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Perry CJ, Sergio LE, Crawford JD, Fallah M. Hand placement
near the visual stimulus improves orientation selectivity in V2 neu-
rons. J Neurophysiol 113: 2859-2870, 2015. First published February
25, 2015; doi:10.1152/jn.00919.2013.—Often, the brain receives
more sensory input than it can process simultaneously. Spatial atten-
tion helps overcome this limitation by preferentially processing input
from a behaviorally-relevant location. Recent neuropsychological and
psychophysical studies suggest that attention is deployed to near-hand
space much like how the oculomotor system can deploy attention to
an upcoming gaze position. Here we provide the first neuronal
evidence that the presence of a nearby hand enhances orientation
selectivity in early visual processing area V2. When the hand was
placed outside the receptive field, responses to the preferred orienta-
tion were significantly enhanced without a corresponding significant
increase at the orthogonal orientation. Consequently, there was also a
significant sharpening of orientation tuning. In addition, the presence
of the hand reduced neuronal response variability. These results
indicate that attention is automatically deployed to the space around a
hand, improving orientation selectivity. Importantly, this appears to be
optimal for motor control of the hand, as opposed to oculomotor
mechanisms which enhance responses without sharpening orientation
selectivity. Effector-based mechanisms for visual enhancement thus
support not only the spatiotemporal dissociation of gaze and reach, but
also the optimization of vision for their separate requirements for
guiding movements.

attention; peripersonal space; reaching; vision

A GROWING BODY OF HUMAN PSYCHOPHYSICAL evidence shows that
visual processing is altered near the hand. In blindsight, simply
placing the hand in the blind field near to visual stimuli
improves detection and size perception (Brown et al. 2008;
Schendel and Robertson 2004). In extinction, patients fail to
attend to a second stimulus presented in the contralesional
hemifield, but, when the hand is placed within the affected
field, detection of the second stimulus is improved (di Pel-
legrino and Frassinetti 2000). An improvement in detection
near the hand, especially in cases involving extinction, would
suggest that attention is deployed to near-hand space much like
how the oculomotor system deploys spatial attention (Moore et
al. 2003). Studies using classic spatial attention paradigms
have shown this to be true. In a spatial cueing paradigm,
reaction times to targets near the hand were facilitated, regard-
less of cue location (Reed et al. 2006). In another study
involving visual search, inhibition of return and attentional
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blink paradigms, the presence of the hand slowed the shifting
of attention between visual items (Abrams et al. 2008). These
studies suggest that improved visual processing near the hand
is linked to attentional prioritization of the space near the hand.

These behavioral studies suggest that attentional prioritiza-
tion occurs in “near-hand space,” when movements are sus-
tained. However, there is currently no neurophysiological ev-
idence to support these findings, and the neuronal mechanisms
underlying this enhancement are as yet unknown. To determine
if and how a nearby hand affects early visual processing, we
recorded from neurons in macaque area V2, an early visual
area shown to be modulated by attention (Luck et al. 1997;
Motter 1993), selective for orientation (Motter 1993), a feature
necessary for accurate reaching (Fattori et al. 2009; Murata et
al. 2000; Raos et al. 2004) and is directly connected with
fronto-parietal reaching and grasping networks to guide the
hand (Gattass et al. 1997; Passarelli et al. 2011). We measured
the responses of V2 neurons to oriented rectangles when the
animals maintained their grasp on a touch bar, placing their
hand near to but outside the neuron’s receptive field (RF) (Fig. 1,
Hand-Near). As we wanted to be able to dissociate the effects
of oculomotor driven spatial attention from those of near-hand
attention, we separated the grasp target (touch bar) from the
visual stimulus in the RF. Eye movements precede arm move-
ments toward a reach target (Ballard et al. 1992; Biguer et al.
1982; Fisk and Goodale 1985; Neggers and Bekkering 2000,
2001, 2002; Prablanc et al. 1979) and the oculomotor system
deploys spatial attention (Moore and Armstrong 2003; Moore
and Fallah 2001, 2004; Miiller et al. 2005). Thus, if the visual
stimulus was also the reach target, oculomotor-driven spatial
attention would be deployed to the reach target and would at
the least confound and at the most completely mask modula-
tion due to the nearby hand. To avoid this, we did not make the
visual stimulus the reach target, but placed the hand nearby to
take advantage of the spatial extent of attention afforded by the
nearby hand.

Prior studies of spatial attention (McAdams and Maunsell
1999; Moran and Desimone 1985; Motter 1993; Treue and
Martinez-Trujillo 1999) have used “Attend-In” and “Attend-
Away” paradigms to compare the neuronal modulation when a
spatial location is attended vs. when attention is located else-
where. In Attend-In conditions, a cue, presented prior to the
visual target, is used to allocate attention to a certain spatial
location. In Attend-Away conditions, the cue allocates atten-
tion to a location away from where the target is presented.
Under these circumstances, neuronal responses undergo a gain
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Fig. 1. Experimental paradigm. In a Hand-
Near block, the animal grasps a vertically
orientated touch bar placed outside the recep-
tive field (RF, dashed box) at which time a
fixation point appears. Two hundred millisec-
onds later, an oriented bar is displayed within
the RF for 300 ms. In a Hand-Away block,
the touch bar apparatus remains visible, but
no reach is made by the animal. Reward is
given for maintaining fixation and grasp
(Hand-Near) or simply maintaining fixation
(Hand-Away). The bottom left panel shows
the variation in RF diameter [1.3-4.2 degrees
of visual angle (dva)] and also the distance
between the right edge of the RF and the edge
of the fingers (7-10.7 dva). This figure rep-
resents a depiction and is not drawn to scale
or matched for the color and contrast of the
experimental apparatus or the animal.

