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Abstract

W Our brain’s ability to flexibly control the communication
between the eyes and the hand allows for our successful interac-
tion with the objects located within our environment. This flexi-
bility has been observed in the pattern of neural responses within
key regions of the frontoparietal reach network. More specifically,
our group has shown how single-unit and oscillatory activity with-
in the dorsal premotor cortex (PMd) and the superior parietal
lobule (SPL) change contingent on the level of visuomotor com-
patibility between the eyes and hand. Reaches that involve a cou-
pling between the eyes and hand toward a common spatial target
display a pattern of neural responses that differ from reaches that
require eye—hand decoupling. Although previous work examined
the altered spiking and oscillatory activity that occurs during
different types of eye—hand compatibilities, they did not address

INTRODUCTION

The brain’s ability to perform various types of visually
guided reaches enables our interactions with the objects
around us. This behavior is so critical that basic reaching
movements, in which the eyes and the hand move to-
ward a common goal, are not only innate but also natural
to produce. These types of standard or coupled reaches
are different from the nonstandard reaches (Wise, di
Pellegrino, & Boussaoud, 1996) that require a spatial de-
coupling between the action of the eyes and the hand
(e.g., tool use, remote device operation). Such de-
coupled reach skills develop over time with experience
because they require some form of training to learn the
necessary reach transformation (Sergio, Gorbet, Tippett,
Yan, & Neagu, 2009; Bo, Contreras-Vidal, Kagerer, &
Clark, 2006; Piaget, 1965), and can be compromised by
injury and neurodegeneration (Hawkins & Sergio, 2014;
Salek, Anderson, & Sergio, 2011; Tippett & Sergio, 2006;
Ghilardi et al., 1999).
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how each of these measures of neurological activity interacts with
one another. Thus, in an effort to fully characterize the relation-
ship between oscillatory and single-unit activity during different
types of eye—hand coordination, we measured the spike—field
coherence (SFC) within regions of macaque SPL and PMd. We
observed stronger SFC within PMdr and superficial regions of
SPL (areas 5/PEc) during decoupled reaches, whereas PMdc and
regions within SPL surrounding medial intrapareital sulcus had
stronger SFC during coupled reaches. These results were
supported by meta-analysis on human fMRI data. Our results
support the proposal of altered cortical control during complex
eye—hand coordination and highlight the necessity to account
for the different eye-hand compatibilities in motor control
research.

It is well established that the core network of brain
regions that support standard reaching includes the
dorsal premotor cortex (PMd) and superior parietal
lobule (SPL), highly interconnected regions that are part
of a parietofrontal reach network (Marconi et al., 2001;
Connolly, Goodale, Desouza, Menon, & Vilis, 2000;
Caminiti et al., 1999; Kalaska, Sergio, & Cisek, 1998;
Grafton, Fagg, Woods, & Arbib, 1996; Johnson, Ferraina,
Bianchi, & Caminiti, 1996). Although studies have shown
activity within PMd to be modulated by the relative posi-
tion between eye and hand, the intended reach move-
ment, wrist orientation, or hand direction (Pesaran,
Nelson, & Andersen, 2006; Andersen, Musallam, &
Pesaran, 2004; Raos, Umilta, Gallese, & Fogassi, 2004;
Cisek & Kalaska, 2002; Boussaoud, 2001; Boussaoud &
Wise, 1993), mounting evidence is growing in support
of separate roles for the rostral and caudal subdivisions
of PMd in visuomotor transformation (Sayegh, Hawkins,
Hoffman, & Sergio, 2013; Raos et al., 2004; Picard &
Strick, 2001). These results are strengthened by anatom-
ical studies that show the vastly separate connections that
PMdr and PMdc each have to frontal and parietal areas
(Tanne-Gariepy, Rouiller, & Boussaoud, 2002; Petrides
& Pandya, 1999; Rizzolatti, Luppino, & Matelli, 1998;
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Barbas & Pandya, 1987; Matelli, Camarda, Glickstein, &
Rizzolatti, 1986). Similarly, neural activity within SPL is
not homogenous, and each subregion of SPL has been
suggested to contribute to visually guided reaches in dis-
tinct ways (Vesia & Crawford, 2012; Breveglieri, Galletti,
Gamberini, Passarelli, & Fattori, 2006; Culham & Valyear,
2006; Prado et al., 2005; Caminiti, Ferraina, & Mayer,
1998; Colby, Duhamel, & Goldberg, 1996; Mountcastle,
Lynch, Georgopoulos, Sakata, & Acuna, 1975). Recent work
by our group and others support these region-specific
differences in the neural activity within the parietofrontal
reach network during the planning and execution of differ-
ent types of reaching behaviors (Granek & Sergio, 2013,
2015; Battaglia-Mayer et al., 2013; Granek, Gorbet, & Sergio,
2010; Gorbet & Sergio, 2009; Clavagnier, Prado, Kennedy, &
Perenin, 2007; Prado et al., 2005; Gorbet, Staines, & Sergio,
2004; Picard & Strick, 2001; Connolly et al., 2000; Perenin &
Vighetto, 1988). For example, although activity within
caudal PMd and SPL regions surrounding the medial
intrapareital sulcus (MIP) were enhanced during more
natural coupled reaches, rostral PMd and caudal SPL
showed enhanced activity for reaches that required eye—
hand decoupling (Sayegh et al., 2013, 2014; Hawkins,
Sayegh, Yan, Crawford, & Sergio, 2013). The overall con-
clusion from these studies is a separation by region of
the neural responses contingent on the level of visuo-
motor compatibility.

