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Reaching in Depth: Hand Position Dominates over Binocular
Eye Position in the Rostral Superior Parietal Lobule
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Neural activity was recorded in area PE (dorsorostral part of Brodmann’s area 5) of the posterior parietal cortex while monkeys per-
formed arm reaching toward memorized targets located at different distances from the body. For any given distance, arm movements
were performed while the animal kept binocular eye fixation constant. Under these conditions, the activity of a large proportion (36%) of
neurons was modulated by reach distance during the memory period. By varying binocular eye position (vergence angle) and initial hand
position, we found that the reaching-related activity of most neurons (61%) was influenced by changing the starting position of the hand,
whereas that of a smaller, although substantial, population (13%) was influenced by changes of binocular eye position (i.e., by the angle
of vergence). Furthermore, the modulation of the neural activity was better explained expressing the reach movement end-point, corre-
sponding to the memorized target location, in terms of distance from the initial hand position, rather than from the body. These results
suggest that the activity of neurons in area PE combines information about eye and hand position to encode target distance for reaching
in depth predominantly in hand coordinates. This encoding mechanism is consistent with the position of PE in the functional gradient
that characterizes the parieto-frontal network underlying reaching.

Introduction
The transformation of visual information into plans for action
depends on the integrity of posterior parietal cortex (PPC). Pa-
tients with PPC lesions recognize objects, but not their spatial
relationships (Critchley, 1953), especially in depth (Brain, 1941).
Optic ataxia, from lesions centered on the superior parietal
lobule (SPL) (for review, see Battaglia-Mayer and Caminiti,
2002; Caminiti et al., 2005), prevents accurate performance of
hand reaches to visual targets. These patients exhibit a specific
deficit in localizing visual targets with respect to their body
(Holmes and Horrax, 1919; Rondot et al., 1977; Danckert et al.,
2009) as well as in the integration of visual and proprioceptive
information (Blangero et al., 2007, 2008; Khan et al., 2007) about
hand position.

The parietal mechanisms of reaching have been studied exten-
sively in a two-dimensional space (Kalaska et al., 1983; Ferraina et
al., 1997, 2001; Batista et al., 1999; Battaglia-Mayer et al., 2000;
Buneo et al., 2002). Thanks to these studies, different encoding
mechanisms have been proposed (Cohen and Andersen, 2002;
Battaglia-Mayer et al., 2003). So far, the parietal encoding of dis-
tance for reaching in three dimensions has been the subject of
only few studies (Lacquaniti et al., 1995; Bhattacharyya et al.,
2009), which, however, did not evaluate the respective influence

of eye and hand positional signals in the composition of com-
mands for arm movements.

The localization of a visual target in three-dimensional
(3D) space depends on the combination of binocular signals,
such as retinal disparity, with fixation distance information
(Pouget and Sejnowski, 1994). The latter depends on a variety
of signals, such as the binocular eye position (vergence angle),
accommodation, and vertical disparity, although vergence
seems to be the most important one (von Hofsten, 1976; Foley,
1980). Vergence cues are particularly relevant within reaching
distance, as most of the vergence range is used for fixation
distances that are approximately equal to the arm length
(Viguier et al., 2001). Interestingly, in infants, reaching devel-
ops at the same time as binocular control (von Hofsten, 1977).

Area PE (Pandya and Seltzer, 1982) in the SPL is recipro-
cally linked to M1 (Johnson et al., 1996). It receives limb
position information from SI (Jones et al., 1978) and visuo-
motor signals from PEc (Marconi et al., 2001). Its role in
visually guided reaching is supported by different neurophys-
iological studies (for review, see Battaglia-Mayer et al., 2003).
However, it is unknown whether or not PE neurons encode the
location of targets in depth and whether their neural activity is
modulated by information such as binocular eye position and
initial hand position.

The results of the present experiment show that PE’s neural
activity is monotonically tuned to hand reaching toward tar-
gets located at different distances from the body. Furthermore,
this reaching-related activity is strongly modulated by the
hand’s position, and more weakly by the binocular eye posi-
tion. Finally, the memorized target distance is encoded rela-
tive to the initial hand position rather than to the body,
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supporting the existence of a hand-centered reference frame
for reaching in depth in the rostral part of the SPL.

Materials and Methods
Animals, surgery, and experimental setup. Two rhesus monkeys (Macaca
mulatta; monkeys UM and IS; body weight: UM, 7.8 kg; IS, 4.8 kg) were
studied using general procedures similar to those described previously
(Genovesio and Ferraina, 2004), and further outlined here. Animal care,
housing, and surgical procedures were in conformity with the European
(Directive 86/609/ECC) and Italian (D.L. 116/92) laws on the use of
nonhuman primates in scientific research.