Hand-Near

modulation when the spatial location is attended. We modified
this paradigm so that the presence of the hand acted in a similar
manner as the spatial cue in those studies. We hypothesized
that, if the hand is the center of an attentional field, as
suggested by prior research (Abrams et al. 2008; Brown et al.
2008; di Pellegrino and Frassinetti 2000; Reed et al. 2006;
Schendel and Robertson 2004), neuronal responses in “Hand-
Near” and “Hand-Away” conditions should be similar to the
neuronal responses seen in Attend-In and Attend-Away con-
ditions, respectively. As the relationship between oculomotor-
driven spatial attention and the effect of hand position on early
visual responses is unknown, the stimuli measuring V2 neu-
rons’ orientation selectivity were task irrelevant. If the task had
instead required attending to and making judgments of the
stimuli within the RFs, the effects of spatial attention would
have confounded neuronal responses associated with hand
attention. This task design is similar to real-life situations
where you are reading a paper and reach, without looking, to
pick up your cup of coffee: would orientation processing
improve when the hand is near the cup? Across the population,
we found that, in the Hand-Near condition, orientation tuning
sharpened. This suggests that the mechanisms of near-hand
attention are different than gain modulation seen with oculo-
motor-driven spatial attention. In addition, we found that the
presence of a nearby hand reduced the variability of neuronal
responses. Together, these results show that orientation selec-
tivity is improved near the hand, which could increase the
accuracy of subsequent reaches and grasps in the peripersonal
workspace.

MATERIALS AND METHODS
Electrophysiology

Two adult female rhesus monkeys were each implanted with a
head-holding device and a recording chamber positioned over left V2
using stereotaxic coordinates. Placement was confirmed by assessing
RF size and eccentricity, topographic organization and feature selec-
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tivity (Gattass et al. 1981; Hubel and Livingstone 1987; Levitt et al.
1994; Roe and Ts’o 1995). A microdrive (3-NRMD-A2, Crist Instru-
ments) was used to advance a tungsten electrode (FHC). Neuronal
data were acquired and stored using a Multichannel Acquisition
Processor (Plexon). Single neurons were isolated online using Ras-
putin software (Plexon). RFs were mapped with a manually controlled
flashing oriented bar that could be varied in orientation, size, and
position. The diameter of the RF varied across neurons but ranged
between 1.3 and 4.2 degrees of visual angle (“dva”; mean = 1.8, SD =
0.5). Note that the experiment was carried out if a RF was plotted;
orientation selectivity was not tested at this point. This allowed for
including neurons that only developed orientation selectivity in the
presence of the hand. Neurons were isolated offline using Offline
Sorter (Plexon) for subsequent analyses. All experimental and surgical
procedures complied with animal care guidelines, as defined by the
CACC (Canadian Animal Care Committee) and York University’s
Animal Care Committee. The study and all associated protocols were
approved by York University’s Animal Care Committee.

Stimuli and Task

Experimental control was maintained using Cortex software (http://
dally.nimh.nih.gov/). Eye gaze was tracked using an infrared eye
tracker (ISCAN model ETL-200, 240 Hz). Stimuli were presented on
a computer monitor (Viewsonic G225f, 1,024 X 768 resolution, 60
Hz) that was placed 36 cm from the monkey. This distance allowed
the animal to comfortably reach with its right hand to a vertically
oriented touch bar immediately adjacent to the front of the monitor
(Fig. 1) which was present throughout the experiment and positioned
outside of the visual RF. The distance from the right edge of the RF
to the touch bar ranged between 5.6 cm (8.8 dva) and 7.9 cm (12.5
dva). As the monkeys would grasp the touch bar by wrapping their
fingers around it, the distance to the fingers (1.8 dva wide) ranged
between 7 and 10.7 dva (see Fig. 1). This minimum distance of 7 dva
reduced the possibility of the hand encroaching upon the RF and
modulating baseline firing rates, even if hand-mapping underesti-
mated the size of the RF center. With this spacing, visual stimulation
within the RF was identical across both conditions (Hand-Away and
Hand-Near). The experiments were conducted in a darkened room
illuminated by the ambient light from the computer monitor. The hand
and touch bar were low contrast but visible to the animals.
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In a Hand-Near block, once the animal had grasped the touch bar,
each trial began with the appearance of a fixation point (Fig. 1, left).
When the animal maintained fixation within a 2 dva window for 200
ms, a task-irrelevant oriented rectangle was presented for 300 ms in
the center of the RF. The rectangle varied in orientation (0, 22.5, 45,
67.5, 90, 112.5, 135, and 157.5°) and size (based on the size of the
RF). If fixation and grasp of the touch bar were maintained throughout
this period, the animal received a reward (Monkey A: juice, Monkey
B: fruit). In a Hand-Away block (Fig. 1, right), the touch bar
apparatus remained in place, but the animal did not reach and grasp
the touch bar. Trials again commenced with the appearance of the
fixation point. Each orientation was tested 10-20 times in each hand
condition.

We used this paradigm as it replicates the hand position of studies
in which a sustained reach placed the hand near visual stimuli and
showed improved visual processing and attentional prioritization of
near-hand space (Abrams et al. 2008; Brown et al. 2008; Reed et al.
2006). This links the current research to previous neurophysiological
work on spatial attention, with “Hand-Near” and “Hand-Away” sub-
stituting for “Attend-In” and “Attend-Away” (McAdams and Maun-
sell 1999; Moran and Desimone 1985; Motter 1993; Treue and
Martinez-Trujillo 1999).

Data Analysis

We computed baseline rates from —175 to O ms prior to the onset
of the oriented rectangle and stimulus response rates from 0 to 300 ms
after stimulus onset. From these we computed the following measures.

Orientation tuning index. To quantify possible changes in tuning
between Hand-Near and Hand-Away conditions, we computed an
orientation tuning index (OTI): R,,..¢/R,, in each condition, where R
is the response rate of the neuron for preferred or orthogonal orien-
tation. The preferred orientation was the orientation that produced a
maximal response, and the orthogonal orientation was 90° to the
preferred orientation. In contrast to curve-fitting, this index, based on
response rates, avoids the use of interpolated data when determining
changes in tuning.

Response modulation. We quantified the effect of hand position by
computing a number of modulation indexes. First, we computed the
percent change of firing rate based on whether a reach had occurred or
not: [(HN — HA)/HA] X 100, where HN represents the average
response in the Hand-Near condition, and HA represents the average
response rate in the Hand-Away condition. We similarly computed the
percent change in the response rate to the preferred direction only:
[(HNp,.; — HAp..)/HAp..;] X 100. Finally, we computed the mod-
ulation of the tuning indexes to determine whether changes in tuning
occurred between the Hand-Near and Hand-Away conditions:
[(OTIL Ny — OTILA)/OTIA] X 100. Significant shifts were tested
using the Wilcoxon signed-rank test.