Various imaging (Granek et al., 2010; Clavagnier et al.,
2007; Prado et al., 2005; Gorbet et al., 2004; Connolly
et al., 2000), neurophysiological (Hawkins, Sayegh, Yan,
Crawford, & Sergio, 2013; Sayegh et al., 2013; Gail, Klaes,
& Westendorff, 2009), and ablation or patient studies
(Granek, Pisella, Blangero, Rossetti, & Sergio, 2012;
Blangero et al., 2007; Kurata & Hoffman, 1994; Perenin
& Vighetto, 1988; Halsband & Passingham, 1982) suggest
that the cortical activity of regions, such as PMdr, PMdc,
and SPL, are altered during decoupled eye—hand reaches.
They concluded that, although PMd, specifically PMdr,
has a stronger role in integrating a cognitive rule into
the motor plan (Sayegh et al., 2013; Picard & Strick,
2001; Kurata & Hoffman, 1994; Halsband & Passingham,
1982, 1985), caudal regions within SPL may have a stron-
ger role in the online updating and proprioceptive feed-
back required, principally during decoupled reach
execution (Battaglia-Mayer et al., 2013; Granek & Sergio,
2013; Hawkins et al., 2013; Granek et al., 2012; Pisella
et al., 2009; Blangero et al., 2007; Rossetti et al., 2005;
Grea et al., 2002). It remains unclear, however, how neu-
ral activity shifts to allow for flexible visuomotor control.
Although these studies support different neural circuits
for the different types of visuomotor behaviors, these
conclusions were made by examining the single unit or
the oscillatory activity individually. To fully quantify how
the brain flexibly controls different types of eye—hand
compatibility, the interaction between single-unit and
oscillatory activity (measured using local field potentials
[LFPs]) should be examined. Specifically, we need to
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address how relevant these previously observed neural
shifts are to the task at hand (Sayegh et al., 2013, 2014;
Hawkins et al., 2013). For instance, task-relevant oscilla-
tions would need to modify the spiking activity to allow
for the propagation of the task-relevant information to
postsynaptic targets.

Spike—Field coherence (SFC) can measure the commu-
nication between neuronal groups that are processing
task-related information and can give us an idea of how
the oscillations are influencing spiking activity (Roberts
et al., 2013; Vinck, Womelsdorf, Buffalo, Desimone, &
Fries, 2013; Turesson, Logothetis, & Hoffman, 2012;
Womelsdorf, Fries, Mitra, & Desimone, 2006; Fries,
2005). Regions exhibiting strong neuronal coherence
have a greater influence over the local population and
are therefore thought to promote the selection and trans-
mission of information required to integrate sensory in-
formation for motor performance (Womelsdorf & Fries,
2006; Fries, 2005). To this end, we sought to measure the
relationship between the spikes and LFPs within the sub-
regions of PMd and SPL to determine how the coordina-
tion of neural activity changed during coupled versus
decoupled reaches. Here, we demonstrate coherent
activity in these regions and importantly that it is affected
by the type of visuomotor mapping performed.

METHODS
Animals and Apparatus

The methods for this study have been extensively
described elsewhere (Hawkins et al., 2013; Sayegh
etal., 2013). Briefly, two rhesus monkeys (female Macaca
mulatia, both 5.2 kg) were trained to perform a visually
instructed, delayed reaching task in coupled and
decoupled conditions. All surgical and animal handling
procedures were in accordance with Canadian Council
on Animal Care guidelines on the use of laboratory ani-
mals and preapproved by the York University Animal Care
Committee. Each monkey was seated in front of a 38.1-cm
vertical screen with an additional 38.1-cm horizontal
touch-sensitive screen (Touch Controls Inc., San Diego,
CA) set in front of the animal (Figure 1). The horizontal
touch screen was designed to detect spatial displace-
ments as small as 3 mm using infrared beams at a sam-
pling rate of 100 Hz. Continuous tracking of the eye was
monitored using the ISCAN-ETL 200 Eye Tracking System
(ISCAN, Inc., Burlington, MA) at a sampling rate of 60 Hz.

Behavioral Task

The sequence of events is illustrated in Figure 1. Each
trial began with the appearance of a red circular target
(70 mm in diameter) at the center of the screen, which
the monkey was instructed to touch. An additional
smaller white circular target (40 mm in diameter; 5.7°
of visual angle) appeared on top of the red circle, which

Volume X, Number Y



Figure 1. Experimental setup
and hand trajectories for each
condition. At the start of each
trial, a red center target would
appear with a smaller white
target on top. The animal had to
touch and look at these targets.
After a variable delay, one of
eight equally spaced (45°, light THT
gray circles) peripheral targets E 500 msec
was presented on either a MT
touch-sensitive screen placed RT
over the animal’s lap (A) oron a
monitor positioned vertically Eac!ooxpsoo _—_
40 cm away from the animal’s @

frontal plane (B). Epochs: CHT
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MT = movement time;

THT = target hold time. The baseline epoch came from within the center hold time epoch. The animal’s head was fixed throughout the experiment.
(C) The mean reach trajectories for each monkey and condition are displayed. Black lines denote the mean movement trajectories, whereas
the asterisks denote trajectory segments that were significantly more variable (p < .05) when compared with the standard condition.