Animals were preanesthetized with ketamine (10 mg/kg, i.m.) and
anesthetized with isofluoran (Abbott Laboratories) through a constant
flux of isofluoran/air mixture (1–3%, to effect). Under such conditions, a
recording cylinder was implanted at known stereotaxic coordinates
(monkey UM, P3–L14; monkey IS, P3–L10) to allow extracellular re-
cordings of single-unit activity from area PE (see Fig. 1 A). Binocular
scleral search coils and a head post were also implanted aseptically during
the same surgical session.

During the experiments, the monkeys sat in a primate chair with the
head restrained and faced two robotic arms (CRS Robotics) used to
position light-emitting diodes (LEDs) in depth (Genovesio and Ferraina,
2004). One of the two robots was used to position the fixation point (FP),
which was aligned to the body’s midline at eye level. Three different
fixation distances were used (see Fig. 1 B, F1–F3), corresponding to dif-
ferent values of the vergence angle (Table 1), as obtained by taking into
account the interocular distance of the monkeys (monkey UM, 35 mm;
monkey IS, 36 mm). To prevent the FP from illuminating the robot arms,
the light from the corresponding LED was presented by the tip (diameter,
0.5 mm) of an optic fiber. The second robot was used to position the
target (T) for the required arm movement. Targets were placed at con-
stant elevation and aligned, both horizontally and vertically, to the shoul-
der. The target was only briefly presented by the illumination of an LED
attached to the tip of the robot arm that removed the physical target after
its presentation. To position targets at a comfortable reaching distance,
different target location arrangements were used for the two monkeys,
based on the arm length. In monkey UM, we used five targets (T1–T5; 5
cm steps) (see Fig. 1 B), at depths of 13–33 cm from the shoulder. In
monkey IS, we used three targets (T1–T3; 6 cm steps), at depths of 10 –22
cm. For both animals, three push-buttons were attached to the chair on
the animal’s side (see Fig. 1 B, H1–H3), 26 cm below the shoulder and at
different distances from it (15, 20, 25 cm). They were used as different
starting positions for the hand. Push-buttons were independently illumi-
nated by an LED only at the onset of each trial, to help monkeys to place
the hand at the required initial position. All tasks were performed in total
darkness, and the room was illuminated during the intertrial interval to
avoid dark adaptation.

Arm position and trajectory were monitored by using an optoelec-
tronic motion capture system (Optotrack 3020 real-time system; North-
ern Digital), at a 100 Hz sampling rate. To record the hand trajectory and
control the movement end-point (see Fig. 1 B), three optic markers were

placed on a bracelet mounted to the wrist of the monkeys. The position of
the fingers used to compute the reach end-point to the memorized target
locations was calculated from the position of the three optic markers. The
Optotrack system was also used to calibrate the robot’s work space in a
reference system centered on the monkey’s head, at the midpoint level of
the interocular distance (i.e., the cyclopean eye). Optic markers were
attached to the robot’s joints and used to control the position of both the
FP and the target. The shoulder position was measured during the cali-
bration procedure. This was repeated at the beginning of each recording
session. Each value obtained from the Optotrack system was then re-
corded during the experiment and referred to the origin of the work
space.

All neural recordings were made in the hemisphere contralateral to the
performing arm. Single-unit activity was isolated from the extracellular
recorded activity using a dual time-amplitude window discriminator
(BAK Electronics). The electrodes used were glass-coated tungsten–plat-
inum fibers (0.8 –2 M� impedance at 1 kHz).

Behavioral task. Monkeys were trained in a memory-delayed task in
which reaches were made to extrafoveal targets presented in 3D space. To
avoid overreaching strategies, hand movements were made in the dark
toward memorized targets, therefore in the absence of any physical object
to touch. Each trial started when the monkey placed its hand on the
lighted push-button used as the starting hand position (see Fig. 1C).
Then, the LED on the push button was turned off, and the FP was turned
on. The monkey was required to fixate binocularly the FP for a variable
control time (500 – 800 ms), at the end of which the peripheral LED was
briefly (300 ms) flashed signaling the target position, and the robot arm
holding the target was removed. After a variable (500 – 800 ms) memory
delay period, the FP changed color (green), as a go-signal for reaching to
the memorized target location (movement time; upper limit, 1000 ms),
while maintaining fixation stable. The reward was delivered after a vari-
able (200 –500 ms) holding time of the hand at the location of the mem-
orized target.

The error rate for each movement end-point was explored. In both
animals, there was evidence of overestimation of the closer target and
underestimation of the farther target location. However, a suitable esti-
mate of movement end-point errors was difficult to achieve. The main
reason was that the hand’s position was derived from the three wired
optic markers arranged as bracelet at the level of the wrist. This marker’s
location in the distal part of the arm was affected by a systematic error in
the computation of the angle between the hand and the wrist. However,
we were able to compensate for this error and control the behavior effi-
ciently (i.e., to obtain for each monkey separate trajectories/end-point
replicas for each of the memorized targets) by introducing on-line cor-
rections to the experimentally measured values.

