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Abstract Using two-dimensional (2D) angles composed
of two straight, 8-cm-long arms that formed an angle, we
investigated the importance of cutaneous feedback from
the exploring index finger, and proprioceptive feedback
from the shoulder (scanning movements made with the
outstretched arm), to the human ability to discriminate
small differences in the angles. Using a two-alternative
forced-choice paradigm, subjects identified the larger an-
glein each pair explored (standard angle, 90°; compari-
son angles, 91° to 103°). Subjects were tested under four
experimental conditions:. (1) active touch (reference con-
dition); (2) active touch with digital anaesthesia; (3) pas-
sive touch (a computer-controlled device displaced the
angle under the subject’s immobile digit); and (4) pas-
sive touch with digital anaesthesia. When only proprio-
ceptive feedback from the shoulder was available (condi-
tion 2), there was a significant increase in discrimination
threshold, from 4.0° in the reference condition (condition
1) to 7.2°, indicating that cutaneous feedback from the
exploring digit contributed to task performance. When
only cutaneous feedback from the finger was available
(condition 3), there was aso a significant increase in
threshold from 4.2° in the active condition to 8.7°. This
suggested that proprioceptive feedback from the shoul-
der, potentially from a variety of deep (muscle and joint)
but also cutaneous receptors, contributed to the ability to
discriminate small changes in 2D angles. When both
sources of feedback were eliminated (condition 4), sub-
jects were unable to discriminate even the largest differ-
ence presented (13°). The results suggest that this senso-
ry task is truly an integrative task drawing on sensory in-
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formation from two different submodalities and so, fol-
lowing the definition of Gibson, is haptic in nature. The
results are discussed in relation to the potential neural
mechanisms that might underlie a task that requires inte-
gration across two anatomically separate body parts and
two distinct modalities.

Keywords Tactile shape discrimination -
Two-dimensional angles - Active touch - Passive touch

Introduction

When you manipulate an object in your hand with a view
to identifying the object, sensory feedback is generated
from multiple sources, including mechanoreceptors in
the skin and also mechanoreceptors in deep structures
(muscle, tendon, joint). This complex feedback, which
we term haptic feedback here (following Gibson 1966),
must be integrated across both space and time in order to
define object shape. In the companion paper (Voisin et
al. 2002), we reported on the development of a sensory
task that allowed us to begin to evaluate, in a rigorous
and parametric fashion, the human ability to discriminate
simple two-dimensional (2D) shapes composed of two
straight arms that formed an angle. The task was specifi-
cally designed so that both cutaneous feedback from the
exploring index finger and proprioceptive feedback from
the shoulder (movements made with the outstretched
arm) could potentially contribute to defining the shape of
the experimental objects.

Two important observations were made. First, perfor-
mance of the 2D angle discrimination task was not modi-
fied by changing the orientation of one of the two angles
that were presented in each trial (standard angle of 90°
and comparison angles of 91°-103°). This observation
indicates that subjects based their sensory decision on a
central representation of the angle itself, and not the ori-
entation of one arm of the angle, i.e. they analysed the
shape of the experimental objects, as per the instructions
given. Second, performance in the task, when expressed



252

in terms of angular changes at the shoulder, was superior
to that predicted from previous studies of static position
sense at the shoulder, a range of 0.08° to 1.36° versus
1.4° to 4.7° (Cohen 1958a) or 0.6° to 1.1° (van Beers et
al. 1998). This result strongly suggests that static posi-
tion sense alone cannot explain the results. Two other
sources of sensory feedback could have contributed. On
the one hand, cutaneous feedback, generated when the
finger was in contact with the angle of intersection,
could have contributed to the high degree of precision
found in this task. Such a suggestion is supported by the
fact that a majority of subjects reported basing their sen-
sory decision, at least in part, on cutaneous information
from the angle of intersection, specifically the amount of
compression of the finger at the angle. On the other
hand, dynamic position feedback (movement sense) may
also have contributed in the form of sensory reafference
from the moving limb, possibly interpreted in relation
with the motor command (Gandevia et a. 1993). Such a
suggestion is consistent with Kelso's (1977) observation
that anaesthesia of the hand and fingers, eliminating cu-
taneous feedback from the hand while preserving muscle
spindle feedback from the long flexors of the digits, had
no effect on the accuracy of voluntary finger move-
ments.

The purpose of this study was to confirm our sugges-
tion that both cutaneous feedback from the exploring
digit and proprioceptive feedback from the shoulder con-
tribute to the human ability to discriminate differencesin
2D angles by scanning the angles with the index finger
of the outstretched arm. This was addressed by measur-
ing performance in the task under four conditions:
(1) active touch, with both cutaneous and proprioceptive
feedback available; (2) active touch with digital anaes-
thesia, so that only proprioceptive feedback was avail-
able; (3) passive touch, whereby a computer-controlled
device displaced the angle under the subject’s immobile
digit so that only cutaneous feedback was available; and
(4) passive touch with digital anaesthesia, so that neither
source of feedback was available. The results support
our hypothesis that both cutaneous and proprioceptive
feedback contribute to 2D angle discrimination, since
perceptual performance declined when either source was
eliminated. Indeed, subjects were unable to perform the
task when both sources of feedback were eliminated.
Preliminary reports of the results have been published
(Voisin and Chapman 2000, 2001).

Materials and methods
Subjects

The subjects were eight healthy adults (three women and five
men; 21-27 years of age), al right handed for writing. Participa-
tion was voluntary, and remunerated. The institutional ethics com-
mittee approved the experimental protocol, and all subjects gave
their informed consent prior to the experiments. Subjects partici-
pated in one (n=4), three (n=2) or four (n=2) experimental ses-
sions. Each session lasted 34 h, and consisted of two blocks of 56
trials. The methods are described in Voisin et a. (2002). Below,

there is a brief recapitulation of the methods and a description of
the salient differences.