instructed the monkey to maintain eye fixation. After a
500-msec baseline period, one of eight equally spaced
green-colored peripheral targets appeared randomly
(70 mm in diameter, visual angle relative to fixation).
The peripheral target appeared five times at each loca-
tion for a total of 40 trials per condition. After a variable
instructed delay period (IDP; 2000 + 500 msec), the red
central target disappeared and the white target jumped
to the peripheral target. Following this target jump, the
animal moved their eyes and hand toward the peripheral
target. These reaching movements were made from the
middle of the center target to the middle of the periph-
eral target (roughly 80 mm). Once the eye and hand ar-
rived at the peripheral target, the monkey was required
to hold both the eye and the hand there for 500 msec.
The visual presentation of the task was identical across
conditions; however, during the eye-hand coupled con-
dition, visual presentation and the reaching movements
were both made on the horizontal touch-sensitive screen
(Figure 1A). In the eye-hand decoupled condition, visual
presentation of the task was on the vertical screen while
the animal’s limb movement remained on the horizontal
touch screen (Figure 1B). This allowed us to decouple
the spatial target of the eyes from that of the hand. To
prevent extrafoveal tracking of the hand, an opaque
screen was placed 100 mm over the animal’s arm to block
vision of the limb. To provide feedback on the current
position of the hand, a cross-hair representing the cur-
rent position of the finger on the touch screen was dis-
played on the vertical monitor (where the animal was
looking). The animals were trained to perform similar
movements during both conditions, and the biomechan-
ical features of the movements were recorded to confirm
this similarity (Hawkins et al., 2013; Sayegh et al., 2013).
For each condition, two epochs during the trial were con-
sidered. The delay epoch (IDP) comprised the 500 msec

baseline period and the first 2000 msec of the IDP. The
perimovement epoch (MOVE) comprised the 100 msec
before and first 500 msec after movement onset (8%
peak hand velocity). As presented below, the 500 msec
before movement onset were, on average, largely com-
posed of the RT period (see Results).

Gaze-only Control Condition

The monkeys also performed a gaze-only control task to
determine if the neural activity was affected solely by the
overall shift in gaze angle. This condition has been de-
scribed elsewhere (Hawkins et al., 2013; Sayegh et al,,
2013). Briefly, before the start of each condition, nine
white circles (40 mm in diameter; 5.7° of visual angle) ap-
peared one at a time in the same locations as the targets
that appeared during the experimental conditions (i.e.,
one central and eight peripheral). The monkey was in-
structed to fixate on each of these white circles while
maintaining both hands beside the horizontal touch
screen. The white circles appeared in each location three
times for a total of 27 fixation points for each plane. This
condition was used to determine if the oscillatory and
single-unit activity within each region examined was
affected solely by the overall shift in gaze angle that
occurred between conditions. We recorded gaze-only
data for each recording.

Neural Recordings

Monkeys were implanted with a recording cylinder under
standard aseptic surgical techniques (Hawkins et al., 2013;
Sayegh et al., 2013; Kalaska, Cohen, Hyde, & Prud’homme,
1989). The stereotaxic coordinates for chamber placement
can be seen in Figure 2. Placement over PMd (Monkey A;
Interaural A: 16 mm; L: 11 mm; Monkey B; Interaural A:
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Figure 2. Penetration and chamber location sites for Monkey A (A, C and E) and Monkey B (B, D and F). Black dots represent recordings within the
premotor cortex, and gray dots represent recordings within the superior parietal cortex. Larger dots indicate where recordings were obtained
on two occasions, and gray dotted line denotes division between penetration sites classified as rostral or caudal dorsal premotor. (C and D) MRI slices
at the level of the black vertical dotted line in A and B. (E and F) Enlarged section taken from the parietal chamber. White lines show depth
information; smaller line is 2.0 mm and larger line is 5 mm to show the regions within SPL that were being recorded from based on depth. AS =
arcuate sulcus; CS = central sulcus; IPS = intraparietal sulcus; PMdr = rostral region of the dorsal premotor cortex; PMdc = caudal region of dorsal

premotor cortex; MIP = medial intraparietal sulcus.

16 mm; L: 11 mm) and over SPL (Monkey A, Interaural;
A: —12.30 mm, L: 18.40 mm; Monkey B, Interaural; A:
—7.80 mm, L: 00.00 mm) were determined using
The Rhesus Monkey Brain in Stereotaxic Coordinates
(Paxinos, Huang, & Toga, 2000). Because of the location
of Monkey A’s premotor chamber and a posterior head
post, space limitations required the SPL chamber to be
positioned on a 25° angle to allow access to the desired
brain regions through deep electrode penetrations in the
medial-anterior quadrant of the chamber. Thus, although
the surface entry points are more rostral, the angle and
depth of the electrodes provided access to neurons from
within the anterior walls of the intraparietal sulcus and
parietal-occipital sulci. Thus, the entry points as seen in
Figure 2A and B will not give a true representation of the
final location. Figure 2C-F provides a better depiction
of the final location. A hydraulic multichannel driver
(MCM-4, FHC, Inc., Bowdoin, ME), in conjunction with a
multichannel processing system (MCP, Alpha-Omega Engi-
neering, Israel), provided simultaneous recording from up
to two penetration sites at a time. The penetrations were
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separated by 1-4 mm. This allowed us to examine the LFP
and single units collected at each electrode site. Neural
activity from each electrode was preamplified (5000 X)
band-pass filtered (1 Hz to 10 kHz) and split into lower
(LFP) and higher (single units) frequencies. Higher-
frequency signals were sampled at 12.5 kHz, and spikes
of single units were sorted using template matching
(Hawkins et al., 2013). The LFP (below 100 Hz) was
sampled at 390.6 Hz (Sayegh et al., 2013). Following
the completion of all experiments, anatomical brain images
of both animals were obtained using a 3-T Siemans
Magnetom Avento MRI scanner to verify chamber location
(T1-weighted anatomical images, field of view = 131 X
122.8 mm, repetition time = 2300 msec, echo time =
3.54 msec, flip angle = 9°).

Data Analyses
Behavioral Analyses

To confirm that the reaching movements were biome-
chanically similar between conditions, hand paths were

Volume X, Number Y



recorded and analyzed. The results of these analyses have
been extensively reported in previous papers using the
same data set (Sayegh et al., 2013, 2014; Hawkins et al.,
2013). In addition, to reinforce similar hand paths be-
tween conditions, movement alleys were included to en-
sure that reaches were directed along a fairly straight
trajectory (Figure 1). These alleys were set at £40 mm
from a straight line spanning from the central to the pe-
ripheral targets. If the cursor moved outside these alleys,
the trial would stop. Our comparisons confirm that the
kinematic and EMG features of the limb movement
between task conditions were not significantly different.