Monkeys performed two versions of the reaching task. In the first
version, both target and fixation distance were changed between trials in
an intermingled design, whereas the hand starting position remained
fixed. In the second version, both target and the initial hand position
were changed between trials, whereas fixation distance remained con-
stant. We required a minimum of five trials for each condition.

For both monkeys, eye signal calibration was obtained by requiring the
monkeys to fixate sequentially five LEDs, one central and the others
positioned to form an angle of �10 and �10°, both in the vertical and in
the horizontal axis of the isovergence surface corresponding to 10° of
vergence angle (see also Genovesio and Ferraina, 2004). During calibra-
tion, the central LED was aligned with the eye that was being calibrated,
while the other eye was kept covered. The same calibration procedure was
then repeated for the other eye. During the task, monkeys were required
to maintain binocular fixation on the FP within a 1° (radius) spherical
window until the end of the trial. The control was maintained separate
for each eye. The spherical tolerance window for the hand movement
end-point was set at 3 cm (diameter). The accuracy of the vergence
angle from trial to trial was evaluated by off-line inspection. More
than 80% of the trials resulted in a vergence error of �0.3°. All trials
with vergence errors �0.5° were excluded from the analysis. The
entire dataset was discarded when, after off-line inspection, less than
three trials remained available for each combination of target, fixa-
tion distance, and initial hand position.

Table 1. Relative distance from the monkey body of targets, FPs, and buttons used
as the starting position for each monkey

Monkey UM Monkey IS

Target 1 130 100
Target 2 180 160
Target 3 230 220
Target 4 280
Target 5 330
Fixation 1 200 (10° VA) 100 (20° VA)
Fixation 2 250 (8° VA) 140 (15° VA)
Fixation 3 312 (6° VA) 195 (10° VA)
Starting position 1 150
Starting position 2 200
Starting position 3 250

Values are indicated in millimeters. Vergence angles (VA) for fixation distances are indicated in degrees.
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Data analysis. The rasters of neuronal discharges were aligned to spe-
cific behavioral events. Raw spike counts and spike density functions
were used to measure the neural activity during different epochs of the
task. “Control activity” was defined as the mean discharge rate from
�500 to �200 ms before target presentation; “signal activity” was the
mean discharge rate of a 200 ms window starting 70 ms after target
presentation; “memory activity” was defined as the mean discharge rate
of the last 300 ms of the memory delay epoch, ending when the FP
changed color; “movement activity” was the mean discharge rate of the
200 ms window centered on the onset of hand movement. To generate
spike density functions, a Gaussian pulse (� � 15 ms) was substituted to
each spike, and all Gaussians were summed to produce a continuous
function in time.

Significant modulations of neuronal activity in different task epochs,
relative to the control activity, were assessed by an ANOVA and the
Dunnett’s post hoc test. Significant effects on neural activity of target
distance, fixation distance, and/or initial hand position were evaluated
through both a three-way ANOVA and a multiple linear regression
model. The three-way ANOVA used the control activity as the covariate.
The significance level for all statistical tests was set at 0.05. To describe the
relationship between average activity and target distance, the cells with
significant effect for target distance were further analyzed through an

ANOVA with orthogonal polynomial contrasts.
The quadratic polynomial tested whether qua-
dratic relationships exceeded linear ones; the cu-
bic polynomial tested whether cubic fits exceeded
quadratic ones.

The hand’s distance error for each target
(i.e., the difference in depth between move-
ment end-point and initial position of the
hand) was computed off-line using kinematics
data obtained through the Optotrack system.
Since no physical target was presented, the final
hand position (movement end-point) was de-
rived from the descending portion of the peak-
velocity curve, using as threshold the time
when the hand’s velocity reached the 10% of
the peak velocity value.

Histological procedures. At the end of the
experimental procedures, the first animal
(monkey UM) was anesthetized (sodium
pentobarbital; 50 mg/kg, i.v.) and perfused
with 0.9% saline, followed by 4% parafor-
maldehyde in 0.1 M phosphate buffer, pH 7.2;
the dura was opened, and four pins were in-
serted at known chamber coordinates to de-
limit the area of recording. After removal, the
brain was postfixed in the same fixative and
placed in a solution of 30% buffered sucrose,
until it sank. The brain blocks were cut in the
coronal plane. Sections (40 �m thick) were
stained with thionin (0.025%) for cytoarchi-
tectonic analysis. The borders of different pari-
etal areas were drawn on the histological material,
by using the criteria defined in the literature
(Pandya and Seltzer, 1982). The second monkey
is currently involved in a different experimental
protocol; therefore, the histological material is
not available yet. However, the consistency of the
results across animals suggests that, in both of
them, the area of recording was primarily similar.

Results
We recorded the activity of 319 neurons in
area PE of the SPL. Recording depth was
confined within 2500 �m. The location of
the neural recording was confirmed by vi-
sual inspections of the anatomical land-
marks, such as the central sulcus and the

intraparietal sulcus, as well as (on monkey UM) by the cytoarchi-
tectonic analysis of the Nissl-counterstained material (Fig. 1A).
Out of our initial database of neurons, 247 of 319 (77.4%) were
reaching-related, since their discharge rate in the memory and/or
movement epoch was significantly different than that observed in
the control time (ANOVA, p � 0.05, Dunnett’s post hoc).