Perceptual task

The angles, apparatus and task are described in the companion pa-
per. In brief, subjects scanned pairs of angles, using the glabrous
skin of the middle phalanx of the right index finger of the out-
stretched arm, and identified the larger angle of each pair by press-
ing one of two response buttons on a keypad with their left hand
(first or second angle larger). Each angle was scanned with a sin-
gle to-and-fro movement (segquence a-b-c-b-a, Fig. 1A). The an-
gles were machined from 1-cm-thick Plexiglas (see Fig. 1A). Each
arm was 8 cm long, and the first arm explored was identical for all
angles. The angle at the intersection of the arms was 90° for the
standard angle (four replicates used). The comparison angles
(n=7) spanned a range from 91° to 103° (increments of 2°). The
angles were firmly clamped in an apparatus (see Fig. 1B) instru-
mented to record contact force and digit position. The latter was
monitored using the outputs of optical sensors, paired with light
emitting diodes (LEDS) placed so that they were interrupted when
the index finger was at the start position (a), the intersection (b) or
the end position (c). The subject was comfortably seated beside
the apparatus (vision and hearing occluded), which was placed at
arm’s length from the subject, at the level of the shoulder, 30° to
the right of midline. During a trial, one standard angle and one
comparison angle was presented. As in the companion paper, one
of the two angles in each pair was dlightly rotated towards the
midline (4° shift in the vertical plane) to encourage subjects to
evaluate the whole angle, and not simply the orientation of the
second arm of the angle relative to horizontal. Subjects were not
informed of the presence of the shift, or given any feedback on
their performance. Each comparison angle was presented 8 times
in a pseudorandom order for atotal of 56 trials per block. The or-
der of testing was counterbalanced for all relevant factors (shift on
the first or second angle; standard angle presented first or second).
The first block of trials in each session was preceded by several
practice trials to familiarize the subject with the scanning move-
ment (active or passive, depending on the experiment and the or-
der of testing) and the perceptual task. Practice trials were repeat-
ed for the second block of trials in most cases, in order to allow
the subjects the time to familiarize themselves with the changed
experimental condition (after anaesthesia; passive instead of active
scans). An exception was made for three subjects for which the
second block was identical to the first (two blocks with local ana-
esthesia).

Experimental conditions

Condition 1: active touch with both cutaneous
and proprioceptive feedback

Subjects made an active to-and-fro scanning movement, sliding
the index finger over the angle. Subjects were specificaly in-
structed to keep the arm (and digit) straight throughout the scan
(nail up), limiting rotation to the shoulder. The sequence of events
in atrial was: (1) the first angle was installed in the apparatus; (2)
the experimenter guided the subject to position the index finger at
theinitial position (ain Fig. 1A); (3) the experimenter started data
acquisition with a carriage return; (4) 300 ms later, a tone sig-
nalled the subject to begin the first scan; (5) the subject scanned
the index finger over the angle (sequence, a-b-c-b-a); (6) after
completing the scan, the subject withdrew the finger from the an-
gle; (7) the second angle was installed in the apparatus; (8) steps
2—6 were repeated; and (9) the subject entered his/her response in
the keypad. Note that subjects kept the upper limb rigid through-
out the scan, so that the skin area in contact with the object varied
as a function of the arm explored (radial side of the middle pha-
lanx for ab; ulnar side for bc).



Fig. 1 A Photograph of the experimental objects showing, from
back to front, the standard angle (90°) and two comparison angles
(95° and 103°). All scans started with the index finger placed at
position a. The sequence of movement was a-b-c-b-a, where
b corresponds to the angle at the intersection and ¢ was located at
the end of the second of the two arms that formed the angle.
B Setup for passive scanning of the angles, showing the x-y stage,
optical encoders, and the method for attaching the experimental
apparatus, into which the angles were clamped, onto the x-y stage.
The apparatus could be rotated on the mounting (see axis of rota-
tion)

Condition 2; active touch with anaesthesia
(no cutaneous feedback)

Performance of the 2D angle discrimination task was tested in the
absence of cutaneous feedback from the index finger in order to
determine the ability of subjects to perform the discrimination us-
ing only proprioceptive feedback. The sequence of events in the
trials was identical to that described for condition 1. The right in-
dex finger was anaesthetized under medical supervision using a
ring block at the level of the proximal phalanx; up to 4 ml 2% li-
docaine was injected subcutaneously at multiple sites distributed
around the circumference of the proximal phalanx, just distal to
the metacarpophalangeal joint. In three subjects, the ring block
was repeated after the first block of trials, and a second block of
trials with anaesthesia was recorded (pause of ~30 min between
blocks). In one subject, 2.5 ml 2% mepivacaine was employed in-
stead of the lidocaine. Light touch was abolished distal to the in-
jection sites within 15-20 min. We verified the state of anaesthesia
(abolition of light touch) at 20-min intervals during the session.
Subjects reported that the effects of the local anaesthesia lasted for
several hours after the end of the session.

Condition 3: passive touch (no proprioceptive feedback)

In order to assess the ability of subjects to perform the angle dis-
crimination task using only cutaneous information, the angles
were displaced passively, under servo control, over the glabrous
skin of the outstretched, immobile index finger. As shown in
Fig. 1B, the apparatus was mounted on a vertically oriented x-y
stage (Thomson microstage, MS33-LXB-L300). Each axis was
equipped with a DC servomotor (Aerotech, model 1017) and an
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optical encoder (Sumtak opticorder, LDA-051-800). The desired
movement trajectory was controlled by a microcomputer using a
FlexMotion-6C controller to operate a multiaxis linear servo am-
plifier (Servo Dynamics, SD2-412-45-2F). The trajectory was up-
dated every 125 ps; examples of the up and down trajectories are
shown in Fig. 4. The mounting on the x-y stage was adjustable so
that the 4° shift in orientation could be imposed as in the active
condition (axis of rotation shown in Fig. 1B). The sequence of
eventsin atrial wasidentical to that described for condition 1 with
the exception that the subject was now required to remain motion-
less throughout the angle presentation (position identical to the
initial position in condition 1), all the while maintaining contact
with the object. The angle was presented using the same move-
ment sequence as in the active condition, a-b-c-b-a, with each an-
gle and shift having its own unique point-to-point trgjectory. The
contact surface on the index finger was identical to that for condi-
tion 1, with the skin area in contact varying as a function of the
arm presented (radial side for ab; ulnar side for bc). For each sub-
ject, the mean speed was chosen to match the subject’s own move-
ment parameters in the active task. This was calculated from the
outputs of the optical sensors, using data collected either in the
immediately preceding session (subjects 4, 6 and 7) or in the same
session (subjects 8 and 9).