Gaze-only Control Analysis

As reported previously (Sayegh et al., 2013, 2014;
Hawkins et al., 2013), LFP and single-unit activity during
a gaze-only control condition. This was done in an effort
to determine if the overall shift in gaze angle, which
occurred between conditions, had an effect on the
differences in the neural activity observed between con-
ditions. To test the LFP activity, a subportion of the re-
cording sites from each region was tested. For each
site, the mean power (0-70 Hz) at each gaze location
was calculated from a 500-msec window while the animal
was fixating on the target. The mean power across all
nine target locations was then computed for each condi-
tion. Bootstrapping procedures was then used to deter-
mine if any condition-related differences occurred for
that site. This was repeated across all sites examined.
To test for differences in the single-unit activity across
the different gaze angles, a paired ¢ test was used to com-
pare firing rates. This was also computed for each chosen
site and compared across conditions.

Spike—Field Coberence

Only task-related single units were used for this analysis.
A cell was determined to be task-related if it displayed di-
rectional tuning during either the IDP or MOVE epoch.
Directional tuning was determined based on previously
described methods (Hawkins et al., 2013; Sayegh et al.,
2013; Kalaska, Caminiti, & Georgopoulos, 1983). All LFPs
that were collected simultaneously with a task-related sin-
gle unit were used for analysis. Task-related PMd record-
ings were assigned to rostral and caudal PMd subgroups
based on previously reported anatomical locations and
post hoc MRI verification relative to the genu of the arcu-
ate sulcus and can be seen in Figure 2A-D (Cisek &
Kalaska, 2005; Fujii, Mushiake, & Tanji, 2000; Barbas &
Pandya, 1987). Task-related SPL cells and LFPs were
grouped based on depth to separate superficial (gyrus,
depths < 2.5 mm past dura, defined based on average
gray matter thickness) from deep (sulcus, depths > 2.5 mm
past dura, generally 4-8 mm, i.e., deep enough to enter the
anterior wall of the intraparietal sulcus) recordings
(Figure 2E and F). Because of the location of our record-

ings, the superficial group is suggested to be recorded from
area 5/PEc, whereas the deeper recordings are suggested to
be from MIP regions. This is based on known anatomical
locations and verified post hoc with MRI (Figure 2C-F).

Open source Chronux script files (www.chronux.org)
were used in MATLAB (The Mathworks, Inc., Natick,
MA) to analyze the spectral data and to generate time—
frequency coherence plots for all spike—field pairs for
both conditions (Pesaran, Pezaris, Sahani, Mitra, &
Andersen, 2002; Jarvis & Mitra, 2001). SFC was deter-
mined using multitaper spectrum analysis (previously
described in Pesaran, Nelson, & Andersen, 2008; Pesaran
et al., 2002; Jarvis & Mitra, 2001), using a time-bandwidth
product of TW = 5 with K = 9 tapers and a 500-msec
window. The coherence was then transformed using
the assumption that when the coherence is zero, the
transformed coherence is distributed as a normal variate
with the variance equal to 1 (Pesaran et al., 2002; Jarvis &
Mitra, 2001). Target direction was collapsed so that co-
herence estimates represent the overall SFC for each
condition regardless of hand movement direction. The
population coherence was then determined, and task-
related differences were then determined using boot-
strapping procedures (Hawkins et al., 2013; Sayegh
etal., 2013). Because some spike—field pairs were recorded
on the same electrode, we compared the results obtained
from these pairs to spike—field pairs from different elec-
trodes. The same pattern of coherence results were ob-
served between groups, and thus, the population results
represent both groups. Lastly, the labels assigned to fre-
quency ranges are, to put it mildly, heterogeneous across
the nonhuman primate literature. To maintain consistency
with our previous work, we refer to activity with oscillations
in the 6-15 Hz range as alpha-band, 16-30 Hz as beta-band,
and 31-70 Hz as gamma-band. We recognize that some
studies refer to the lower end of our alpha-band as
belonging within the theta-band range.

Further, we were not able to calculate SFC measures
across the different regions examined. Because of techni-
cal constraints, we were not able to record simultaneously
from PMd and SPL. Although we feel that this is a limita-
tion of the study, the results we obtained from the local
SFC enriches and supports the understanding of how the
local processing within these regions change as a function
of eye-hand coupling.

Meta-analysis
Inclusion Criteria

The cell recording data presented here indicate that,
within the macaque brain, functional activity associated
with standard and nonstandard visuomotor transforma-
tions localizes to different but contiguous and overlap-
ping regions of the dorsal premotor and superior
parietal cortices. To examine whether or not the litera-
ture contains evidence of a similar spatial distribution
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of activity in the human brain, we performed a quantita-
tive meta-analysis of published imaging data. Studies that
were included in the meta-analysis used functional imag-
ing to examine brain activity associated with standard
and/or nonstandard visually guided arm movements. A
study was considered to have examined a standard visuo-
motor mapping when participants were required to initi-
ate spatially and temporally congruent eye and hand
movements to the same target location. Note that the
hand movement had to consist of a direct interaction
with the target. Nonstandard visuomotor mappings were

defined as any condition in which the eye and hand went
to spatially noncongruent target locations (e.g., joystick
use, eye and hand movements made in different direc-
tions, hand movement with eye fixation, etc.). Regions
activated by observed or imagined movements were
not included. Within each of the selected studies, an area
of reported activation was included in the meta-analysis if
it was within either the PMd or the SPL. The Talairach co-
ordinate boundaries of the PMd were defined according
to Mayka, Corcos, Leurgans, and Vaillancourt (2006). The
boundaries of the SPL were defined so that an area was