Reaching-related neurons in area PE are modulated by the
distance of the target from the body
We studied 207 reaching-related neurons (207 of 247; 83.8%)
while the animals made arm movements to memorized targets
located at different distances from the body, starting from the
intermediate hand position (H2) and maintaining binocular eye
fixation to the intermediate fixation distance (F2). Both monkeys
performed the task in a similar manner. Their average reaction
time was 255 ms (�66 SD), and their average movement time was
324 ms (�64 SD). Figure 2 shows one representative parietal
reaching neuron, tuned for target distance. The neural activity
increased with target distance mostly during movement prepara-
tion (memory epoch) (Fig. 2A, gray area).

Figure 1. Schematics of the recording locations, work-space arrangement, and task. A, Lateral view of the brain from one
monkey (UM), illustrating the region of recording, as reconstructed after the histological procedures. Electrode entry points are
shown as large black dots in the inset. The arrow in the brain figurine indicates the level of the coronal section shown in the left
portion of the panel. IPS, Intraparietal sulcus; CS, central sulcus. B, Illustration of a representative recording session. Monkeys
performed reaching movements toward five different targets, located at five different distances from the body, starting from one
of three hand positions. During each trial, the monkeys fixated binocularly at one of three FP locations. The trajectory and the final
hand position were detected by reading optoelectric signals generated by three markers (white dots) attached to the monkey’s
wrist (see Materials and Methods for details). The reaching trajectories from the position H2 toward the five targets are represented
by different groups of partially overlapped trajectories. Each line within the same group represents a trial (5 total) directed to a
common memorized target. Dashed circles indicate the tolerance window for the hand movement end-points. C, The binocular eye
position (V), the hand position (H), and the time of presentation of the visual stimuli (F, fixation point; T, target) are shown as a
function of time. All trials began with an LED illuminating the push button used as the starting position for hand movement. As
soon as the monkey touched the button, a central stimulus (F) was presented by one of the two robot arms. Monkeys were required
to fixate and maintain fixation until the end of the trial. After a variable holding time (500 – 800 ms), a target appeared at one of
five (3 in monkey IS) locations in depth and remained on for 300 ms (signal period). Then, the second robot arm moved, removing
the target at the end of the signal epoch. After a variable 500 – 800 ms memory delay period, F changed color (green), as a
go-signal for the monkey to reach to the memorized target location (response).
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The activity of 75 of 207 (36.2%)
reaching-related neurons was modulated
by target distance (ANOVA, p � 0.05) in
the memory epoch, whereas that of 129 of
207 (62.3%) neurons was modulated in
both the memory epoch and in at least one
of the other periods (signal or move-
ment). The activity of 50 of 207 (24.1%)
neurons was modulated in both the mem-
ory and movement epochs. Only 13 of 207
(6.3%) neurons were sensitive to target
distance uniquely during the presentation
of the visual signal about target location.
The polynomial contrast analysis showed
that 60 of 75 (80%) of distance-modulated
neurons displayed a significant ( p � 0.05)
linear trend between target distance and
neural activity, and no relationships with
quadratic or cubic models; 17% (13 of 75)
of the neurons tested had a significant
quadratic relationship, but not a cubic
one (with the maximum never located at
intermediate distance); the activity of only
two neurons was better explained by a cu-
bic model. In conclusion, approximately
two-thirds of the PE neurons, when
tested during reaching in depth, dis-
played a significant modulation for the
target distance.

The next session will illustrate the results concerning the ac-
tivity of reaching-related neurons studied when varying the bin-
ocular eye position in depth and the initial hand position. Since
both conceptual approaches and experimental evidences suggest
that the visuomotor transformation underlying reaching can be
better studied in the memory epoch (Andersen et al., 1990, 1997),
we will focus our report on the results obtained during this pe-
riod. We obtained similar results during the signal and move-
ment epochs; therefore, these results will be mostly presented in
the tables.

Influence of eye and hand position signals on parietal
reaching-related activity
To identify in area PE the reference frame used for reaching in
depth, we examined the influence of binocular eye position and
arm position signals on the activity of reaching-related neurons.
The neural activities obtained when monkeys reached toward an
identical array of target locations in space was tested under two
conditions. In the first condition, arm movements were made
while maintaining binocular eye position at three different fixa-
tion distances. In this condition, the monkey’s initial hand posi-
tion was fixed on the central button. In the second condition,
reaching movements were made while maintaining binocular eye
position at a single fixation distance, and the monkey’s hand
started from one of three initial positions. By using these two
different conditions, we have examined the reaching-related ac-
tivity in eye- or hand-centered coordinates.