Condition 4: passive touch with anaesthesia
(no cutaneous or proprioceptive feedback)

This control experiment addressed the possibility that subjects
used some source of feedback other than cutaneous feedback from
the index finger and proprioceptive feedback from the shoulder to
perform the 2D angle discrimination. The right index finger was
anaesthetized with 2.5 ml 2% mepivacaine (see condition 2
above). After light touch was abolished, performance of the 2D
angle discrimination task was evaluated using passive touch, as
described for condition 3.

Order of testing

Performance in condition 1 (active touch with cutaneous and pro-
prioceptive feedback) served as the reference for two of the three
modified experimental conditions, conditions 2 and 3. The refer-
ence data are, in part, a subset of those presented in the companion
paper (Voisin et al. 2002). For condition 2 (active touch with ana-
esthesia), the reference condition was tested before anaesthesia,
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either in the same session (n=2) or in the immediately preceding
session (1-3 days earlier; n=3). In the latter case, performance
during anaesthesia was evaluated in two repeated blocks of 56 tri-
as. For condition 3 (passive touch), the order of testing in the ses-
sion was counterbalanced (three subjects, condition 1 first; two
subjects, condition 3 first). For condition 4 (passive touch with an-
aesthesia), passive touch (condition 3) served as the “reference”
condition; this testing occurred in the same session, immediately
preceding the anaesthesia.

Data acquisition and analysis

The following data were recorded with each trial: the subject’s re-
sponse, the value of the angles scanned (including their order of
presentation and the presence of the 4° shift), the contact force,
and the times that the digit arrived at, and |eft, positions a, b and ¢
during the course of the to-and-fro movement.

For each subject, discrimination performance was character-
ized by computing the proportion of correct responses for each
comparison angle in each block of trials. The results were fitted to
alogistic function, and discrimination threshold (75% correct) was
computed from the logistic function. To assess the respective con-
tribution of cutaneous and proprioceptive feedback to 2D angle
discrimination, the effects of the exploratory condition on discrim-
ination threshold were analysed with paired t-tests (condition 1 vs
condition 2; condition 1 vs condition 3).

The scanning movements were characterized by calculating the
scanning speed (output of the optical sensors), the length of time
that the digit was in contact with the angle at the intersection
(dwell-time) and contact force (output of the strain gauges). Paired
t-tests were employed to determine whether the exploratory condi-
tions were the same in the reference condition (1) and the modi-
fied conditions (2 and 3).

Finaly, the trgjectory of the index finger was recorded in the
reference condition at the end of one of the experimental sessions
in five subjects, using an Optotrak 3020 motion analysis system.
A pair of small infrared light emitting diodes (IREDs) were placed
on the proximal phalanx of the index finger. The spatial location
of the IREDs was recorded with a precision of 0.5 mm and a sam-
pling frequency of 100 Hz while subjects actively scanned the
standard angle (90°) and several comparison angles (95°, 100° and
105°). These data allowed us to examine the active movement tra-
jectories, and to calculate the mean speed profile.

In all analyses, the level of significance was fixed at P<0.05.

Results
Scanning movements

In these experiments, the active movement trajectory
was constrained by the angles themselves and the 4°
shift that was arbitrarily imposed on one angle of each
pair presented. In al experiments, the standard angle
was 90°, and the comparison angles spanned a range of
91° to 103°. The movements were also constrained by
positioning the apparatus at arm’s length from the sub-
ject, who was instructed to scan the angles using the gla-
brous skin of the middle phalanx of the index finger. In
order to maintain contact between the middle phalanx
and the angle, the subject had to limit joint rotation to
the shoulder. This was monitored during the experiments
by the optical sensors on the apparatus that were located
behind the angle (from the subject’s point of view), and
were interrupted by the protruding distal phalanx of the
index finger. At acquisition, trials in which the distal

phalanx did not interrupt the LEDs in the pre-determined
order, a-b-c-b-a (Fig. 1A), were aborted and repeated la-
ter in the session. These observations suggested that the
relevant feedback for task performance was limited to
two sources, cutaneous feedback from the glabrous skin
of the index finger, and proprioceptive feedback from the
shoulder. The relative contribution of each source of
feedback to psychophysical performance was therefore
assessed by selectively eliminating each source of infor-
mation, separately and in combination.

Effects of eliminating cutaneous feedback from the finger
(condition 1 vs condition 2)

We examined the contribution of cutaneous feedback
from the index finger to the performance of the 2D angle
discrimination task in five subjects by measuring perfor-
mance in the reference condition (active touch with both
cutaneous and proprioceptive feedback), and then again
after anaesthetizing the index finger.