Table 1. The Studies Selected for Inclusion into the Coupled Reach Condition

Author, Year N () Task PMd Coordinates SPL Coordinates
Desmurget et al., 2001 7 Look and point task — —41 —23 62 —27 —54 59
look only task —24 —63 51
Filimon, Rieth, Sereno, & 16 Direct foveated reaching 8 —67 52
Cottrell, 2014 —29 —55 54
—-15-77 43
Hinkley, Nagarajan, Dalal, 8 Direct foveated reaching —39 —-257 —30 —60 65
g}oulglgisberg, & Disbrow, 25 —60 65
—35 —40 65
Gallivan, McLean, Smith, & 8 Direct foveated grasp — —28 —14 53
Culham, 2011 visual presentation 26 —14 51
Gorbet et al., 2004 10 Direct foveated hand —26 —17 54 27 —4159
;relgzgir:;nt > decoupled 33 —17 54
8354
20 =6 65
Gorbet & Sergio, 2007 20 Standard reaching — 35 —8 59 27 —42 60
central fixation
Granek, unpublished data 10 Direct foveated reach — —49 —17 43 —15 =56 42
central fixation —18 —60 35
-5 —69 31
Prado et al., 2005 12 Direct foveated reach — —38 =22 53 —30 —47 61
saccade task 36 —11 47 34 —48 61
Singhal, Monaco, Kaufman, & 11 Direct foveated reach —28 —13 55 —27 =55 45
Culham, 2015 23 —9 49 25 51 45
—25 —18 63 12 —73 43
24 —13 61 20 =70 36
3 —70 43
30 —51 56
6 —72 45
4 —060 52
3 —50 58
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Table 2. The Studies Selected for Inclusion into the Decoupled Reach Condition

Author, Year N () Task PMd Coordinates SPL Coordinates
Beurze, Toni, Pisella, & 14 Nonfoveal reaching —24 —13 58 —24 —52 58
Medendorp, 2010 25 —10 58 24 —51 58
—26 —13 63 —22 —063 49
21 =13 70 22 —64 49
Fabbri, Caramazza, & 14 Nonstandard plane —-21 -9 56 27 —45 46
Lingnau, 2010 change — baseline 20 —11 54 _19 —61 51
11 —64 47
Fabbri, Strnad, Caramazza, & 16 Instruct on screen, —33 =22 56 —17 =56 55
Lingnau, 2014 reaches to sphere on
chest no visual feedback
Filimon, Nelson, Hagler, & 16 Extra-foveal reach — —23 —=17 55 —26 —56 58
Sereno, 2007 baseline 33215 60 17 —60 57
—21 =6 60
20 —10 63
—-31 =261
Filimon, Nelson, Huang, & 20 Extra-foveal reach > -9 =54 60
Sereno, 2009 saccade only 11 —54 58
Gorbet et al., 2004 10 Decoupled reach > 1117 63 21 —44 62
direct foveated reach 38 15 41 20 —4 62
23 =503
Gorbet & Sergio, 2007 20 Decoupled reach — 2353 =50
central fixation 30 —45 60
26 —59 58
Grafton, Hazeltine, & Ivry, 1998 10 Conditional movement — —33 —3 48 —13 —63 49
(power and precision
movement)
Granek et al., 2010 10 Rotated reaching movement — -6 14 60 11 —68 41
central fixation 30 —6 67 9 5833
30 12 47 4 —062 31
—16 —52 38
—14 —60 39
Haaland, Elsinger, Mayer, 14 Sequence of button —24 =7 47 —26 —56 43
Durgerian, & Rao, 2004 presses, cue .op screen 26 —64 39
button not visible
Kertzman, Schwarz, Zeffiro, & 20 Extrafoveal reach —24 —12 60 —18 —60 56
Hallett, 1997
Prado et al., 2005 20 Extrafoveal reach — —34 —11 43 —32 —40 61
saccade task 26 14 63 ~16 —74 44
8 —363 —22 =52 66
30 —53 58
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Table 2. (continued)

Author, Year N (f) Task PMd Coordinates SPL Coordinates
Thoenissen, Zilles, & 6 Intention of a conditional —10 8 60
Toni, 2002 finger movement task
(go > no-go)
Toni et al., 2002 6 Conditional finger —26 —2 54 10 —74 46
movement task _48 4 40 —26 —56 62
—38 —14 56 36 —54 54
—26 —20 68 —30 —68 52
—14 8 70 —18 =70 52
—38 —14 64 —12 =58 70
—42 —8 54 —4 —74 48
—48 4 42 8 —74 48
44 —12 62 —26 —56 62
—30 —62 46
-8 —76 56
—18 —70 52
Tunik, Saleh, & Adamovich, 2013 12 Nonstandard finger —40 —20 68 —22 —54 54
—58 —18 42

included if it was within either Brodmann’s area 5 or 7 ac-
cording to the Talairach Daemon (Lancaster et al., 2000;
www.talairach.org). Tables 1 and 2 contain a list of studies
that were included in the meta-analysis. In total, 23 stud-
ies were included with 55 PMd foci and 72 SPL foci.

