static position with an accuracy of 0.08 cm. Position data
were sampled at 120 Hz and stored for offline analysis.

Subjects were asked to keep their eyes closed during data col-
lection and to maintain their index finger extended with all the
other digits flexed (as if pointing). Each trial began with the sub-
jects' index fingers at the starting position. During the reference
movement the experimenter lifted the subjects’ hand off the table
surface, guided the subject’s left or right hand (by grasping the
subject’swrist) to 1 of the 16 targets, held it there for 3 s, and then
brought it back to the starting position. Subjects were asked to
support the weight of the arm themselves (i.e., no mechanical sup-
port was given) and to let the experimenter guide the hand in a
horizontal plane above the target. Care was taken to move the arm
in a consistent manner (along a straight-line path from the start po-
sition to the target) from trial to trial. The experimenter ensured
that the subject’s finger was kept at an angle that would normally
be used while making a natural pointing movement (~45° with re-
spect to the table surface). During the subsequent test movement,
subjects were asked to move their right hand to the remembered
location and maintain the position for 2-3 s. Position data were
collected once subjects had verbally indicated that they were at the
remembered location. No temporal constraints were imposed on
the task. After each trial, the experimenter repositioned the sub-
ject’s hand to the starting position. Performance was tested under
three conditions (A, B and C) in an order counterbalanced across
subjects. Each condition consisted of a set of 64 trials (4 trials at
each of the 16 targets).

In condition A (no fingertip contact) only kinesthetic informa-
tion regarding target location was available during the reference
and test movements. During the reference movement the index
fingertip (left in experiment 1, right in experiment 3) was guided
from the starting position and positioned approximately 1 cm
above the target surface. During the test movement subjects were
asked to bring the right index finger to the remembered location
above the target.

In condition B (reference fingertip contact), fingertip contact
was provided only during the reference movement, affording kin-
esthetic and tactile information regarding target location. The in-
dex fingertip (Ieft in experiment 1 and 2; right in experiment 3)
was positioned directly on the target surface by the experimenter.
Care was taken to ensure that the fingerpad touched the target sur-
face lightly, and that subjects still supported the weight of their
arm without resting on the target. Subjects were asked to position
the right index finger at the remembered location above the target
surface during the test movement.

In condition C (reference and test fingertip contact), fingertip
contact was available during both the reference and test move-
ments, providing kinesthetic and tactile information regarding tar-
get location and movement accuracy. During the reference move-
ment the index fingertip (Ieft in experiment 1; right in experiment
3) was positioned directly on the target surface as described in
condition B. During the test movement subjects were asked to po-
sition the right index finger at the remembered location and lightly
touch the target surface (without using the target surface to sup-
port the weight of the arm).

Experiment 1. switched-limb movements

Subjects were asked to localize the position of the left hand and
bring the right hand to the remembered location with their eyes
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closed. Performance was tested under all three conditions (A, B,
and C described above) in arandomized order. Subjects performed
1 set of 64 trials under each of the three conditions (192 trials).

Experiment 2: switched-limb movements following digital
anesthesia

This experiment examined the effect of suppression of tactile cues
from the left index finger on movement accuracy. Since the effect
of the anesthetic was relatively short (~25-45 min), only one ex-
perimental condition could be tested. Based on preliminary results
of experiment 1, we chose condition B (reference fingertip con-
tact). Procedures from experiment 1 were replicated. Performance
was tested under control (no anesthesia) and experimental (anes-
thesia) conditions in a counterbalanced order. For the control con-
dition subjects performed 1 set of 64 trials. For the experimental
condition, a local anesthetic (0.3-0.5 ml 3% lidocaine solution)
was injected by a physician under sterile conditions into each side
of the base of the distal phalanx of the left index finger, suppress-
ing tactile information from the distal phalanx. Once digital anes-
thesia had taken effect, as determined by light touch and pinprick,
subjects performed 1 set of 64 trials. When the experimental (an-
esthesia) condition was performed first, subjects were tested on a
different day under the control condition to prevent finger tender-
ness (from the needle) from influencing performance.