Curve fitting. We fit the orientation tuning data for unimodally
oriented neurons with a von Mises (vM) function, a circular form of
the Gaussian function, used for orientation selectivity (Kohn and
Movshon 2004). The function takes the form:

VM(B) = qe*COSCP) 4

where a is the multiplicative scaling factor, k is the concentration or
bandwidth of tuning, 6 is the orientation at that point in the tuning
curve, p is the preferred orientation, and m is the baseline rate. Fits
were performed in Matlab with the nlinfit function (based upon least
squares estimation). For each neuron, fits were computed for Hand-
Near and Hand-Away conditions separately. Two neurons in the main
population and two neurons in the baseline shifted population were
removed from further analysis due to poor fits. For these neurons,
nlinfit did not converge to a solution (ill-conditioned Jacobians), and
they were rejected from further analysis (similar to Kohn and
Movshon 2004). Significant shifts in the fit parameters were tested
using the Wilcoxon signed-rank test.
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Fano factors. To quantify response variability we computed Fano
factors (FF = spike count variance/mean spike count; Chang et al.
2012; Cohen and Maunsell 2009; McAdams and Maunsell 1999;
Mitchell et al. 2007) in the HN, . and HA . conditions. To eliminate
the possibility that changes in the FF were influenced by neuronal
firing rates, we mean-matched response rates in the HN, .c and HA ¢
conditions and then compared the FFs in each using a Wilcoxon
signed-rank test.

RESULTS
Inclusion and Exclusion Criteria

Neurons were only included for further analysis if they had
a significant visual response over baseline (z-test). As we
wanted to test the effect of the hand on orientation tuning, we
then limited our analysis to neurons exhibiting significant
orientation tuning (one-way ANOVA, e.g., Jansen-Amorim et
al. 2011; Motter 1993) in either the Hand-Near or Hand-Away
condition. The only difference between the conditions was the
presence or absence of the hand on the touch bar. To eliminate
the possibility that the hand or arm visually encroached on the
classic RF, neurons were excluded if they showed a significant
modulation in the baseline firing rate between Hand-Near and
Hand-Away conditions (#-test). Eliminating cells from analysis
that had a significant shift in their baseline firing rate also
removed the possibility that responses were altered due to other
variables, such as arousal. Of 93 neurons from which data were
obtained, 41 were removed as they were not orientation tuned
in either the Hand-Near or Hand-Away conditions (26) or did
not have a significant visual response above baseline to the
oriented bars (15 neurons). Fifty-two neurons were orientation
selective. Although studies have shown that spatial attention
can increase baseline responses in area V2 (Luck et al. 1997),
14 cells (baseline-shifted neurons) were analyzed separately as
they had a significant baseline modulation between the Hand-
Near and Hand-Away conditions, which could also reflect the
animal’s arm impinging on the RF center. The remaining 38
neurons became the main population for analysis. Note that, of
the 52 orientation-selective neurons, 15 were only orientation
selective in the Hand-Near condition. These cells would have
been missed if we only tested neurons that exhibited orienta-
tion selectivity during the mapping of the RF.

Gaze Position

To ensure that gaze position did not shift dependent on hand
placement, we calculated the difference between the average
horizontal eye position shift between the baseline period and
the presentation of the stimulus for each included neuron’s
experimental session and computed any potential shifts be-
tween the Hand-Near and Hand-Away conditions. There was
no significant shift [F(1,27) = 0.34, P = 0.568] of the eye
position toward the hand [Hand-Near — Hand-Away =
—0.002 = 0.001 (SE) dva]. This indicates that the presence or
absence of the hand did not influence gaze position. There was,
however, a significant shift of gaze toward the RF during
stimulus presentation [F(1,27) = 7.73, P = 0.010]. This
suggests that the onset of the stimulus was salient enough to
slightly (0.046 dva) draw the eyes toward the RF, regardless of
the hand position. This indicates that the hand was not the
target of a saccade and an oculomotor-driven shift in attention.
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Fig. 2. Example cells. The data from two cells
fitted with von Mises functions are shown. A:
this neuron shows responses that are in-
creased at the preferred orientation and re-
duced at the orthogonal orientation, resulting
in a sharpening of tuning. B: while showing a
larger increase response at the preferred ori-
entation, this neuron instead had no modula-
tion at the orthogonal orientation. sp/s, Spikes
per second. Dashed lines represent baseline
firing rates.
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Neuronal Analysis

Figure 2 shows the tuning curves of two example neurons.
Neuron A depicts a neuron whose responses increased slightly
at the preferred orientation but sharpened during the Hand-
Near condition (Fig. 2A4) due to a reduction in response to the
orientations on the flank of the tuning curve. Neuron B instead
showed an increase in response to the preferred orientation,
with no corresponding change in response at the orthogonal
orientation (Fig. 2B). While spatial attention classically results
in a proportional increase to responses across the tuning curve,
neither neuron A nor B show this pattern of response.
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Effect of Hand Position on Preferred and Orthogonal
Responses

Figure 3A plots the distribution of neuronal responses to the
preferred orientation in the Hand-Near vs. the Hand-Away
condition. Points that lie above the line of unity indicate cells
in which the response rate to the preferred orientation in the
Hand-Near condition was greater than in the Hand-Away
condition. More of the neurons lie above the line of unity than
below (red and black dots). Across the population (n = 38), the
response to the preferred orientation significantly increased
(Z =212, P = 0.034) by 10.76% (*=4.69 SE) in the Hand-
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Fig. 3. Modulation of preferred rate and tun-
ing. A: the response of each neuron to the
preferred orientation in the Hand-Away (x-
axis) condition is plotted against the response
of each neuron in the Hand-Near (y-axis)
condition. The diagonal line on the plot rep-
resents the line of unity; the majority of
points fall above this line, indicating an in-
creased response to the preferred orientation
when the hand was nearby. B: we quantified
this change in response by computing a mod-
ulation index and found that the presence of
the hand significantly increased neuronal re- 0
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Near vs Hand-Away condition (Fig. 3B). In contrast, the
population showed no significant increase in the response rate
at the orthogonal orientation with the Hand-Near [Z = 1.50, P =
0.133, mean: —3.69 * 6.69% (SE)]. It is important to note that
previous studies of classic spatial attention have shown little to
no effect on neuronal responses to irrelevant stimuli when
attention is directed outside of the RF (e.g., Moran and Desi-
mone 1985). Finding enhanced responses when grasping a
touch bar outside of the RF is not only surprising but also
provides neurophysiological evidence that attention is de-
ployed to near-hand space. Based on the distance between the
touch bar and the stimulus in the RF, near-hand-related visual
enhancement appears to operate with a larger spatial focus than
oculomotor-driven spatial attention. In addition, hand position
preferentially enhances responses at the preferred orientation
and not at the orthogonal orientation.