Activation Likelibood Estimation Analysis

An activation likelihood estimation (ALE) analysis was
used to determine the probabilistic distribution of activa-
tion and peak coordinates of activity within the PMd and
SPL across the selected studies (Laird et al., 2005;
Turkeltaub, Eden, Jones, & Zeffiro, 2002). The analysis
was performed using GingerALE 2.3 (Turkeltaub et al.,
2012; Eickhoff et al., 2009; https://brainmap.org/ale/).
This method of meta-analysis takes the number of partic-
ipants in a study into consideration by altering the Gauss-
ian function used to smooth each region included in the
analysis so that a larger number of subjects gives a region
more weight (Eickhoff et al., 2009). Foci were analyzed in
Talairach space. Foci originally reported in MNI space in
any of the included studies were converted to Talairach
space for the meta-analysis. ALE scores were calculated
separately for standard and nonstandard foci using false
discovery rate (FDR pN) correction for multiple compar-
isons with a threshold set to p < .01 and minimum
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cluster size set at 100 mm?. Resulting thresholded ALE
scores were contrasted to test for statistically significant
differences in spacial convergence. A conjunction image
was also created to show where the two data sets (i.e.,
standard and nonstandard foci) overlap. Visualization of
the results used Mango software (ric.uthscsa.edu/mango/
mango.html) with a Talairach template underlay (available
from https://brainmap.org/ale/).

RESULTS
Behavioral Results

As a first step, we analyzed the biomechanical features of
the reaches performed in each condition. This was to en-
sure that differences that occurred in the neural activity
between tasks were not a direct result from differences in
the reach profile. The results of these analyses have been
extensively reported previously (Sayegh et al., 2013,
2014; Hawkins et al., 2013). Briefly, when comparing
between conditions, we observed no significant differ-
ences in the variability of the reach trajectories (p >
.05), in the reach velocity (p > .05), in the RTs (coupled:
M = 537.9 msec, SEM = 12.82; decoupled: M =
522 msec, SEM = 9.89), or in the EMG data (p > .01).
Taken collectively, our comparisons confirm that the
kinematics and EMG features of the limb movement
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between conditions were not significantly different.
Therefore, any task-related difference observed within
this study can be interpreted as due to differences in
the processing of the motor behavior.

Gaze-only Control Results

As previously stated (Sayegh et al., 2013, 2014; Hawkins
et al., 2013), the overall shift in gaze angle was not a sole
contributor of the differences in neural activity between
conditions for each region examined. We observed no
significant difference in the neural activity (LFPs and sin-
gle units) when comparing between conditions during
the gaze-only control task (p > .05). Therefore, we can
interpret the task-related differences in the neural data as
being due to rule-processing rather than solely to a shift
in gaze angle.

Neural Results

To investigate the coordination between spiking activity
and LFP activity during visually guided reaching move-
ments, we recorded the activity of 207 spike—field pairs
(39 within PMdr, 30 within PMdc, 77 within PEc, and 61
within MIP). All spike—field pairs were used for the statis-
tical analyses for each region. SFC measures the relation-
ship of the spiking neurons to the LFP (Pesaran et al.,
2008; Womelsdorf & Fries, 2006), and thus, it is an appro-
priate measure to gain insight into the computations of
each of these region to different types of visually guiding
reaching movements. Overall significant SFC occurred
within the planning of visually guided reaching move-
ments (Figures 3 and 5). However, consistent with our
previous reports (Sayegh et al., 2013, 2014; Hawkins
et al., 2013), we saw region-specific differences in the
neural responses based on the type of reach being

PMdr
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Frequency (Hz)
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Figure 3. Example of SFC. (A) An example site from PMdr during IDP epoch and MOVE epochs for both conditions. (B) PEc example during
IDP epoch and MOVE epochs for both conditions. Results show a different pattern of coherence for each region examined. Results were aligned to
peripheral cue onset (during IDP epoch) and to movement onset (during MOVE epoch), represented by the black vertical line. Amplitude is

color coded.
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Figure 4. SFC across the population of PMdr and PEc sites. (A and B) Raw coherence plots during coupled (gray) and decoupled (black) conditions
during IDP epoch for PMdr (A) and PEc (B) regions. Top plots represent the average population coherence values across the frequencies
examined. Bottom plots represent the characteristics of the SFC across the population over time. (C and D) Raw coherence plots during MOVE
epoch for PMdr (C) and PEc (D) epochs. Top plots represent the average population coherence values across the frequencies examined.

Bottom plots show the characteristics of the SFC across the population over time. Asterisks denote significant difference between conditions

p < .05. Black horizontal bar shows analysis window bottom plots.

performed. More specifically, we observed an enhance-
ment in the SFC across the population of recordings
within PMdr and 5/PEc for decoupled when compared
with coupled reaches (Figures 3-5) whereas PMdc and
MIP displayed enhanced SFC during coupled reach con-
ditions (Figures 6-7).

Stronger SFC during Decoupled Reaches

PMdr and 5/PEc were regions that showed a consistent
enhancement in SFC when the reach condition required
a spatial decoupling between the final gaze and hand mo-
tion targets (Figure 3). The neural response within PMdr
displayed task-related SFC differences within the lower
(10 Hz) and higher (17-35 Hz) frequency range during
the planning of a decoupled reach (Figure 4A, top, p <
.05). When examining the time course of these differ-
ences, these task-related differences emerged roughly
100 msec after the peripheral cue onset (Figure 4A, bot-
tom, p < .05). Within 5/PEc, we observed a similar pat-
tern of results across the population (Figure 4B). A strong
SFC was observed within a lower (0-20 Hz) and slightly
higher range (25-38 Hz) for decoupled versus coupled
reach planning (Figure 4B, top, p < .05). These task-
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related coherence differences also emerged following
the cue onset. These differences occurred both early
(~1000 msec) and late (~1600 msec) within the planning
epoch (Figure 4B, bottom, p < .05).

As the trial progressed to the execution phase of the
movement, PMdr and 5/PEc remained as the two regions
that displayed the strongest SFC during decoupled versus
coupled reaches (Figure 3). Across the population, PMdr
demonstrated significantly greater SFC within the 5-40 Hz
range for decoupled when compared with coupled reach
execution (Figure 4C, top, p < .05). These taskrelated
coherence differences began during the late RT and
remained significantly different between conditions follow-
ing movement onset (Figure 4C, bottom, p < .05). Within
5/PEc, enhanced SFC occurred for decoupled reaches
within the 40-50 Hz range (Figure 4D, top, p < .05), emerg-
ing roughly 300 msec before the onset reach execution
(Figure 4D, bottom, p < .05).