Experiment 3: single-limb movements

This experiment was conducted to examine whether tactile cues
contributed to movement accuracy when kinesthetic information
regarding target location was directly available from the reference
movement. The right hand was used for both the reference and test
movements. Performance was tested under all three conditions (A,
B and C) in a randomized order. Subjects performed 1 set of 64
trials under each condition (total of 192 trials).

Data analysis

Mean x and y position was computed for all trials at each target lo-
cation. Performance accuracy in all experiments was evaluated us-
ing four measures. To quantify the overall magnitude of error, we
computed radial error, which is the two-dimensional analog of
absolute error (Hancock et al. 1995). To quantify performance bi-
as, two measures were computed in order to differentiate between
error along the direction of movement (gain error) and error
orthogonal to the movement direction (directional error) (see
Vindras and Viviani 1998). Gain error was defined as the ratio be-
tween the response vector and the target vector, where the re-
sponse vector was the distance from the start position to the final
position and the target vector was the distance from the starting
position to the target. Directional error was defined as the angle
between the response vector and the target vector. In the analyses
presented below, we report the unsigned magnitude of the direc-
tional error. Finaly, variable error was computed from X, y posi-
tion to provide a measure of consistency and was defined as the
standard deviation of responses around the mean.

In experiment 1 and 3, al four dependent variables were ana-
lyzed using a 3 (experimental condition) x 16 (target) repeated
measures analysis of variance (ANOVA). In experiment 2, the de-
pendent variables were analyzed using a 2 (control vs experimen-
tal) x 16 (target) repeated measures ANOVA. The level of signifi-
cance for al analyses was set at 0.05. Newman-Keuls post hoc
tests were conducted as necessary.

In addition to performance accuracy, we examined the extent
to which directional errors were correlated within subjects. We
compared the directional errors across the three conditions within
each experiment for each subject. We also compared directional
errors within each condition across subjects to determine if all
subjects demonstrated similar error patterns. Finally, we correlated

the directional errors within each condition across experiment 1
and 3 for each subject to examine if the directional error patterns
were similar for single-limb and switched-limb movements.

Results
Experiment 1: switched-limb movements

When using the right hand to point to locations specified
by the left hand during the reference movement, subjects
demonstrated fairly large errors (averaging 6.3 cm across
target locations and conditions). Figure 1 shows the
mean x and y error at each target and condition for two
subjects. Target positions are indicated in each plot by
the 16 open circles arranged in a rectangular grid. The
filled circle located along the center of the target col-
umns on the x-axis indicates the starting hand position.
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Fig. 1 The spatial pattern of errorsin each condition is shown for
two subjects for all three experimental conditions (top panel no
fingertip contact, middle panel reference fingertip contact, bottom
panel reference and test fingertip contact) for switched-limb
movements. The filled circle at the bottom center of each panel in-
dicates the starting position of the hand, which was aligned with
the subject’s mid-sagittal plane. Open circles indicate the targets
and the lines radiating from the target indicate error in final hand
location
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Fig. 2 Means (x SEM) for directional error (A), gain error (B),
radial error (C) and variable error (D) for switched-limb move-
ments (experiment 1). Each panel shows all three experimental
conditions (left column no fingertip contact, middle column refer-
ence fingertip contact, right column reference and test fingertip
contact). (* significance at 0.05 level, ** significance at the 0.01
level)

The lines radiating from the circles indicate the magni-
tude and direction of the mean error at each target loca-
tion.