Following injection of the local anaesthetic around
the base of the index finger, light touch distal to the in-
jection site was abolished throughout the data acquisition
period. Thus, sensory feedback during anaesthesia arose
principaly, if not entirely, from proprioceptors about the
shoulder. The pooled results of five subjects are shown
in Fig. 2A, along with the logistic curves fitted to the
pooled data in each condition. When the smallest angular
difference was presented (1°), performance was at the
chance level for this two-alternative forced-choice para-
digm. When larger angular differences were presented,
performance improved in both testing conditions. Perfor-
mance was, however, consistently poorer in the presence
of anaesthesia. Consequently, the discrimination thresh-
old (75% correct, shown in Fig. 2A) was increased in the
presence of anaesthesia. This was consistent with the
subject reports to the effect that they generally found the
task more difficult during the anaesthetic block.

Discrimination threshold was calculated from the lo-
gistic functions fitted to the data of each subject and the
results are presented in Table 1. All subjects showed an
increase in threshold in the absence of cutaneous feed-
back, but the change was modest (P=0.03): mean dis-
crimination threshold increased from 4.0° in the refer-
ence condition to 7.2° in the anaesthetized condition.
Motor strategy was, in contrast, not significantly
changed: there was no significant change in contact
force, scanning speed or dwell-time at the intersection
across the two testing conditions (see Table 2 for de-
tails). In the companion paper, we reported that subjects
generally used a combination of two cognitive strategies
to perform the task: mental images of the angles (whole
angle strategy), and the pattern of cutaneous feedback
from the angle of intersection (intersection strategy).
During anaesthesia, most subjects found the discrimina-
tion more difficult because they were no longer able to
rely on the cutaneous feedback from the angle of inter-
section. Instead, their decision was now based solely on
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Fig. 2A, B Effects of digital anaesthesia on performance of the 2D
angle discrimination task. The proportion of correct responses is
plotted as a function of the angular difference between the compari-
son angle (91°-103°) and the standard angle (90°). A Pooled results
of five subjects (means + SEM) during the reference condition 1,
active touch with cutaneous and proprioceptive feedback, and con-
dition 2, active touch with no cutaneous feedback (anaesthesia). Lo-
gistic curves were fitted to the pooled data. Discrimination thresh-
old (75% correct) is shown. B Results from three of the five sub-
jects shown in A, who performed two repeated blocks of trials with
anaesthesia in the same session, along with their performance in the
reference conditions in the immediately preceding session and in the
subsequent session. Note that the logistic functions for each condi-
tion (reference or anaesthesia) were closdly similar

Table 1 Discrimination threshold (°) during the reference condi-
tion (condition 1) and the two modified conditions, anaesthesia
and passive (respectively, conditions 2 and 3)

Subject Reference Anaesthesia Reference Reference Passive

(repeat)?
1 29 59 - - -
2 3.9 5.0 2.6 - -
3 0.7 4.9 2.6 - -
4 6.7 7.9 53 3.6 7.9
6 5.8 12.1 - 3.7 6.9
7 - - - 2.7 7.6
8 - - - 7.8 >13.0
9 - - - 3.3 8.0
Mean 4.0 7.2 4.2 8.7

aFor subject nos. 2, 3 and 4, the reference condition was tested in
the preceding session because the effects of anaesthesia were test-
ed in both blocks of trials in the session. Here we give the thresh-
olds from the subsequent session, showing that in all cases dis-
crimination threshold during anaesthesia was higher than the esti-
mates during both reference conditions

255

B
1.00 4
n=3 //ﬁ/
0.75 +”
0.50 Reference 1 & 2 ——
Anaesthesia 1 &2 ----
0.25

1I 3 5 7 9 11 13
Comparison Angle - Standard Angle (°)

mental images of the angles or the movement trajectory.
One subject (no. 3) reported that the discriminations
were easy even during anaesthesia, but this subject re-
ported using only a mental representation of the angles
in the reference condition. Nevertheless, this subject’s
threshold was also increased during anaesthesia, suggest-
ing that the cutaneous input likely contributed to the cen-
tral representation of the angles.

In order to ensure that the observations were robust,
we performed two blocks of trials with anaesthesiain the
same session for three subjects, after repeating the ring
block halfway through the session. Figure 2B plots the
two logistic functions fitted to the data from each block
(dashed lines). The functions were virtually indistin-
guishable, indicating that the effects of anaesthesia were
indeed robust. For these subjects, performance in the ref-
erence condition was recorded in the immediately pre-
ceding session and in the subsequent session (solid
lines). Using the data from a different session as the ref-
erence value for these experiments did not bias our esti-
mate of the magnitude of the effect of anaesthesia be-
cause performance in the two reference conditions was
almost identical.

Effects of eliminating proprioceptive feedback from the
shoulder (condition 1 vs condition 3)

The contribution of proprioceptive feedback from the
shoulder to 2D angle discrimination was determined by
measuring performance in the reference condition, active
touch with cutaneous and proprioceptive feedback, and

Table 2 Comparison of the

movement-related parameters Reference Anaesthesia  t-test Reference Passive t-test
(+ SEM) during the reference (n=5) (n=5) P (n=5) (n=5) P
condition (condition 1) and the

two modified conditions, ana- Speed (mm/s) 155+27 169+31 0.09 24643 162+13 0.13
esthesia (condition 2) and pas- Dwell time (ms) 754+115 688+82 0.22 560+64 1,115+125 0.01
sive touch (condition 3) Force (N) 0.68+0.18 0.69+0.21 0.97 0.88+0.122 0.78+0.10 0.81

aForce data available for only four subjects
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Fig. 3 Effects of eliminating proprioceptive feedback on perfor-
mance of the 2D angle discrimination task. Pooled results of five
subjects during the reference condition 1, active touch with cuta-
neous and proprioceptive feedback, and condition 3, passive touch
with only cutaneous feedback. Plotted asin Fig. 2A

comparing this to performance in a modified condition,
passive touch, in which case only cutaneous feedback
was available. After subjects positioned their out-
stretched arm so that the glabrous skin of the middle
phalanx of the index finger contacted the angle at the
start position (a in Fig. 1A), the angle was then dis-
placed, under computer control, underneath the immo-
bile digit (glabrous skin of the middle phalanx). The
movement sequence was identical to that used in the ac-
tive condition. The pooled psychophysical results of five
subjects are shown in Fig. 3. Performance was signifi-
cantly poorer in the absence of proprioceptive feedback:
mean discrimination threshold was 4.2° in the reference
condition of active touch as compared to 8.7° during
passive touch (P<0.0005). Consistent with this, the sub-
jects generally reported the passive condition to be more
difficult than the active condition. All subjects reported
using the pattern of cutaneous feedback to perform the
discrimination, both from the angle of intersection and
during the passive scans of the two arms. Interestingly,
three of five subjects (nos. 4, 7 and 9) used these inputs
to generate mental images of the angles.