In summary, decoupled reaches were associated with
enhanced synchrony within PMdr and 5/PEc relative to
reaches involving direct object interaction. PMdr and
PEc displayed strong alpha- and beta-band SFC beginning
shortly after the onset of the peripheral cue. By reach ex-
ecution, the task-related enhancements in SFC within
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PMdr and 5/PEc occurred in higher beta- and gamma-
bands. Taken collectively, these results suggest that PMdr
and 5/PEc preferentially process the visuomotor transfor-
mations necessary during decoupled eye-hand reaches.

Stronger SFC during Coupled Reaches

Contrary to the observations of PMdr and 5/PEc activity
described in the above section, SFC within PMdc and
MIP were significantly stronger during the performance
of a coupled reach when compared with a decoupled
reach (Figure 5). Across the population of recordings,
during coupled reach planning PMdc displayed stronger
SFC within the 5-20 Hz range than when compared with
decoupled reach planning (Figure 6A, top, p < .05).
When observing the time course of these differences,
they emerged roughly 2000 msec after the peripheral
cue was displayed (Figure 6A, bottom, p < .05).

Unlike PMdc, MIP showed no task-related SFC differ-
ences for coupled versus decoupled reach planning

(Figure 6B, p > .05). By reach execution, the previously
observed task-related differences within PMdc also disap-
peared (Figure 6C, top, p > .05). However, MIP displayed
a stronger SFC for coupled when compared with
decoupled reaches (Figure 6D, top, p < .05). More
specifically, stronger SFC was observed in MIP within
the 50-60 Hz range (Figure 6D, top, p < .05) occurring
shortly after the onset of the reaching movement
(Figure 6D, bottom, p < .05). Taken collectively, PMdc
and the MIP demonstrate enhanced synchrony for
coupled when compared with decoupled reaches. PMdc
demonstrated enhanced alpha and beta band SFC during
the planning of coupled reaches that resolved by move-
ment onset. MIP showed stronger gamma band syn-
chrony during the execution of coupled reaches. These
results suggest that, during the control of coupled reach,
there is enhanced local communication within PMdc and
MIP, supporting a stronger role of these regions in
coupled visuomotor transformations.
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Figure 5. Example of SFC. (A) PMdc example site during IDP epoch and MOVE epoch. (B) Example site from PEc during IDP epoch and
MOVE epochs. Results show a different pattern of coherence for each region examined. Results were aligned to peripheral cue onset (during IDP
epoch) and to movement onset (for MOVE epoch), represented by the black vertical line. Amplitude is color coded.
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Meta-analysis Results

ALE meta-analyses were performed to compare patterns
of functional activity associated with standard visuomotor
mappings versus nonstandard mappings. The results of

Right
z=57
B Standard > Nonstandard
' Nonstandard > Standard
B Qverlap

Figure 7. Results of ALE meta-analyses. Results are overlaid on an axial
slice from a Talairach anatomical template at z = 57. Orange regions
are significantly more likely to be active during coupled eye—hand
visuomotor mapping tasks relative to decoupled visuomotor mapping
tasks. Green regions are significantly more likely to be active during
decoupled tasks relative to coupled tasks. Blue regions represent areas
with significant amounts of overlap, indicating activity during both types
of mappings.
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the ALE analyses demonstrate that functional activity
evoked by decoupled eye-hand mappings relative to
coupled mappings are significantly more rostral/medial
in the left PMd and more caudal/medial bilaterally in
the SPL. However, conjunction meta-analyses demon-
strate that there is a significant region of overlap for
the two types of mappings in both the PMd and SPL
regions, suggesting a gradient of task-specific functional
activity in these areas. These findings are visualized in
Figure 7, and the Talairach coordinates of regions show-
ing significant differences between the two types of
visuomotor mappings are given in Table 3.

DISCUSSION

Decoupled visually guided reaches require additional
processing in a number of ways compared with coupled
reaching movements. First, decoupling the spatial target
of the eyes from the hand requires a greater cognitive
influence over the sensory to motor transformation. For
instance, a rule regarding the spatial transformation
obetween the eyes and the hand must be incorporated
into the upcoming reach plan. Second, because of the nat-
ural tendency for the action of the eyes and the hand to
move together (Terao, Andersson, Flanagan, & Johansson,
2002; Henriques, Klier, Smith, Lowy, & Crawford, 1998;
Sergio & Scott, 1998; Vercher, Magenes, Prablanc, &
Gauthier, 1994; Gauthier & Mussa Ivaldi, 1988), the com-
putations involved in decoupled reaching must account
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Table 3. Comparison of the Spatial Patterns of Functional
Activity during Standard and Non-standard Mappings

Brain Area Talairach Coordinates Size (mm’)
Standard > Non-standard

Left PMd —28, —14, 54 1397
Left SPL —28, —54, 56 501
Right SPL 28, —42, 60 657
Non-standard > Standard

Left PMd —-22, —10, 58 1819
Right PMd 24, —10, 62 1454
Left SPL —18, —58, 54 2783
Right SPL 28, —54, 58 802
Right SPL 12, —66, 44 105
Overlap

Left PMd —26, —14, 56 643
Left SPL —28, —54, 56 623
Right SPL 28, —46, 60 573

PMd = dorsal premotor cortex; SPL = superior parietal lobule.