Both subjects were more accurate when either the ref-
erence fingertip (condition B) or both reference and test
fingertips (condition C) made contact with the target sur-
face. In addition, each subject displayed an idiosyncratic
pattern of errors (see Helms Tillery et a. 1994). For in-
stance, subject 6 (left panels) was more accurate at prox-
imal targets to the right of the starting position and distal
targets to the left of the starting position. In contrast,
subject 10 (right panels) was more accurate at proximal
targets located to the right of midline. However, the pat-
tern of directional errors within each subject was similar
across the three conditions. Within-subject correlation of
directiona errors across the three conditions was high
for nine out of ten subjects (mean of 0.80). For the tenth
subject the mean correlation was 0.55. However, be-
tween subject correlation within each condition was very
low (-0.06, —0.05 and —0.07 for conditions A, B and C
respectively), indicating that each subject had a unique
pattern of directional error within the workspace.

Figure 2 shows the average data for subjects tested in
this experiment. Repeated measures analysis for the
magnitude of directional error (Fig. 2A) reveadled a sig-
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nificant main effect of condition (F, 14=8.18, P<0.001).
Post hoc analysis indicated that the magnitude of direc-
tional error was lower when subjects made fingertip con-
tact with the surface either during the reference move-
ment (condition B) or both reference and test movements
(condition C). The difference between the two latter con-
ditions, however, was not statistically significant. Analy-
sis of gain error (Fig. 2B) also revealed a significant
main effect of condition (F , 1¢=4.00, P<0.05). Post hoc
analysis indicated that gain error was lowest when the
fingertip made surface contact during both the reference
and test movements (condition C) as compared to the
other two conditions. In addition, there was a significant
main effect of target (F;5135=9.76, P<0.001) for gain
error indicating that accuracy of movement amplitude
varied with target distance. Post hoc analyses demon-
strated that, on average, subjects tended to overshoot
proximal targets but were fairly accurate at distal targets.

Radial error (Fig. 2C) was dlightly lower when the
fingertip made surface contact during both reference and
test movements (condition C), although the differences
did not reach statistical significance. In contrast, we
found a main effect of condition (F,,5=5.46, P<0.01)
and target (F(i535=1.77, P<0.05) for variable error
(Fig. 2D). Post hoc analysis indicated that variable error
was lowest when subjects touched the target surface dur-
ing the reference movement (condition B) compared to
the other two conditions. Generally, variable error was
lowest for the most proximal targets and highest for the
distal targets. Thus, while subjects were more accurate at
distal targets, they were much less consistent.

Experiment 2: switched-limb movements following
digital anesthesia

Although the results of the previous experiment indicat-
ed that fingertip contact improved accuracy during
switched-limb movements, it is not clear whether infor-
mation from tactile receptors at the fingertip, proximal
deep pressure receptors, or both contributed to improved
accuracy. In order to examine the specific role of tactile
cues, we anesthetized the distal phalanx of the left index
finger. Data from two subjects are shown in Fig. 3,
which shows the mean x and y response at each target lo-
cation for the control and experimental (anesthesia) con-
ditions. The magnitude of radial error was greater when
the left index finger was anesthetized (bottom panels) as
compared to the control condition (top panels). The aver-
age increase in the magnitude of error following anesthe-
siawas ~25% and 20% for subjects 1 and 2, respectively.

As seen in the previous experiment, subjects demon-
strated a unique pattern of directional error that was con-
sistent across conditions. The within subject correlation
of directional error was fairly high for eight out of nine
subjects (mean 0.71), whereas the between subject corre-
lation of directional error was 0.02 for the control condi-
tion and 0.07 for the experimental condition. Figure 4
shows that the influence of tactile cues described above
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Fig. 3 Spatial pattern of errors is shown for two subjects for the
control (no anesthesia) condition in the top panels and experimen-
tal (anesthesia) condition in the bottom panels. The filled circle at
the bottom center of each panel indicates the starting position of
the hand. Open circles indicate the targets and the lines radiating
fromthe target indicate error in final hand location
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Fig. 4 Mean (£ SEM) for directional error (A), gain error (B), ra-
dial error (C) and variable error (D) for experiment 2. The control
condition is indicated by the empty bar and the experimental con-

dition by thefilled bar. (** significance at the 0.01 level)

was representative of all subjects. The magnitude of di-
rectional error (Fig. 4A) was higher when the left index
finger was anesthetized (F ;4=10.34, P<0.01). Gain er-
ror (Fig. 4B) was not influenced by digital anesthesia
However, radia error (Fig. 4C) was significantly higher

following digital anesthesia compared to the control con-
dition (F =11.26, P<0.01). No differences were seen
for varlable error.