The passive testing conditions adequately reproduced
the active testing conditions. The trajectories described
by the angles during the passive scans were closely simi-
lar to the trajectories imposed by the angles themselves
in the active condition. Figure 4 shows the superimposed
traces for the to-and-fro passive scans of al eight angles
(the standard, 90°, and the seven comparison angles,
91°-103°) in one block of trials. For simplicity, only the
‘no shift’ trials, corresponding to 56 to-and-fro scans, are
plotted. The position control system was extremely pre-
cise. Inspection shows that each angle had its own
unigue point-to-point trgjectory, with no overlap between
angles. The traces for each individual angle are, in con-
trast, superimposed. Similar results were obtained when
the data from the shifted angles (4°) were plotted (not

Horizontal Displacement (cm)

0 1 2 3 4 5 6 7 8 9 10 1 12 13

Vertical Displacement (cm)

Fig. 4 Point-to-point trajectories described by the angles in condi-
tion 3, passive touch (no shift applied). Shown here are the trgjec-
tories from 56 to-and-fro scans: 28 repetitions of the standard, 90°,
and 4 repetitions of each of the seven comparison angles,
91°-103°

shown). In addition, the mean scanning speed was identi-
cal in the two conditions (Table 2).

There were two differences in the testing conditions,
but we have no reason to believe that these contributed
to the results. First, the speed profiles were not identical
during the scans. In the active condition, the movement
analyses indicated that al subjects showed an approxi-
mately sinusoidally shaped velocity profile as each arm
of the angle was explored. Examples from three subjects
are shown in Fig. 5A. During the passive condition, we
approximated this sinusoidal velocity profile in most
subjects by imposing a ramp increase and decrease in ve-
locity (subject nos. 2 and 6 in Fig. 5B), designed to re-
produce the average duration of each segment of the
movement. For subjects who used slower active scan-
ning movements (subject no. 4, Fig. 5B), however, the
ramp increase in velocity was followed by a period of
constant velocity scanning before the ramp decrease that
preceded the arrival at the end of the first or second arm
of the angle. Since mean scanning speed was similar in
the two conditions (above), we assume that subjects
were able to collect comparable relevant sensory feed-
back during the angle scanning.

Second, in most cases we were unable to match the
dwell-time at the angle of intersection due to the weight,
and so the inertia, of the apparatus. Thus the digit re-
mained at the intersection significantly longer in the pas-
sive condition (mean 1115 ms) as compared to the refer-
ence condition (mean 560 ms, Table 2). Thus, subjects
had more time to collect information at the intersection
during passive touch as compared to active. This did not
appear to confer an advantage to the subjects because
their performance was significantly poorer in passive
touch. This apparent unimportance of dwell-time to per-
formance of the 2D angle discrimination task is consis-
tent with our previous observation that dwell-time did
not covary with the cognitive strategy of the subjects
(Voisin et al. 2002).
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Fig. 5A, B Velocity profiles for the active and passive scans of
three subjects, normalized to the duration of the scanning cycle
(from a, initial position, to c, final position). A Mean velocity pro-
file for four active trials (90°-105°). B Velocity profiles of 56 su-
perimposed trials in the passive condition (90°-103°)

Effects of eliminating cutaneous
and proprioceptive feedback (condition 4)

Two subjects (nos. 2 and 6) participated in a control ex-
periment that aimed to determine whether any other
sources of feedback might have potentially contributed
to task performance. The right index finger was first an-
aesthetized. Once all tactile sensation was abolished,
performance in the 2D angle discrimination task was
tested using passive touch, as for condition 3 (Fig. 6). In
this situation, neither subject was able to discriminate
even the largest angular difference presented, 13°. A lin-
ear regression analysis applied to the pooled data indi-
cated that the dlope was not different from zero
(P=0.46). Moreover, the constant for the equation, 0.45,
was close to the level of chance performance in this task
(50% discriminated). The inability of subjects to perform
the discrimination under these conditions could not be
explained by unfamiliarity with the test condition. Both
subjects were able to perform the task in the presence of
anaesthesia (Table 1). They were also able to discrimi-
nate angular differences in the passive condition (tested
in the same session as condition 4). Together, these re-
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Fig. 6 Performance of two subjects in the 2D angle discrimination
task as the angles were passively scanned under the anaesthetized
index finger (condition 4). Subjects were not able to discriminate
the angular differences. The constant of the linear regression
shown here was close to the level of chance in this two-alternative
forced-choice experiment (50% correct) (CA comparison angle,
PC proportion correct, SA standard angle)

sults suggest that 2D angle discrimination was entirely
based on cutaneous feedback from the scanning digit and
proprioceptive feedback from the shoulder.

Discussion

The present study has shown that the sources of salient
input for 2D discrimination of macrogeometric angles
are twofold: cutaneous input from the exploring index
finger and proprioceptive input from the shoulder. No
other source of sensory information contributed because
performance fell to chance levels for this two-alternative
forced choice paradigm when both inputs were eliminat-
ed. The results thus suggest that this sensory task is truly
an integrative task drawing on sensory information from
two different submodalities, and so, following the defini-
tion of Gibson (1966), is haptic in nature.