Effect of the Hand on Orientation Tuning

Multiplicative gain modulation, proportional increases
across stimulus selectivity (McAdams and Maunsell 1999), is
a mechanism commonly used to describe how spatial attention
affects the responses of visual neurons. That is, multiplicative
gain modulation increases responses across the tuning curve
without changing the shape of the tuning curve. If, similar to
spatial attention, the presence of the hand enhances early visual
processing through gain modulation, there should be no change
in the OTI (OTI = Rp,../Rp,q,)- Plotting the tuning index in the
Hand-Near vs the Hand-Away condition (Fig. 3C, red and
black dots) shows that the majority of the neurons fall above
the line of unity. Tuning is significantly sharpened by 28.58%
[£7.71 SE, Z = 3.30, P = 0.001; Fig. 3D] across the popu-
lation (n = 38). Thus, unlike classic spatial attention which
does not affect tuning, hand-related attention sharpened orien-
tation selectivity by almost 30%.

Effect without Biorientation Tuned Cells

Previous work (Anzai et al. 2007) has found that up to 20%
of V2 neurons show enhanced responses at two orthogonal
orientations (i.e., are biorientation tuned). These types of cells
have been shown to be used to determine contours and occlu-
sion (Rubin 2001). Figure 4 shows the responses of an example
biorientation tuned neuron. While the polar plot (panel A)
doubles up the orientation information, it clearly shows the
crossed axes of the two preferred orientations. Panel B shows
the same data plotted as an 180° tuning curve. When the hand
is present (Hand-Near), the major axis of orientation (e.g., the
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longer one in the Hand-Away condition) is little changed.
However, the response to the minor axis increases. The re-
sponses to the orientations in between these two axes are
suppressed and drop below baseline. Changes in tuning, then,
are hard to determine in biorientation cells as any increase in
response in the lesser of the two preferred orientations would
reduce the tuning index because the OTI reflects tuning to a
single orientation. As tuning indices do not accurately reflect
biorientation cells, we reexamined our population and found
five biorientation cells (~13%). We then removed them from
our cell population and performed the analyses again. Due to
the small sample size (n = 5), we did not analyze the biori-
entation tuned cells on their own; however, they are depicted
separately (black dots and bars in Figs. 3 and Fig. 6).

With the biorientation cells removed, the single orientation
population (n = 33) still produced an increase in response
when the hand was present (Fig. 3B, red bars). Responses at the
preferred orientation were significantly (Z = 2.53, P = 0.011)
increased by 10.97% (£3.86 SE) in the Hand-Near vs Hand-
Away condition (Fig. 5B). Responses to the orthogonal orienta-
tion were now significantly decreased in the presence of the hand
[—9.41 = 5.76% (SE), Z = 2.17, P = 0.030]. The presence of the
hand not only improves responses to the preferred orientation,
but also decreases responses to the orthogonal orientation. This
was masked by the biorientation cells in the whole population
because the biorientation cells also preferred the orthogonal
orientation. Consistent with these results, the tuning index
showed a greater decrease with the hand present when the
biorientation cells are removed (Fig. 3D, red bars). Tuning was
sharpened by 35.24% (*8.03 SE, Z = 3.76, P < 0.001) in
Hand-Near vs Hand-Away, an increase from that seen across
the full population (28.58%).

Effect of Hand Position on Baseline Shifted Cells

Although studies have shown that spatial attention can
increase baseline responses in area V2 (Luck et al. 1997), 14
neurons that had a significant baseline shift between the Hand-
Near and the Hand-Away condition were not included in the
main analysis. This was done to ensure that the effect of hand
position was not being driven by the arm encroaching on the
visual RF. We now analyzed the baseline-shifted neurons to
determine whether their responses were similar to the rest of
the population. None of the cells were biorientation tuned. It
should be noted, however, that one cell within this population
was removed as an extreme outlier (preferred modulation =
387%, orthogonal modulation = 742%). In the presence of the

Fig. 4. Example biorientation tuned cell. Po-

lar (A) and 180° (B) plots for the same exam-
ple neuron are shown. The firing rate in the
polar plot is depicted as the distance away
from the center, and the responses to each
orientation are mirrored 180° to depict a cir-
cular tuning plot. In the Hand-Near condition,
there is an increased response along the mi-
nor axis (orthogonal orientation) with no
change in the major axis (preferred orienta-
tion), compared with the Hand-Away condi-
tion. B: also, with the hand present, responses
to orientations between the two axes are sup-
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pressed below baseline.
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hand, the remaining baseline shifted cells (n = 13) were not
significantly modulated by hand position in their responses to
the preferred [mean: 7.70 = 7.71% (SE), P = 0.267] or the
orthogonal orientations [mean: 20.16 * 14.87% (SE), P =
0.414]. Nor was there a significant modulation of the tuning
index [mean: 3.57 %= 11.11% (SE), P = 0.787]. Figure 3 shows
the distribution of the baseline shifted cells in blue with the rest
of the population (red) and biorientation cells (black). The
baseline shifted cells are also depicted in blue in Fig. 6, which
shows the cells’ distribution across the range of preferred
response and tuning modulations. We cannot distinguish
whether the lack of an effect of hand position in the baseline
shifted cells is due to the arm impinging on the RF, the small
sample size, some other factor, or a combination of these
possibilities.
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Fig. 6. Response modulation vs. sharpened tuning. We plotted the tuning
modulation (x-axis) against the preferred modulation (y-axis) for each unit.
While the majority of the neurons fall within the fop right quadrant, the
population of single orientation tuned neurons (in red) did not show a
significant relationship between modulation in the preferred response and
changes in the tuning index. Biorientation neurons are shown in black, and
baseline shifted neurons in blue for comparison.