In order to determine whether the increased error fol-
lowing anesthesia was a generalized effect (e.g., by caus-
ing a distraction), we asked two subjects to return and
perform the procedure again. However, in this case, the
finger adjacent to the reference finger (the middle finger)
was anesthetized. The results did not demonstrate an in-
fluence of anesthesia to the middle finger on pointing ac-
curacy, i.e., the dependent variables were similar across
the control (C) and anesthesia (A) conditions as seen by
the mean (standard deviation) values. [radia error 4.3
(1.18) cm for C and 4.5 (1.04) cm for A; gain error ratio
0.95 (0.03) for C and 0.98 (0.04) for A; directional error
27.1° (5°) for C and 22.7° (2.65°) for A; and variable er-
ror 2.2 (0.2) for C and 2.5 (0.2) for A]. Thus, anesthesia
appears to influence pointing accuracy by suppression of
tactile cues from the fingertip rather than from a general-
ized distraction produced by the anesthesia.

Experiment 3: single-limb movements

The switched-limb experiment (experiment 1) suggested
that tactile cues from the left index finger improve direc-
tional accuracy of pointing with the right hand (when
kinesthetic information regarding target location was not
directly available). The present experiment was per-
formed to determine whether tactile cues contributed to
accuracy when kinesthetic information regarding the tar-
get was readily available from the same limb. The results
suggest that tactile cues had less of an influence on the
accuracy of single-limb movements. Figure 5 shows
mean x and y position at all targets for two subjects. In
general, both subjects demonstrated better accuracy
when the reference and test fingertip (condition C)
touched the target surface compared to the other condi-
tions.

Each subject demonstrated a unique pattern of direc-
tional error that was consistent across conditions. With-
in-subject correlation across condition was fairly high
for al subjects (0.74) whereas between-subject correla-
tion was very low for al three conditions (—0.02, -0.04
and —0.04 for condition A, B and C respectively). Fig-
ure 6 shows the average data for al subjects. Repeated
measures analysis demonstrated a main effect of condi-
tlon (F(2,18=3.69, P<0.05) for directional error (Fig. 6A).

Post hoc tests indicated that directional error was lower
when subjects made fingertip contact during the refer-
ence movement (condition B). In addition, there was a
main effect of condition (F,14=5.58, P<0.01) for gain
error (Fig. 6B), which was lower when subjects made
fingertip contact during both reference and test move-
ments (condition C). Differences for radia error
(Fig. 6C) and variable error (Fig. 6D) were not statisti-
cally significant across conditions.

In comparing single and switched-limb movements
(Figs. 2, 6), it is interesting to note that gain error was
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Fig. 5 The spatial pattern of errorsin each condition is shown for
two subjects for all experimental conditions (top panel no finger-
tip contact, middle panel reference fingertip contact, bottom panel
reference and test fingertip contact) for single-limb movements

similar for single-limb (1.10) and switched-limb (1.12)
movements. Radial error was dlightly higher for
switched-limb movements (6.29 cm, compared to
4.90 cm for single-limb movements, averaged across
conditions), although this difference did not approach
statistical significance. No reliable differences were seen
for variable error, which was dlightly lower for single-
limb compared to switched-limb movements (2.55 cm vs
2.97 cm, averaged across conditions). Directional error
was higher for switched-limb movements compared to
single limb movements, although the differences were
accounted for primarily by condition A (no tactile con-
tact). Taken together these results indicate that there
were no reliable differences across single-limb and
switched-limb movements.