Two-dimensional angle discrimination in the absence
of cutaneous feedback

We attribute the decreased performance with digital ana-
esthesia to the abolition of cutaneous feedback from the
finger. It seems likely that all four types of cutaneous
mechanoreceptors found in human glabrous skin (slowly
adapting type | and Il, rapidly adapting and Pacinian af-
ferents; see review by Johnson 2001) were activated dur-
ing the angle scans. This cutaneous feedback provided
information about the pattern of contact between the skin
and the experimental objects both while the digit
scanned the two arms of the angle (stimulating first the
radial and then the ulnar side of the middle phalanx) and
also while the digit was at the intersection itself. As sug-
gested in the companion paper (Voisin et al. 2002), it is
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likely that slowly adapting type | receptors may play a
particularly important role because they can provide in-
formation about the precise pattern of skin contact with
local contours (LaMotte and Srinivasan 1987a, 1987b;
Wheat et al 1995; Goodwin et a. 1997).

Is it possible that joint receptors from the digit also
contributed to the results, since their afferents would also
have been blocked with digital anaesthesia? This seems
unlikely for several reasons. First, the apparatus was po-
sitioned so that, with the arm outstretched, contact be-
tween the index finger and the object was limited to the
glabrous skin of the middle phalanx of the index finger,
i.e. a cutaneous surface. Second, the subject was re-
quired to maintain the distal and proximal interphalange-
a joints, and the metacarpophalangea (MCP) joint in
full extension (0°). Careful observation during the exper-
iments indicated that the subjects followed these instruc-
tions. In addition, the position of the distal phalanx was
monitored throughout with optical sensors positioned
behind the angle (see Fig. 2 in the companion paper).
Finaly, there is a fairly wide consensus that joint recep-
tors do not contribute greatly to the appreciation of joint
angles except at the extremes of the range of motion (re-
viewed in Matthews 1988; Jones 1994).

Interestingly, when we transformed the results from the
anaesthetized condition (mean discrimination threshold
of 7.2°) into angular changes at the shoulder angles
(difference in position at the end-point of the second
arm), the mean discrimination threshold was 0.83° (range
0.51°-1.46°). This falls within the range of published val-
ues for proprioceptive precision at the shoulder, 0.6° to
1.1° (van Beers et a. 1998). Thus our results provide in-
dependent confirmation of their results, and this using a
different experimental paradigm (haptic exploration vs a
whole-arm pointing task). In addition, this performance is
less precise than that obtained when both sources of feed-
back, cutaneous and proprioceptive, were available (mean
0.54°; range 0.08° to 1.36°), i.e. during haptic exploration.

Two-dimensional angle discrimination in the absence
of proprioceptive feedback

We attribute the decreased performance during the pas-
sive condition to a loss of proprioceptive feedback from
the shoulder, although it is recognized that one other po-
tential kinaesthetic signal was absent in this condition,
namely the motor command (reviewed by Gandevia
1996). The importance of the latter is not clear, at least
from the subjects comments, because only one subject
(no. 4) reported specifically using the movement trajec-
tory to perform the task. The remaining subjects reported
depending on sensations elicited during the scans. The
proprioceptive feedback most likely included inputs
from muscle receptors (especially primary and secondary
endings of muscle spindles, although Golgi tendon or-
gans may also have contributed) and perhaps joint recep-
tors (reviewed in Matthews 1988). In addition, we can-
not exclude a potential contribution from cutaneous

feedback elicited by skin stretch at the shoulder since
Cohen (1958b) found that position sense declined when
position-related cutaneous feedback from the shoulder
was distorted by applying tape to the skin overlying the
joint. Consistent with this, Cohen et al. (1994) have
shown that a proportion of cutaneous neurones in prima-
ry somatosensory cortex (Sl) signal arm position during
2D whole-arm reaching movements.

Overadl, there was a dlightly larger increase in dis-
crimination threshold in the passive condition (4.5°) as
compared to the anaesthetized condition (3.2°). On con-
sidering the results obtained in the two subjects that were
tested in both modified conditions (subject nos. 4 and 6,
Table 1), it seems most likely that this difference was not
meaningful. Subject no. 6 showed approximately the
same relative increase in threshold in both modified con-
ditions (x2.1 and x1.9 for anaesthesia and passive, re-
spectively). Subject no. 4 showed a larger increase dur-
ing the passive condition than with anaesthesia, yet dis-
crimination threshold in the two modified conditions was
identical, 7.9°. Taken together, we suggest that cutaneous
feedback from the finger and proprioceptive feedback
from the shoulder both contributed in equal measure to
2D angle discrimination. This suggestion is consistent
with the reported cognitive strategies of the subjects, the
majority of whom reported using both sources of infor-
mation to perform the sensory discrimination.

Two-dimensional angle discrimination
is an integrative task

The present results suggest that our 2D angle discrimina-
tion task is truly an integrative task drawing on sensory
information from two different submodalities, cutaneous
and proprioceptive, originating from anatomically sepa-
rate body parts, the finger and the shoulder. Subject per-
formance was best with both modalities available, and
diminished when either of the two sources of informa-
tion was removed. As discussed in the companion paper
(Voisin et a. 2002), sensory performance in this task was
superior to what was expected from previous studies of,
for example, position sense in isolation. Mean discrimi-
nation threshold was 4.7° (range 0.7° to 12.1°) when
scanning objects using the index finger of the out-
stretched arm (both cutaneous and proprioceptive feed-
back available). When these results were expressed in
terms of shoulder angles (difference in position at the
end-point of the second arm), the mean discrimination
threshold, 4.7°, corresponds to a change in shoulder po-
sition of 0.54° (range 0.08° to 1.36°). These values are
lower than previous estimates of static position sense at
the shoulder (see “Introduction”). This finding is not an
isolated observation since John et al. (1989) reported that
the ability to discriminate differences in the thickness of
plates using a precision grip (cutaneous + proprioceptive
feedback available) is far superior to what could have
been expected from previous studies of joint position
sense in the fingers (approximately 10°, Ferrell and



Smith 1988). John et al. (1989) reported that their sub-
jects could resolve differences in joint angle with a preci-
sion of about 0.1° at the proximal interphalangeal joint or
about 0.05° at the MCP joint. Taken together, these ob-
servations suggest that integrative tasks that can call upon
both movement-related reafference (inputs from muscle,
joint and skin receptors) and also the motor command re-
ved that sensory acuity is superior to that found using
traditional tests. It is suggested that such integrative tasks,
apart from being of more functiona relevance, may be
much more sensitive than traditional sensory teststo early
changes in somaesthetic function that can, for example,
herald the development of peripheral neuropathies (e.g.
overuse syndromes, diabetic neuropathies).