We limited our analysis only to neurons (142) endowed with a
complete dataset. Figure 3 shows a neuron studied in both task
conditions. The reaching-related activity of this neuron was
modulated by the target distance from the body and, at the same
time, by both hand and eye position. The influence of the hand
position was particularly prominent (Fig. 3A,C,E) compared to
the rather modest modulation exerted by the binocular eye posi-

tion (Fig. 3B–D). At the population level, we performed a three-
way ANOVA, with target distance, fixation distance, and initial
hand position as factors. The control time was used as the covari-
ate. In the memory epoch, we found that the activity of 87 of 142
(61.3%) neurons was influenced by the initial hand position,
whereas the activity of only 18 of 142 (12.7%) neurons was influ-
enced by changes of the fixation distance. When considering the
neurons modulated by target distance (66 of 142; 46.5%), only 12
of 142 (8.4%) were not influenced by either hand or binocular eye
positions, suggesting that the reaching target was encoded in ego-
centric coordinates, either shoulder or head centered. Figure 4
and Table 2 show the results of the three-way ANOVA for all
epochs. Although we observed an increase of the number of neu-
rons modulated by each factor (Fig. 4) through the trial, their
respective contribution did not change between epochs, indicat-
ing that there was not a transition between reference frames along
task trials.

In conclusion, most reaching-related neurons in area PE were
influenced by the initial hand position and by target distance,
whereas only a few of them were influenced by fixation distance.
Furthermore, the influence on the neural activity of the different
factors (i.e., target distance, fixation distance, and hand position)
increased through the trial from the target presentation to motor
execution.

Influence of motor error on parietal reaching-related activity
As described in the previous paragraph, the three-way ANOVA
showed that the activity of PE’s reaching neurons was influenced
predominantly by two main signals, target location in depth and
initial hand position. To further address this influence, we used
data derived from the kinematics control. These data served to
compute, on a trial-by-trial basis, the hand movement end-point
(E) and, for each value of E, three relative distances (Fig. 5 top)
(see also Materials and Methods for details), such as the distance

Figure 2. Response properties of a typical reaching neuron modulated by target distance. A, Rasters and spike density functions
are aligned to target presentation (T-on; left) and go-signal (Go; right). The gray area indicates the memory epoch used in B. Black
arrow, Average reaction time. B, Tuning of neural activity. Mean (�SE) discharge rates for each target location (T1–T5) are shown.
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from the FP (dFE), from the body (dBE), and from the initial
hand position (dHE; i.e., the component in depth of the motor
error). Then, we used these values to perform a multiple linear
regression analysis, with neural activity as the dependent variable
and the three distances as the independent factors. The regression
analysis was used to determine which of the factors accounted for
the variance of the dependent variable.

The preliminary step of the analysis was the control of the
unacceptably high level of intercorrelation among the indepen-
dent factors. When factors are more highly correlated with each

other than they are with the dependent variable, their copresence
in the model must be reconsidered. We used the variance-
inflaction factor (VIF) collinearity test and a threshold of VIF �
10 (Myers, 1986) as the limit for accepting the intercorrelation.
Data related to all neurons of our sample were far below the
threshold value adopted.

We found that in the memory epoch, 91 of 142 (64.1%) neu-
rons displayed a significant ( p � 0.05) relationship with at least
one factor. The activity of the majority of neurons was related
either to dBE (72 of 91; 79.1%) or dHE (80 of 91; 87.9%). Only a
minority of neurons was influenced by dFE (13 of 91; 14.3%).
Neural modulation was often explained by changes in more than
one factor; in most instances by changes of both dBE and dHE (65

Figure 3. Influence of hand and eye positions on the modulation of a reaching neuron tuned for target distance. Spike density functions (SDFs) of reaching activities grouped for different targets
(T1–T5; black diamonds) and aligned to the go signal (black vertical line) are shown. A, C, E, Data from a fixed eye position (F2) and different hand starting position (H1–H3). B–D, Data from a fixed
hand starting position (H2) and different binocular eye positions (F1–F3). Calibration bars (time and discharge rate) for SDFs are indicated for each group. Gray vertical lines represent the origin of
the work space, and horizontal dotted lines represents the distance of binocular eye position and hand position from the origin. Binocular eye position is shown, as function of time, for each groups
of trials. Plots are aligned to the go signal (continuous vertical line) and displayed until the end of the trial. The vertical dotted lines in the vergence (Verg) plot indicate, from left to right, the average
time of fixation onset and target presentation.

Figure 4. Results of the three-way ANOVA. Proportions of neurons modulated by target
distance (T), fixation distance (F), and initial hand position (H) during the different epochs
analyzed (signal, memory, movement) are shown. The main and interactive effects of these
factors are provided in Table 2.