Effect of the Hand on Response Variability

Previous studies have shown reductions in response variabil-
ity during reaching in premotor cortex (Churchland et al. 2010)
and oculomotor preparation in frontal eye field (FEF) (Purcell
et al. 2012). The reduction in oculomotor response variability
has been shown to also propagate back to visual neurons in
area V4, which show a similar reduction prior to a saccade
(Steinmetz and Moore 2010). If near-hand attention is medi-
ated by feedback from fronto-parietal reaching and grasping
networks (Culham et al. 2003), we would expect to find a
similar reduction in response variability in V2 neurons when a
sustained reach places the hand nearby. To control for changes
in firing rate, we first mean-matched response rates in the
Hand-Near and Hand-Away conditions (as per Churchland et
al. 2010) and then computed their FF (spike count variance/
mean spike count). Figure 5A shows the FF distribution in the
Hand-Near compared with the Hand-Away condition across
the population of 38 neurons included in the dataset (in red).
The FF of the preferred orientation response (Fig. 5B) signif-
icantly declined (Z = —8.68, P < 0.001) in the Hand-Near
condition (mean: 0.96 £ 0.11 SE), compared with the Hand-
Away condition (mean: 1.52 = 0.31 SE). Response variability
also significantly declined in the baseline shifted cells (Z =
—8.76, P < 0.001, Fig. 5 in blue) in the Hand-Near condition
(mean: 0.61 = 0.086) compared with the Hand-Away condi-
tion (mean: 0.85 = 0.13). This reduction in response variability
within near-hand space is consistent with FF reductions seen
due to spatial attention and/or motor feedback (Churchland et
al. 2010; Purcell et al. 2012; Steinmetz and Moore 2010).

Relationship Between Changes in Response Rates and
Orientation Tuning

We investigated the relationship between changes in pre-
ferred response and orientation tuning and found different
patterns of activity (Fig. 6). While the top right quadrant
contains the majority of cells, which exhibited both increased
response and sharpened tuning when the hand was near, there
was no significant relationship between preferred response
modulation and tuning index modulation across the popula-
tion of cells (F = 0.26, P = 0.614). The biorientation cells,
as discussed previously, produced negative tuning index
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modulations in the Hand-Near condition due to increasing
responsivity to the secondary preferred orientation. Thus
they are predominantly found on the left-hand side of the
distribution (black dots). Finally, the baseline shifted cells
are plotted in blue, depicting where they fall among the rest
of the population.

Effect of Hand Position on Fitted Tuning Curves

Of the 38 neurons used in the previous analysis, we removed
the 5 biorientation tuned cells as they would not be fit by a
unimodal von Mises function. We then used the von Mises
function to fit the remaining 33 neurons. Two additional
neurons were poorly fit (as per the nlinfit function due to
ill-conditioned Jacobians) and thus were removed from the
population. Figure 7A depicts the population tuning curves in
both the Hand-Near and Hand-Away. The shaded area between
the two curves highlights how tuning sharpens when the hand
is present, with increased responsivity around the preferred
orientation and decreased responsivity at orthogonal orienta-
tions, consistent with the previous results. k is the concentra-
tion parameter from the fit that describes the tuning bandwidth:
the larger the k, the sharper the tuning. From each cell’s
individual curve fits, we have plotted the k in the Hand-Near
vs. Hand-Away conditions in Fig. 7C. Consistent with the
population tuning curve and the raw data analyses, the
majority of cells (Fig. 7C, red dots) fall above the line of
unity. k significantly increased by 17% (+0.114 = 0.085
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SE, Z = 2.49, P = 0.013, Fig. 7D) in the Hand-Near (mean:
0.79 = 0.07 SE) compared with the Hand-Away (mean: 0.67 =
0.09 SE) condition. The population amplitude (a), a multi-
plicative scaling factor that represents the scaling of the
response above baseline, was not significantly different in
the two hand conditions (Hand-Near: 11.2 = 1.3 SE; Hand-
Away: 11.6 = 1.4 SE, Z = —0.53, P = 0.60). Thus there
was no evidence in support of gain modulation. In addition,
the preferred orientation across the population did not sig-
nificantly differ between Hand-Away and Hand-Near con-
ditions [mean difference: —7.09 = 10.6° (SE), Z = —0.20,
P = 0.85].

Of the 14 baseline shifted cells, 12 were fit with von
Mises functions (Fig. 7B) and 2 were removed as they were
poorly fit. In this population, there was a trend (P = 0.09)
for an increase in k in the Hand-Near (mean: 1.32 = 0.42
SE) over the Hand-Away (mean: 0.738 = 0.12 SE) condi-
tion (Fig. 7, C and D, in blue). Amplitudes were not
significantly different (P = 0.233) between Hand-Near
(mean: 17.2 = 2.9 SE) and Hand-Away (mean: 20.9 = 3.9
SE) conditions. Furthermore, there was no significant shift
in preferred orientation between conditions [mean differ-
ence: 6.0 = 3.6° (SE), P = 0.17]. Similar to the results with
the raw data, there were no significant differences in this
population of baseline shifted cell, although the trend for
sharpened tuning may be due to a lack of statistical power
due to the small sample size.
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Relationship Between Orientation Selectivity and the
Orientation of the Hand

While classic spatial attention does not differentially mod-
ulate preferred and nonpreferred stimulus response, such an
effect has previously been seen with feature-based attention
(Treue and Martinez-Trujillo 1999). The feature-similarity
gain model (Treue and Martinez-Trujillo 1999) states that the
strongest enhancement occurs when the attended feature is also
the neuron’s preferred stimulus, decreasing as the difference
between the two gets larger. We would expect that, if the
feature similarity gain model was responsible for the sharpened
tuning seen in the current study, then because the task-relevant
touch bar was vertical, neurons preferring vertical orientations
should have the greatest enhancement, while neurons prefer-
ring horizontal orientations should have the least enhancement.