Central mechanisms underlying 2D angle discrimination

Thereally intriguing point raised by the present resultsis
to understand how subjects managed to integrate infor-
mation from two anatomically separate body parts and
two distinct modalities, cutaneous and proprioceptive,
into a central representation of 2D shape. In the first
case, the central representations of the hand and the
shoulder within the parietal somatic sensory areas are
largely separate. It is only in parietal association regions
like the secondary somatosensory cortex (SlI) and the
posterior parietal cortex (areas 5 and 7b) that one finds
large receptive fields that encompass both regions. In
the second case, convergence of the two modalities, cu-
taneous and proprioceptive, is rare in the four areas
that together comprise Sl cortex, areas 3a, 3b, 1 and 2
(Hyvérinen and Poranen 1978; Chapman and Ageranioti-
Bélanger 1991; Ageranioti-Bélanger and Chapman 1992;
Iwamura et al. 1993; Salimi et al. 1999) and in severa of
the parietal association regions, including Sl and area
7b (Robinson and Burton 1980). As for area 5 in the pos-
terior parietal cortex, Sakata et al. (1973) reported
that about one-third of cells are responsive to bimodal
inputs, but these results have not been confirmed in other
studies that found only a few area 5 cells responsive to
both cutaneous and proprioceptive inputs (Duffy and
Burchfiel 1971; Seal et a. 1982).

Although substantial convergence between the two
modalities may not occur until the signals arrive in re-
gions that are hierarchically superior to those investigat-
ed to date (e.g. parietal operculum), other factors also
need to be considered. The proportions of haptic cells
may have been underestimated in previous studies, given
the difficulty in receptive field testing particularly in
awake unrestrained animals. Further to this, it is known
that Sl neurones receive widespread convergent and yet
subliminal inputs (Zarzecki and Wiggin 1982; Kang et
al. 1985). Such inputs may become liminal in conjunc-
tion with other factors. One important factor might be
the pattern of stimulation. For example, lwamura et al.
(1985) described neurones in area 2 that did not appear
to have a somatic receptive field, and yet discharged
when specific shapes were held in the monkey’s hand.
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More recently, these findings have been extended to in-
clude posterior parietal cortex (Tairaet al. 1990; Gardner
et al. 1999). Another factor may be the behavioural con-
text of the testing. Thus, Tremblay et al. (1996) reported
that some area 2 neurones, with no identifiable receptive
field, signalled differences in texture when tested in a
texture discrimination task. Similar results have been ob-
tained in Sl (Sinclair and Burton 1993). An alternate
suggestion is that, as in the visual system (Engel et al.
1997), coactivation of cutaneous and proprioceptive in-
puts may elicit some form of temporal binding so that
the two inputs are interpreted together to generate a cen-
tral representation of haptic shape. Such a mechanism is
particularly attractive as this could bind together inputs
from different modalities and different body regions into
the emergent property of shape.

Acknowledgements The authors would like to thank the follow-
ing for the excellent technical assistance provided: Jacques
Bérichon, Marc Bourdeau, Philippe Drapeau, Claude Gauthier,
Stephan Martel and Gaétan Richard. We are grateful to Stephen H.
Scott and Gerald E. Loeb for helpful comments on the results,
Lauren Sergio for help with the Optotrak, and John Kalaska for
the use of his Optotrak. Finally, we thank Trevor Drew and Allan
Smith for helpful comments on the manuscript, and EI-Mehdi
Meftah for suggestions throughout the course of the experiments.
Funding from the Canadian Institutes of Health Research (CIHR),
including abursary to J. Voisin, is gratefully acknowledged.

References

Ageranioti-Bélanger SA, Chapman CE (1992) Discharge proper-
ties of neurones in the hand area of primary somatosensory
cortex in monkeys in relation to the performance of an active
tactile discrimination task Il. Area 2 as compared to areas 3b
and 1. Exp Brain Res 91:207-228

Beers RJ van, Sittig AC, Denier van der Gon JJ (1998) The preci-
sion of proprioceptive position sense. Exp Brain Res 122:367—
377

Chapman CE, Ageranioti-Bélanger SA (1991) Discharge proper-
ties of neurones in the hand area of primary somatosensory
cortex in monkeys in relation to the performance of an active
tactile discrimination task |. Areas 3b and 1. Exp Brain Res
87:319-339

Cohen DAD, Prud’homme MJL, Kalaska JF (1994) Tactile activi-
ty in primate primary somatosensory cortex during active arm
movements: correlation with receptive field properties. J Neu-
rophysiol 71:161-172

Cohen LA (1958a) Analysis of position sense in human shoulder.
JNeurophysiol 21:550-562

Cohen LA (1958b) Contributions of tactile, musculo-tendinous
and joint mechanisms to position sense in human shoulder.
JNeurophysiol 21:564-568

Duffy FH, Burchfiel JL (1971) Somatosensory system: organized
hierarchy from single units in monkey area 5. Science
172:273-275