Table 2. Results of three-way ANOVA

Signal Memory Movement

Main effect T 38 (26.8%) 48 (33.8%) 70 (49.3%)
Main effect E 10 (7.0%) 13 (9.1%) 16 (11.3%)
Main effect H 50 (35.2%) 79 (55.6%) 94 (66.2%)
Interactive effect T � E 6 (4.2%) 8 (5.6%) 4 (2.8%)
Interactive effect T � H 16 (11.3%) 35 (24.6%) 43 (30.3%)
Both T and interactive 49 (34.5%) 66 (46.5%) 84 (59.1%)
Both E and interactive 15 (10.6%) 18 (12.7%) 20 (14.1%)
Both H and Interactive 58 (40.8%) 87 (61.3%) 97 (68.3%)

Numbers and percentages of neurons with significant ( p � 0.05) modulation for each factor (T, target distance;
E, binocular eye position; H, initial hand position) considered and for the different epochs investigated are shown.
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of 91; 71.4%). Additional results from this
analysis are provided in Figure 5 and Ta-
ble 3. In particular, Figure 5 shows the
number of neurons with a significant lin-
ear coefficient (�) for each of the factors
considered. Furthermore, Figure 6 con-
trasts, for each epoch, the partial correla-
tion coefficients of neurons whose activity
was significantly related to both dBE and
dHE (overlapping regions in the Venn’s
diagram plots in Fig. 5). The partial coef-
ficient, as part of the multiple linear re-
gression analysis, measures the strength of
the linear relationship between each fac-
tor and the dependent variable, control-
ling for the effect of the other factors
(Dickey et al., 1998). Scatter plots show
that during the visual signal epoch, the
neural activity had a higher correlation
with dHE in 36 of 51 (70.6%) neurons.
This proportion of neurons increased to
72.3% (47 of 65 neurons) in the memory
epoch and to 77% (47 of 61 neurons) in
the movement epoch.

Overall, the results from the three ep-
ochs support a prevailing influence of
dHE over dBE. In fact, when considering
all the neurons whose activity was ex-
plained preferentially by a single factor (merging the neurons
with a main factor from the results in Table 3 with those with a
greater partial correlation in Fig. 6), approximately two-thirds of
them displayed a modulation of activity better explained by dHE
(Fig. 7), whereas the activity of less than one-third of them was
better explained by dBE.

Finally, when considering the sign of the relationship (partial
correlation coefficients) of the neural activity with the distance
between initial and final hand positions (dHE), we found a
slighter prevalence of neurons preferring positive values over
negative ones of the motor error signal, suggesting a preference
for reaches away rather than toward the body. Neurons with a
preference for positive values were 63.5% (40 of 63) in the signal
epoch, 56.9% (41 of 72) in the memory epoch, and 59.4% (44 of
74) in the movement epoch.

In conclusion, we found only a moderate influence on neural
activity of the distance of the target from the fixation plane,
whereas most of the neurons tested were influenced by changes in
the distance between target and initial hand position. This last
factor emerged as the dominant one in explaining the modula-
tion of the neural activity in area PE.

Discussion
Our results show that the activity of reaching neurons in the
rostral part of the SPL is tuned to reach distance. Furthermore,
reach neurons combine binocular eye position information
about fixation distance (i.e., the angle of vergence) with hand
position signals. However, hand position influences reaching-
related activity more than fixation distance. Our experiment was
designed to investigate a particular form of reaching (i.e., hand
movement toward nonfoveated targets). Future studies need to
explore the role of eye and hand signals on PE’s neuronal modu-
lation during reaching toward foveated targets in depth.

Most of the neurophysiological studies that so far have inves-
tigated reaching in 3D space (Schwartz et al., 1988; Caminiti et al.,

1990, 1991; Ferraina and Bianchi 1994; Lacquaniti et al., 1995;
Johnson et al., 1996; Taira et al., 1996; Fattori et al., 2005, 2009)
either explored only two depth planes or did not control for
fixation distance. The importance of target distance coding has
been explored recently by Caggiano et al. (2009) in mirror neu-
rons studied in the ventral premotor cortex. These authors have
shown that these neurons are tuned for target location relative to
the observer’s body. In the parietal lobe, evidence of distance
coding is available from the study by Lacquaniti et al. (1995),
showing that neurons in the SPL encode reaching in a body-
centered frame whose coordinates define the horizontal position
(azimuth), elevation, and distance of the hand from the shoulder.
In the present study, we only controlled for target distance. Tar-
get elevation and azimuth were kept constant; therefore, other
studies are necessary to better explore their role. A reaching dis-
tance modulation of neural activity, as well as an influence of
vergence has been reported recently in the parietal reach region
(PRR) (Bhattacharyya et al., 2009).

Vergence angle modulation of reaching-related activities for
targets in depth
The angle of vergence modulates the activity of a subpopulation
of reaching-related neurons in area PE. The source of this binoc-

Figure 5. Results of the multiple linear regression analysis. Top, Schematic of the distances used for multiple linear regression
analysis. E, Movement end-point, as obtained from Optotrack data (see Materials and Methods). The dotted line indicates the
vertical line passing through E and parallel to the vertical axis of the setup coordinate system (see Materials and Methods). Bottom,
Venn’s diagram showing the relative proportion of the significant ( p � 0.05) linear coefficients � for each of the factors dBE, dFE,
and dHE, and for each of the three epochs analyzed (signal, memory, movement). In each plot, the circle size is proportional to the
factor’s relative frequency. Overlapping regions indicate proportion of neurons influenced by the factors represented by the
overlapping circles. The number of neurons with a significant coefficient � for at least one factor is indicated for each epoch.
Additional details are provided in Table 3.