A similar effect would occur with far surround suppression.
More recently, there has been a description of “far surrounds”
distinct from “near surrounds” for visual neurons in areas V1
and V2 (e.g., Okamoto et al. 2009; Shushruth et al. 2009). The
near surround is based on feedforward and horizontal connec-
tions, whereas the far surround is based on feedback from
extrastriate areas (Shushruth et al. 2009). While the distance
between the touch bar and the RF is large enough that the hand
was not within the classical near surround of the V2 neurons,
the hand may have fallen within the far surround. The effect of
far surround stimulation has been shown to enhance orientation
selectivity in area V1 in the cat (Okamoto et al. 2009), when
large gratings covered from the center to the far surround. The
hand and/or touch bar in our paradigm would be a much
weaker stimulus, as it only covers a portion of the far surround,
but if a similar effect occurred in V2 in the monkey, then we
would once again expect that the magnitude of the sharpened
tuning would be strongest when the cell’s preferred direction
was near vertical.

So the potential effects of far surround suppression and
feature-based attention would be the same in the current
paradigm: the hand/touch bar are vertically oriented in the
surround and would have the greatest effect on cells that
preferred that orientation and the least effect on cells that
preferred horizontal. Instead we found no significant relation-
ship between the neurons’ vertical offsets [abs(90°-preferred
orientation)] and « (tuning bandwidth) for the main population
(regression analysis, n = 31; F = 0.06, P = 0.81) or the
baseline shifted population (n = 12; F = 0.51, P = 0.49).
Therefore, near-hand modulation of visual processing was not
dependent on the orientation of the touch bar, either through
feature-based attention or far surround suppression.

Qualitative Analysis of Full Population

To determine if the presence of the hand had any effect on
all of the neurons, regardless of responsivity and selectivity, we
performed the following analysis. As a proportion of the
neurons were not significantly visually responsive or orienta-
tion selective, we had to first estimate a preferred orientation.
For each neuron, all trials (Hand-Near and Hand-Away) were
averaged, and the peak response was selected as that neuron’s
preferred orientation. We then aligned the preferred orienta-
tions to produce population averages for Hand-Near and Hand-
Away conditions. These population averages were then fit
using the von Mises function. These results are depicted in Fig. 8.

A NEARBY HAND IMPROVES V2 ORIENTATION SELECTIVITY

Across the population of all V2 neurons (n = 93), including
cells that were not visually responsive or tuned for orientation,
there was no evidence of gain modulation as the amplitude did
not differ appreciably between the Hand-Near (9.84) and
Hand-Away (9.66) conditions. However, there was still a
qualitative sharpening of orientation tuning, as k, the concen-
tration parameter, showed an almost 20% increase in the
Hand-Near condition (Hand-Near = 0.429, Hand-Away =
0.359). This pattern of results is similar to that seen in the
previous analyses and may likely be driven by the visually
responsive, orientation selective neurons.

DISCUSSION

Previous studies on hand-related attention have focused on
behavioral benefits only (Abrams et al. 2008; Bekkering and
Neggers 2002; Brown et al. 2008; Craighero et al. 1999;
Deubel et al. 1998; di Pellegrino and Frassinetti 2000; Fagioli
et al. 2007; Reed et al. 2006; Schendel and Robertson 2004);
this study provides the first neurophysiological evidence that a
nearby hand affects neuronal responses in an early visual
processing area. Our results show that hand position, like gaze
position, alters visual processing, but they also show that the
mechanisms for these two phenomena are somewhat different.
The responses of area V2 neurons were preferentially enhanced
to the preferred orientation over the orthogonal orientation
(Fig. 7A) and produced sharpened orientation tuning. These
results are not completely consistent with current models of
spatial attention or feature-similarity gain. Instead, the results
suggest a novel effector-based mechanism which improves
sensitivity in early visual processing areas of a feature relevant
for that effector, i.e., orientation for reaching and grasping with
the hand. Furthermore, we showed that a maintained reach and
grasp reduced the variability of V2 neuronal responses to
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Fig. 8. Effect of hand position across the full population. All neurons,
regardless of responsivity, were aligned to the orientation of their maximum
response, averaged with each hand condition and then fit with von Mises
functions. The curve fits and baseline rates are depicted for qualitative
comparison. Curve amplitude did not differ appreciably between conditions
(Hand-Near = 9.84, Hand-Away = 9.66). There was, however, a qualitative
sharpening of tuning which showed an almost 20% increase in the Near-Hand
condition (0.429) over that in the Hand-Away (0.359) condition.
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nearby task-irrelevant visual stimuli, a result consistent with
attentional deployment near the hand. We hypothesize that this
reduction in response variability indicates feedback from pari-
etal areas involved in the fronto-parietal motor network, pro-
prioception and/or encoding of peripersonal space. These
hand-specific tuning properties may be functionally advanta-
geous because sharpened orientation tuning would allow for
more accurate grasping of nearby objects.

Proposed Neural Mechanism

Prior studies of spatial attention (McAdams and Maunsell
1999; McAdams and Reid 2005; Seidemann and Newsome
1999) have shown that visual neurons undergo gain modulation
when attended. However, the results of the present study on
hand attention do not show gain modulation. In the main
population (without biorientation cells), while the preferred
response significantly increased in the Hand-Near condition,
the orthogonal response significantly decreased. This was also
evident in the population tuning curves (Fig. 7A). Thus hand
attention sharpened orientation selectivity instead of increasing
the gain of the responses across all orientations. Similar effects
on direction selectivity have been found in area middle tem-
poral neurons with feature-based attention (Treue and Marti-
nez-Trujillo 1999). But feature-based attention is dependent on
congruency between the attended feature, in this case the
vertically oriented touch bar and hand, and the preferred
orientation of the cell. Instead, we found no relationship
between the orientation of the touch bar and the orientation of
the visual stimulus within the RF. Therefore, the effects of the
hand on visual processing were not driven by feature-based
attention either.