Discussion

Our results extend previous findings (Helms Tillery et al.
1994) and indicate that tactile afferent information from
the fingertip contributes to accuracy during pointing
movements. Tactile information primarily influenced
performance bias (direction and gain error) rather than
consistency (variable error). Following digital anesthesia

A B
~ 10 15
g
g‘ﬂ e
] 5 1
£ o]
5o g
J : &
G 4 o
= O 0s
22
(m]

0 0

Cc D

0 5
- £
58 o4
F G
o6 E-3
5 g 3
o4 52 ’—P
= I
q =
3 £ ‘ ‘

0 0

No Ref Ref No Ref Ref
fingertip fingertip  and test fingertip fingertip and test
contact contact fingertip contact contact fingertip

contact contact

Fig. 6 Mean (£ SEM) for directional error (A), gain error (B), ra-
dial error (C) and variable error (D) for experiment 3. Each panel
shows all three experimental conditions (left column no tactile
contact, middle column reference tactile contact, right column ref-
erence and test tactile contact). (* indicates significance at the
0.05 level)

of the index fingertip, movement accuracy was degraded
compared to the control condition, indicating that infor-
mation from tactile receptors at the fingertip, indepen-
dent of proximal deep pressure information, contributed
to pointing accuracy. In addition, the influence of tactile
information was more pronounced during switched-limb
movements as compared to single-limb movements.

Contribution of tactile cues to movement accuracy

Subjects made appreciable errors in reproducing spatial
locations when they were required to use only kinesthetic
cues during single-limb and switched-limb movements.
The magnitude of errors, on average 4—7 cm, was compa-
rable to that in previous reports (Larish and Stelmach
1982; Helms Tillery et al. 1994). A high magnitude of er-
rors is seen when target locations are specified by passive
(rather than active) movements and subjects locate the
target subsequently using active movements (Paillard and
Brouchon 1974). Thus, our paradigm of guided reference
movements may have resulted in added noise to the pro-
prioceptive system. However, care was taken to ensure
that all reference movement conditions were performed
in an identical manner. Despite the added noise, in both
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single- and switched-limb movements, fingertip contact
with the reference hand (condition B) generally influ-
enced directional error, whereas fingertip contact with the
reference and test hands (condition C) also influenced
gain error. Thus movement direction was influenced by
information about target location before the movement,
whereas movement gain was influenced by information
both before the movement (about target location) and af-
ter the movement (about movement accuracy).

Tactile information may potentiate proprioception
(see Helms Tillery et al. 1994). Prior work has suggested
that tactile information from the fingertip contributes to
kinesthetic accuracy at more proximal joints of the fin-
gers. For example, in a task requiring matching of PIP
joint angles, kinesthetic acuity at the PIP joint was im-
paired even when the anesthesia was restricted to the dis-
tal phalanx (Clark et al. 1986). Skin strain patterns dur-
ing hand movement may also convey information about
joint movement (Edin and Abbs 1991; Edin and Johans-
son 1995). In the present study, however, skin strain pat-
terns from the dorsal aspect of the hand (due to changes
in finger joint positions) were unlikely to contribute to
movement accuracy in space since the hand posture was
maintained consistent during data collection. Therefore
how might tactile information from the fingertip contrib-
ute to pointing accuracy?

While we did not measure shear forces at the finger-
tip, it islikely that when the fingerpad was positioned on
the target at the end of the reference movement, skin
strain patterns from small shear forces provided informa-
tion regarding orientation of the fingertip and forearm in
space. It is possible that information regarding orienta-
tion may have been used to replicate final posture of the
arm during subsequent trials. Given the rich innervation
of tactile afferents in the fingertip that are sensitive to
the direction of mechanical stimuli (Goodwin et al.
1989; Johansson 1978; Srinivasan et al. 1990), skin
strain direction may be represented in the population re-
sponse of afferent fibers. Contact force at the fingertip
has been shown to provide information regarding the di-
rection of body sway in subjects standing either in a nor-
mal bipedal stance (Clapp and Wing 1999) or in the
Romberg stance (Jeka and Lackner 1994; Rabin et al.
1999). Our finding that fingertip contact reduced direc-
tional error is consistent with this hypothesis.