Table 3. Results of the multiple linear regression

Signal (n � 89) Memory (n � 91) Movement (n � 102)

dHE 18 (20.4%) 13 (14.3%) 20 (19.6%)
dBE 10 (11.4%) 5 (5.5%) 9 (8.8%)
dFE 6 (6.8%) 4 (4.4%) 3 (2.9%)
dHE and dBE 47 (53.4%) 60 (65.9%) 55 (53.9%)
dHE and dFE 2 (2.3%) 2 (2.2%) 5 (4.9%)
dBE and dFE 2 (2.3%) 2 (2.2%) 4 (3.9%)
dBE, dFE, and dHE 4 (4.5%) 5 (5.5%) 6 (5.9%)

Numbers and percentages of neurons with significant ( p � 0.05) � in all the epochs for each factor considered
(dHE, dBE, dFE).
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ular eye-position signal could be area PEc (Marconi et al., 2001),
whose neural activity is modulated by eye-position information
(Battaglia-Mayer et al., 2001; Ferraina et al., 2001; Raffi et al.,
2008). In contrast, eye position signals modulate neural activity
in area 3a (Zhang et al., 2008), the cortical field of projection of
muscle spindle afferents (Oscarsson and Rosen, 1963), which is
directly connected to area 5 (Darian-Smith et al., 1993). Last, a
possible source of eye-position information is the central thala-
mus (Schlag-Rey and Schlag, 1984; Tanaka, 2007).

Previous studies have shown that the vergence angle modu-
lates the activity of PPC neurons in both humans (Hasebe et al.,
1999; Kapoula et al., 2001) and monkeys (Sakata et al., 1985;
Gnadt, 1992; Genovesio and Ferraina 2004; Bhattacharyya et al.,
2009). Fixation distance modulation of visual-related activity has
been found in V1 (Trotter et al., 1996; Gonzalez and Perez, 1998),
V2, V4 (Dobbins et al., 1998; Rosenbluth and Allman, 2002), and
MST (Roy et al., 1992). In most instances, this modulation has
been described in terms of “gain field,” in analogy to what is
observed in two dimensions for oculomotor activities (Andersen
et al., 1990; Bremmer et al., 1997b; Salinas and Thier, 2000). The
present study shows that binocular eye position modulates the
reach-distance tuning of neurons in area PE. We did not investi-
gate the prevalence of a gain versus a shift effect because of the
limited range of distances studied.

Influence of hand position on reaching-related activity
Information about hand position can be obtained from both
visual and somatic information. It has been suggested that the

control of movement distance is mainly based on proprioceptive
signals and less on visual information, which is regarded as more
important for the control of movement direction (Sainburg et al.,
2003; Sarlegna et al., 2003; Bagesteiro et al., 2005). This is consistent
with the evidence that these two parameters seem to be specified
separately in the brain (Flanders et al., 1992; Lacquaniti et al., 1995;
Georgopoulos, 2000). Area PE, contrary to areas MIP (medial
intraparietal), V6a, or 7m, does not receive a direct visual input
from extrastriate cortex (Johnson et al., 1996). In all these re-
gions, retinal signals modulate reaching-related activity (Ferraina
et al., 1997a,b; Batista et al., 1999; Battaglia-Mayer et al., 2000,
2001). The main source of somatic information to area PE arises
from muscles, joints, and skin receptors and can be used to define
hand position in intrinsic references frames. The importance of
the SPL for the computation of the internal estimate of the initial
hand position has been demonstrated also in humans by using
transcranial magnetic stimulation (Vesia et al., 2008) and is in
line with neuropsychological observations from parietal patients
(Wolpert et al., 1998; Danckert et al., 2009). Our results, in agree-
ment with the study by Lacquaniti et al. (1995), show that the
initial hand position modulates the majority of the reaching-
related neurons in area PE, emphasizing the importance of hand
position signals throughout the entire parieto-frontal system
(Caminiti et al., 1990, 1991; Johnson et al., 1996). Other studies
have shown arm position-related modulation of SPL neurons
(Georgopoulos et al., 1984; Ferraina and Bianchi, 1994; Johnson
et al., 1996; Battaglia-Mayer et al., 2000, 2001; Buneo et al., 2002;
Averbeck et al., 2005; Fattori et al., 2005, 2009).