A third potential mechanism is based on suppressive sur-
rounds. When a preferred stimulus is presented in the RF and
a matching stimulus is presented in the surround, that neuronal
response is suppressed by the stimulus in the surround (Aka-
saki et al. 2002; DeAngelis et al. 1994; Li and Li 1994; Walker
et al. 1999, 2000). This surround suppression is thought to be
driven by feedforward and horizontal connections. Addition-
ally, a far surround dependent on feedback from extrastriate
areas has been described in areas V1 and V2 (e.g., Shushruth
et al. 2009). In V1, orientation tuning can be enhanced when a
large oriented stimulus covers a cell’s classical RF and its far
surround (Chen et al. 2005; Okamoto et al. 2009; Orban et al.
1979; Xing et al. 2005). While the hand and touch bar were
placed outside the near surround, it is possible they fell within
the far surround. However, it is unlikely that the sharpened
orientation tuning seen in the Hand-Near condition in the
current experiment is due to surround suppression. Surround
effects are dependent on the similarity between the stimulus in
the surround and the preferred orientation of the cell, but the
results of our regression analysis showed no such relationship.

Orientation tuning improved in the Hand-Near over the
Hand-Away condition, but this effect was not subserved by
spatial attention (gain modulation), feature-based attention, or
surround suppression. Therefore, near-hand attention is depen-
dent on a novel mechanism wherein general orientation selec-
tivity is enhanced in the space near the hand. The mechanism
operates by enhancing the preferred responses while inhibiting
the nonpreferred, which results in sharper tuning.
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Proposed Neural Circuitry

As hand-related visual enhancement differs in effect from
current models of spatial and feature-based attention, it would
need to be served by separate neural circuitry. It has been
proposed (Rizzolatti et al. 1987) and demonstrated (Moore and
Fallah 2001, 2004; Moore et al. 2003) that recurrent feedback
from the oculomotor system modulates visual attention and
early visual responses. Reductions in neuronal variability due
to movement preparation have been shown to occur in areas
ventral premotor (Churchland et al. 2010) and FEF (Purcell et
al. 2012). The reduction in response variability found in FEF
coincides with reductions in response variability in area V4
prior to a saccade (Steinmetz and Moore 2010). Based on these
studies, and given that behavioral studies have shown visual
enhancement with both sustained and active arm movements
(Abrams et al. 2008; Bekkering and Neggers 2002; Brown et
al. 2008; Craighero et al. 1999; Deubel et al. 1998; di Pel-
legrino and Frassinetti 2000; Fagioli et al. 2007; Festman et al.
2013; Hannus et al. 2005; Langerak et al. 2013; Reed et al.
2006; Schendel and Robertson 2004; Symes et al. 2008), we
hypothesize that reductions in V2 neuronal variability in the
current study could also reflect feedback from fronto-parietal
reaching and grasping networks that would influence subse-
quent feedforward orientation processing in a recurrent net-
work. In fact, a recent study (Gutteling et al. 2013) showed that
temporary inactivation of the anterior intraparietal sulcus (a
parietal region associated with grasping movements) using
transcranial magnetic stimulation eliminated an increased sen-
sitivity to orientation seen when a grasping vs. a pointing
movement was planned.

Areas in posterior parietal cortex both receive visual input to
guide actions (sensorimotor integration) as well as providing
feedback to extrastriate visual areas (Borra et al. 2008; Pas-
sarelli et al. 2011; Prime et al. 2008; Rizzolatti and Matelli
2003). For example, neurons in the anterior intraparietal area
are associated with grasping movements and exhibit selectivity
for the type, shape, size and orientation of objects that are to be
grasped (Monaco et al. 2014; Murata et al. 2000). The inferior
parietal lobule, which includes the anterior intraparietal area,
also has feedback connections with extrastriate visual areas
(Rizzolatti and Matelli 2003) that are thought to be crucial for
tactile object recognition. Additionally, area V6A neurons are
selective for the orientation of the hand (Fattori et al. 2009), are
involved in grasping (Fattori et al. 2010), and have direct
connections with area V2 (Passarelli et al. 2011). Therefore,
feedback from parietal areas involved with control of the hand
should be able to provide the signal that improves orientation
selectivity in early visual processing.

These parietal areas receive visual, proprioceptive and motor
efference information that could be used to guide (Kalaska
1988; Vesia et al. 2010) the spatial focus for reach-related
visual enhancement. First of all, motor efference signals from
active motor circuitry, such as motor and premotor cortexes,
encode the end point of a reach. Second, proprioceptive pro-
cessing in somatosensory cortex uses information from the
joints, tendons and muscles to determine the location of the
arm in space. Third, the visual system encodes the position of
a visible arm. For example, vision of a fake arm affects neurons
in area 5 that encode the position of the arm (Graziano et al.
2000). Thus area 5 encodes arm position by both vision and
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proprioception. It is possible that any of these sources could
provide the spatial information necessary to guide hand-related
attention as the brain regions involved in each are all integrated
into the parietal portion of the reaching and grasping network
(Buneo and Andersen 2006, 2012; Grea et al. 2002; Pisella et
al. 2000). It would be through this integration that reciprocal
connections from the parietal areas in the reaching and grasp-
ing network may drive hand-related attention. The broader
spatial resolution of the motor system would be ideal to
improve visual processing of the workspace near the hands,
including nearby task-irrelevant stimuli and potential reach
targets. In the present study, the arm is visible and the reach is
sustained, meaning that visual, proprioceptive and motor ef-
ference information is all available. To determine the relative
strength of each of these factors in deploying near-hand atten-
tion, future studies will need to be conducted with an occluded
arm to isolate proprioception from vision of the hand, a fake
arm to isolate the contribution of visual information, and with
passive arm placement vs. active reaching to disambiguate
motor efference feedback.