It is also conceivable that fingertip contact with the
table surface may have attenuated postural sway, thereby
improving movement endpoint accuracy. Fingertip con-
tact has been shown to stabilize postural sway in stand-
ing subjects despite the fact that the contact force at the
fingertip was not enough to provide mechanical stability
(Clapp and Wing 1999; Jeka and Lackner 1994; Rabin et
al. 1999). However, this was unlikely since subjects in
the present study were seated through the data collection
process and their back was supported for pointing to
proximal target locations. Given the oscillatory nature of
postural sway, it is likely to influence variability in end-
point position rather than performance bias. Moreover,
one would expect greater variability at the distal com-

pared to proximal targets, given the lack of back support
for distal targets. Analysis of variability across target lo-
cations (distal versus proximal) did not demonstrate any
consistent patterns across experiments reported in this
paper. In fact, tactile cues influenced directional and gain
error more systematically than variable error.

Finally, fingertip contact with the surface provided
deep pressure information from proximal joints (in addi-
tion to tactile cues), which may have contributed to
pointing accuracy. However, we excluded this possibility
by administering anesthesia to the left index fingertip
(experiment 2). Following anesthesia, which attenuated
tactile information, errors in magnitude and direction in-
creased appreciably despite the presence of proximal
deep pressure information (see Fig. 4). Thus, accuracy
clearly improved due to tactile cues from the fingertip
independent of deep pressure information.

Gain error (in contrast to the directional error) de-
creased only when the fingertip made contact during
both the reference and test movements (condition C).
Fingertip contact at the starting position and target pro-
vided discrete information regarding the beginning and
end of movement, which may have been used to scale
movement amplitude (Gentilucci et al. 1997). It has pre-
viously been shown that subjects are able to accurately
discriminate movement amplitude using only kinesthetic
cues (Bevan et a. 1994). The addition of tactile cues (via
fingertip contact) to kinesthetic information may serve to
enhance the estimate of movement amplitude.

Comparison of single-limb and switched-limb
movements

Radial, gain and variable errors were not significantly
different across single and switched-limb movement, sug-
gesting that these movements may share common pro-
cesses during planning. In reaching toward objects, for
example, Tresilian and Stelmach (1997) have reported
that critical parameters such as grip aperture and arm
transport evolve similarly over time in both unimanual
and bimanual movements. Furthermore, in pointing
movements the endpoint distributions in three-dimension-
al space were similar irrespective of the arm used for
specifying the target (Baud-Bovy and Viviani 1998). The
shape and orientation of the confidence ellipsoids (based
on the distribution of endpoints) were similar for single-
l[imb and switched-limb movements. Despite obvious bio-
mechanical differences in these movements, the similari-
ties suggest that common processes may be employed.

In the present study we specified target locations us-
ing either the left hand (for switched-limb movements)
or the right hand (for single-limb movements) and sub-
jects always responded with the right hand, similar to
Baud-Bovy and Viviani (1998). Manipulating the limb
used to specify target location during the reference
movement did not influence movement accuracy during
the test movement. This suggests that spatial information
regarding target location may be represented in an effec-



tor-independent map of space for generating arm move-
ments. Since tactile information enhanced movement ac-
curacy, it is likely that tactile cues improved the fidelity
of kinesthetic information regarding arm and hand pos-
ture within this map. However, the role of tactile infor-
mation was less pronounced for the single-limb move-
ments, likely because kinesthetic information regarding
target location with respect to the pointing arm was
readily available. The similar magnitude of the direction-
a errors following right or left arm target presentation
without tactile cues is in agreement with this notion.
Thus, the proprioceptive information directly available
during single-limb movements may already saturate the
resolution capability of the CNS.
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