Engel AK, Roelfsema PR, Fries P, Brecht M, Singer W (1997)
Role of the temporal domain for response selection and per-
ceptual binding. Cereb Cortex 7:571-582

Ferrell WR, Smith A (1988) Position sense at the proximal inter-
phalangeal joint of the human index finger. J Physiol (Lond)
399:49-61

Gandevia SC (1996) Kinesthesia: roles for afferent signals and
motor commands. In: Rowell LB, Shepherd JT (eds) Hand-
book of physiology, sect 12: exercise: regulation and integra-
tion of multiple systems. Oxford University Press, New York,
pp 129-172



260

Gandevia SC, Killian K, McKenzie DK, Crawford M, Allen GM,
Gorman RB, Hales JP (1993) Respiratory sensations, cardio-
vascular control, kinaesthesia and transcranial stimulation dur-
ing paralysisin humans. J Physiol (Lond) 470:85-107

Gardner EP, Ro JY, Debowy D, Ghosh S (1999) Facilitation of
neuronal activity in somatosensory and posterior parietal cor-
tex during prehension. Exp Brain Res 127:329-354

Gibson JJ (1966) The senses considered as perceptual systems.
Houghton Mifflin, Boston

Goodwin AW, Macefield VG, Bisley JW (1997) Encoding of ob-
ject curvature by tactile afferents from human fingers. J Neu-
rophysiol 78:2881-2888

Hyvérinen J, Poranen A (1978) Receptive field integration and
submodality convergence in the hand area of the post-central
gyrus of the alert monkey. J Physiol (Lond) 283:539-556

lwamura Y, Tanaka M, Sakamoto M, Hikosaka O (1985) Vertical
neuronal arrays in the postcentral gyrus signalling active
touch: a receptive field study in the conscious monkey. Exp
Brain Res 58:412-420

Iwamura Y, Tanaka M, Sakamoto M, Hikosaka O (1993) Rostro-
caudal gradients in the neuronal receptive field complexity in
the finger region of the alert monkey’s postcentral gyrus. Exp
Brain Res 92:360-368

John KT, Goodwin AW, Darian-Smith | (1989) Tactile discrimina-
tion of thickness. Exp Brain Res 78:62—68

Johnson KO (2001) The roles and functions of cutaneous mecha-
noreceptors. Curr Opin Neurobiol 11:455-461

Jones LA (1994) Peripheral mechanisms of touch and propriocep-
tion. Can J Physiol Pharmacol 72:484-487

Kang R, Herman D, MacGillis M, Zarzecki P (1985) Convergence
of sensory inputs in somatosensory cortex: interactions from
separate afferent sources. Exp Brain Res 57:271-278

Kelso JAS (1977) Motor control mechanisms underlying human
movement reproduction. J Exp Psychol Hum Perform 3:529—
543

LaMotte RH, Srinivasan MA (1987a) Tactile discrimination of
shape: responses of slowly adapting mechanoreceptive affer-
ents to a step stroked across the monkey fingerpad. J Neurosci
7:1655-1671

LaMotte RH, Srinivasan MA (1987b) Tactile discrimination of
shape: responses of rapidly adapting mechanoreceptive affer-
ents to a step stroked across the monkey fingerpad. J Neurosci
7:1672-1681

Matthews PBC (1988) Proprioceptors and their contribution to so-
matosensory mapping: complex messages requiring complex
processing. Can J Physiol Pharmacol 66:430-438

Robinson CJ, Burton H (1980) Somatic submodality distribution
within the second somatosensory (Sl1), 7b, retroinsular, post-
auditory, and granular insular cortical areas of M. fascicularis.
J Comp Neurol 192:93-108

Sakata H, Takaoka Y, Kawarasaki A, Shibutani H (1973) Somato-
sensory properties of neurons in the superior parietal cortex
(area5) of the rhesus monkey. Brain Res 64:85-102

Salimi |, Brochier T, Smith AM (1999) Neuronal activity in so-
matosensory cortex of monkeys using a precision grip. |. Re-
ceptive fields and discharge patterns. J Neurophysiol 81:825—
834

Seal J, Gross C, Biolac B (1982) Activity of neuronsin area 5 dur-
ing a simple arm movement in monkeys before and after deaf-
ferentation of the trained limb. Brain Res 250:229-243

Sinclair RJ, Burton H (1993) Neuronal activity in the second so-
matosensory cortex of monkeys (Macaca mulatta) during ac-
tive touch of gratings. J Neurophysiol 70:331-350

Taira M, Mine S, Georgopoulos AP, Murata A, Sakata H (1990)
Parietal cortex neurons of the monkey related to the visual
guidance of hand movement. Exp Brain Res 83:29-36

Tremblay F, Ageranioti-Bélanger SA, Chapman CE (1996) Corti-
cal mechanisms underlying tactile discrimination in the mon-
key. |. Role of primary somatosensory cortex in passive tex-
ture discrimination. J Neurophysiol 76:3382—3403

Voisin J, Chapman CE (2000) Tactile discrimination of two-di-
mensional (2-D) object shape in humans. Abstr Soc Neurosci
26:135

Voisin J, Chapman CE (2001) Proprioceptive and cutaneous feed-
back both contribute to tactile discrimination of two-dimen-
sional (2-D) angles. Abstr Soc Neurosci 27: progr. no. 396.9

Voisin J, Benoit G, Chapman CE (2002) Haptic discrimination of
object shape in humans: two-dimensional (2-D) angle discrim-
ination. Exp Brain Res DOI 10.1007/s00221-002-1117-6

Wheat HE, Goodwin AW, Browning AS (1995) Tactile resolution:
peripheral neural mechanisms underlying the human capacity
to determine positions of objects contacting the fingerpad.
JNeurosci 15:5582-5595

Zarzecki P, Wiggin DM (1982) Convergence of sensory inputs up-
on projection neurons of somatosensory cortex. Exp Brain Res
48:28-42