Other investigations also show that planned hand move-
ments improve visual processing (Craighero et al. 1999; Fa-
gioli et al. 2007; Symes et al. 2008). Specifically, orientation
selection was improved when participants were to grasp the
visual target (oriented bars) as opposed to when they were to
point to the target (Bekkering and Neggers 2002; Gutteling et
al. 2011; Hannus et al. 2005). These studies suggest a link
between maintaining the plan for hand movement and altered
visual processing near the endpoint of the movement. Such a
mechanism parallels motor plans in the oculomotor system,
deploying attention to the endpoint of the planned saccade
(Moore and Fallah 2001, 2004) and enhancing visual responses
in area V4 (Moore and Armstrong 2003). Having separate
parallel effector-based mechanisms for deploying spatial atten-
tion has the advantage that the effectors can more easily be
decoupled for movement. That is, we can grab an object while
looking elsewhere. In fact, the parietal occipital junction has
been implicated in reaching to a peripheral target (Prado et al.
2005), and damage to the posterior parietal cortex results in
optic ataxia, an inability to accurately reach to peripheral
targets (Carey et al. 1997; Jackson et al. 2005; Milner and
Goodale 1995). Thus posterior parietal cortex has separate
representations for the spatial locations of gaze and reach
targets (Jackson et al. 2009). These parallel effector-based
systems could not only maintain separate target locations, but
may also provide the signals to improve visual processing of
each target.

Note that the full range of the near-hand effect has not yet
been determined. The spatial extent of these parietal feedback
connections would likely be similar to the spatial extent of the
far surround in area V2 (Shushruth et al. 2009), which is also
dependent on feedback from extrastriate areas. The spatial
extent of the hand effect on orientation selectivity found in this
study varied between 8.3 and 14.9 dva, based on the spacing
between the hand and the RF borders and the size of the RFs
themselves. Alternatively, feedback from parietal cortex may
not be spatially limited, but instead extend throughout the
ipsilateral visual field. Determining the spatial extent of the
near-hand effect may provide further insight into the underly-
ing circuitry.

A NEARBY HAND IMPROVES V2 ORIENTATION SELECTIVITY

Oculomotor-Driven Spatial Attention

Prior research and the present results suggest that improved
visual processing in near-hand space is due to attentional
prioritization of the space near the hand and propose a neural
mechanism based upon feedback from parietal areas involved
in visual guidance of hand movements. However, similar
results may have been found as a result of oculomotor-driven
spatial attention. That is not likely due to the following factors.
First of all, the stimulus in the RF is task-irrelevant: there is no
need for the animals to attend to the oriented rectangle as they
make no responses or judgments based upon it. Spatial atten-
tion may have been allocated to the touch bar for the animals
to make accurate reaches in their visual periphery. However,
the orientation stimuli only appear after the touch bar has been
grasped. As there was no other location or stimulus requiring
attention, oculomotor-driven attention may have been allocated
to one of these locations during the task. If the animals had
learned to attend to the oriented rectangle to judge the timing
of the reward, this attentional allocation would have occurred
whether the bar was grasped or not and there would be no
modulation between the Hand-Near and Hand-Away condi-
tions. If instead, oculomotor-driven spatial attention was allo-
cated to the touch bar when the hand grasped it, attention
would have been allocated away from the oriented stimulus
and the recorded neuronal RFs, which would result in lower
response rates and poorer orientation selectivity in the Hand-
Near vs. Hand-Away conditions, as seen in biased competition
(e.g., Desimone and Duncan 1995). Instead, we see increased
orientation selectivity when the hand was present, a result
opposite to any likely allocation of oculomotor-driven spatial
attention.

Attentional Control, Task Design, and Future Studies

Thus this experimental paradigm does not specifically con-
trol for the locus of attention beyond requiring gaze fixation.
An alternative would have been to use an attentional paradigm
such as spatial cueing (e.g., Posner 1980) that controls for
spatial attention by allocating attention toward and away from
a RF, independent of hand position. While this type of manip-
ulation is useful for determining whether the hand modifies
behavior above and beyond that of spatial attention, it would
also confound the effects of spatial and hand attention. In an
effort to avoid this, the current paradigm was developed to
specifically eliminate cues that would allocate spatial attention
to the RF stimuli. This allowed for investigating hand attention
without the confusion of spatial attention modulations also
being involved. So it must be noted that the results of hand
attention in this study cannot be directly related to spatial
attention. While previous studies in humans have suggested
that spatial cueing operates independently of hand attention in
speeded reaction time studies (Abrams et al. 2008; Reed et al.
2006), future studies will be needed to determine how they
interact on neurons in visual processing areas.

The experimental paradigm used in the present study also
sought to dissociate the eyes and the hand and thus did not have
the animal reach to the visual stimulus that was presented in the
neuronal RF. It is known that, when reaching, the eyes move to
the reach target prior to the hand arriving (Ballard et al. 1992;
Biguer et al. 1982; Fisk and Goodale 1985; Neggers and
Bekkering 2000, 2001, 2002; Prablanc et al. 1979). Since
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spatial attention is allocated to the target region of an oculo-
motor plan (Moore and Armstrong 2003; Moore and Fallah
2001, 2004; Miiller et al. 2005), even though the eye move-
ment output is inhibited (i.e., with continued fixation), the plan
to move the eyes, and thus the shifting of spatial attention,
would still occur if a reach was made to the stimulus in the RF.
This would again mean that, in the Hand-Near condition, the
results would be confounded with those of spatial attention. By
placing the touch bar outside of the RF, it ensures that, when
a reach occurs, spatial attention is not allocated to the experi-
mental visual stimulus (the oriented bar within the RF). A
limitation of this design is that only the effects of a maintained
reach have been determined. Since we suggest that improved
orientation selectivity near the hand would be useful in guiding
the hand for more accurate grasps, it would be important to
also determine the temporal aspects of near-hand attention that
unfold before and during an active reach to a target in the RF.
With the results of this study as a template, future studies could
investigate hand attention during a dynamic reach.

Summary and Conclusion

In conclusion, we find that, when a hand is nearby, neurons
in area V2 exhibit sharpened orientation selectivity and re-
duced response variability. It was not dependent on the rela-
tionship between the orientation of the touch bar and the
oriented rectangle, suggesting it was a general improvement in
orientation selectivity instead of feature-based attention or far
surrounds suppression. These factors are advantageous for
guiding subsequent or on-going hand movements. We propose
that parietal areas involved in grasping and encoding periper-
sonal space are likely involved in deploying near-hand atten-
tion, although future work is necessary to support this hypoth-
esis.
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