For reaching in two dimensions, it has been shown that limb
position signals modulate the spatial tuning of reaching neurons
in PRR (Snyder et al., 1997), 7m (Ferraina et al., 1997a,b), V6a
(Battaglia-Mayer et al., 2000), and PEc (Ferraina et al., 2001),
although the strength of this modulation versus that exerted by
eye position differs across areas. Buneo et al. (2002) showed that
limb position influence becomes stronger moving rostrally in the
SPL, whereas Bhattacharyya et al. (2009) showed the importance
of vergence in the posterior part of the SPL. These results are in
agreement with the present ones and with those obtained by
Johnson et al. (1996), Marconi et al. (2001), and Battaglia-Mayer
et al. (2001), concerning the existence of gradients of reach-
related properties in the tangential domain of the SPL. An image
of this gradient-like organization is reflected also in the proper-
ties of dorsocaudal premotor cortex, where the computations
occurring in PE are addressed. In PMd, reach-neurons are influ-
enced by hand-position (Caminiti et al., 1990, 1991; Burnod et
al., 1992; Johnson et al., 1996) and by eye-position (Boussaoud et
al., 1998; Pesaran et al., 2006) signals, although the influence of

Figure 6. Contribution of the distance of the movement end-point (E) from either the body (dBE) or the initial hand position (dHE) to neural activity modulation. Scatter plots of partial correlation
values for the hand-centered (dHE) and body-centered (dBE) relative distances of movement end-points. Only neurons with a significant correlation ( p � 0.05) between the neural activity and each
factor are shown. The dashed line indicates the equality line. Other conventions and symbols are as in Figure 5.

Figure 7. Proportion of neurons correlated to the distance of the movement end-point (E)
either from the body (dBE) or from the initial hand position (dHE). Values represent, for each
epoch, the sum of the neurons (bottom part of each column, marked by the symbol E) exclu-
sively explained by a single factor (main effect in Table 3) and of those (top part of each column)
explained prevailing by one of the two factors as resulting from the contrast (Fig. 6) obtained,
using a winner-take-all rule, for those neurons with significant correlation ( p � 0.05) for both
factors. The white arrows indicate, for each column, the boundaries between the two classes of
neurons. The prevailing effect of dHE is also evident considering only the main effect.
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the former is greater than that of the latter (Cisek and Kalaska,
2002), as in area PE. These results provide experimental support
to the conceptualization of the functional organization of the
parieto-frontal system proposed by Caminiti et al. (2005),
Burnod et al. (1999), and Battaglia-Mayer et al. (2003, 2006).

Coordinate system for arm reaching in parietal area PE
To successfully reach a target in space, the brain must build a
correspondence between the representation of the target location
and that of the movement end-point. Target location is encoded
initially in eye- or head-centered coordinates (Andersen and
Mountcastle, 1983; Andersen et al., 1985, 1990; Zipser and
Andersen, 1988; Bremmer et al., 1997a,b) and must be progres-
sively mapped in a body-centered system for an easy computa-
tion of the motor error (i.e., the vector of the desired hand
movement).

By virtue of its position in the parieto-frontal system in gen-
eral, and in the parietal gradient in particular, area PE is an ad-
vanced node in the conversion of different signals into limb
coordinates. Our data show that neural modulation in area PE is
mainly explained by the component in depth of the motor error.
The influence of the motor error signal during a trial became
more and more prevalent from visually to movement-related ep-
ochs. A shoulder-centered reference plane for reaching has been
proposed to explain the modulation of neural activity during
reaching to visual targets in depth in area PE (Lacquaniti et al.,
1995). One important difference of our study is that monkeys
reached to a memorized target and in total darkness. This
condition could have increased the weight of hand proprio-
ceptive signals, thus favoring in the process of a multiple-stage
transformation (Flanders et al., 1992) and in the progressive
match of reach-relevant information (Burnod et al., 1992,
1999) the emergence of a hand-centered representation for
reaches (Gordon et al., 1994).

Our results support the idea that multiple coordinate trans-
formation schemes coexist in the PPC, as a reflection of the mul-
tiplicity of task demands (Battaglia-Mayer et al., 2003). This view
is supported by several modeling studies (Pouget and Sejnowski,
1997; Xing and Andersen, 2000). Pouget and Sejnowski (1997)
have suggested that PPC’s neurons combine multiple sources of
information into a representation that allows a simultaneous
readout in several frames of reference. Neurons in areas V6a, 7m,
PEc, and 7a combine different eye and hand signals in a spatially
congruent manner (Battaglia-Mayer et al., 2000, 2001, 2005)
within their global tuning field, a spatial frame suitable to
provide a representation of reaching bound to task demands.
Results from network models (Mascaro et al., 2003) further
support this view.

To conclude, in the chain of operations believed to occur from
target presentation to motor commands, target localization in
depth is achieved in different areas by computing reaching dis-
tance in a reference frame based on the integration of binocular
eye- and hand-related signals. Our results point to a role of area
PE, as the parietal area closest to the motor output mechanisms of
the frontal lobe, in representing target location predominantly in
hand-centered coordinates. Therefore, our results extend to
reaching in depth the crucial role played by the SPL in the control
of arm movement.
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