for disengaging this linkage (Sergio et al., 2009; Murray,
Bussey, & Wise, 2000; Wise et al., 1996). Finally, incongru-
ent visual and sensory information will result in unreliable
visual signals regarding the position of the hand relative to
the target. Thus, hand position must be derived predomi-
nantly from proprioceptive feedback and efference copy
information (Buneo & Andersen, 2006; Engel, Flanders,
& Soechting, 2002; Rushworth, Nixon, & Passingham,
1997; Flanders, Helms-Tillery, & Soechting, 1992). This
extra processing is incorporated into the reach-related
signal for successful performance. Although PMd and
SPL are well-established players in reaching related
activity, the weight of these regions and, in particular,
their subregions will not be homogenous to the various
types of visuomotor transformation. For instance, PMdr is
strongly interconnected with the pFC (Tachibana, Nambu,
Hatanaka, Miyachi, & Takada, 2004; Lu, Preston, & Strick,
1994) and has been hypothesized to have a more cognitive
or high-order influence over reach-related activity,
specifically when a reach relies on a rule to dictate the
relationship between the eyes and the hand (Sayegh
et al., 2013; Abe & Hanakawa, 2009; Picard & Strick,
2001). On the contrary, PMdc is more directly connected
to the primary motor system (M1), preferentially coding
limb movement parameters (Cisek, Crammond, &
Kalaska, 2003; Alexander & Crutcher, 1990; Kurata, 1989)
primarily when arm movements are controlled by visual
or somatosensory information (Abe & Hanakawa, 2009;

Luppino, Rozzi, Calzavara, & Matelli, 2003). Similar
divisions are present within SPL. MIP is involved in the
planning and execution of goal-directed reaches (Colby,
1998) and its activity is thought to reflect the online
automatic corrections of coupled reaches (Clavagnier
et al., 2007; Prado et al., 2005), whereas area PEc houses
somatosensory cells, which are responsible for limb
monitoring and maintaining an updated relative position
of ones’ body (Breveglieri et al., 2006; Mountcastle et al.,
1975). Taken collectively, one can expect variability within
the neural activity across these PMd and SPL regions
contingent on the type of visuomotor transformation at
hand. This is indeed what we observed; depending on the
region examined, we observed changes to the spike—field
relationship that was influenced by the type of eye—hand
coordination performed. To our knowledge, we are the
first group to show these task-dependent changes in SFC.

The Spike-Field Relationship

The relationship of the spiking activity to the LFPs is an
important relationship to examine when trying to under-
stand how a region is selecting and transmitting informa-
tion required to integrate sensory information for motor
performance (Womelsdorf & Fries, 2006; Fries, 2005).
Oscillatory activity can produce fluctuations in the intra-
cellular potential of targeted postsynaptic neurons, gen-
erating temporal windows of communication between
these two assemblies (Ray, 2015; Buzsaki, Anastassiou,
& Koch, 2012; Bartos, Vida, & Jonas, 2007). Action poten-
tials that are coupled, at the opportune time, within this
window have a greater chance of eliciting downstream
targets (Womelsdorf et al., 2007).

The importance of this spike—field interaction was
evident when comparing our results across studies. For
instance, although previous work reported a significant
difference in alpha band activity within PMdr between
identical task conditions, no difference was observed in
the spiking activity (Sayegh et al., 2013). Recently, Gorbet
et al. (2016) used fMRI to examine human brain activity
associated with coupled versus decoupled reaches. Sur-
prisingly, they did not observe differences in the activa-
tion of many of the key reach-related regions when
contrasting between reach types (Gorbet & Sergio,
2016). Although this may seem surprising, these results
highlight the importance of considering local communi-
cation within a region and how it may change when try-
ing to understand how a region encodes different types
of behaviors. These findings suggest that a key factor for
the flexible processing within a region to account for
task-specific requirements is the timing of spiking activity
and not solely the spike rate for information processing
(Saalmann, Pigarev, & Vidyasagar, 2007; Womelsdorf &
Fries, 20006; Fries, 2005). The synchronization of activity,
specifically at different frequency bands, may be a reliable
way for a region to engage cortical circuits to coordinate
task-related processes (Wu, Wheeler, Staedtler, Munk, &
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Pipa, 2008). More specifically, this timing would be criti-
cal between reciprocally connected frontoparietal regions
because it would identify and select neuronal pools based
on the arrival of action potentials (Battaglia-Mayer,
Ferrari-Toniolo, & Visco-Comandini, 2015). These neuro-
nal pools could simultaneously represent various sensori-
motor representations of the reach signal, allowing for
flexible control and representation within the brain
(Battaglia-Mayer et al., 2015).

PMdr and 5/PEc Preferentially Process
Decoupled Reaches

Of the examined regions, PMdr and area 5/PEC consistently
showed enhanced SFC for decoupled when compared
with coupled reaches. More specifically, area 5/PEc and
PMdr both showed enhanced alpha-band SFC within the
planning of decoupled reaches. Alpha-band synchrony
has been observed to dominate during the active inhibition
of a not-to-be-applied rule (Buschman, Denovellis, Diogo,
Bullock, & Miller, 2012). During decoupled reach planning,
an inhibitory signal must be present to allow for the
dissociation between the eyes and the hand. Additional
research here, such as muscimol studies targeting PMdr,
would be an elegant way of examining the importance of
alpha band synchrony to decoupled reach planning.
Progressing from planning into movement, we ob-
served stronger beta-band SFC within both PMdr. SFC
within the beta band range has been shown to dominate
within the infragranular cortical layers where many feed-
back projections terminate, an arrangement indicative of
top—down control (Bastos et al., 2012; Bosman et al.,
2012; Spaak, Bonnefond, Maier, Leopold, & Jensen,
2012; Engel & Fries, 2010; Maier, Adams, Aura, &
Leopold, 2010). Importantly, beta-band activity is thought
to be involved in the high-order executive function of
rule selection within the pFC (Buschman et al., 2012).
PMdr and the dorsolateral pFC have been shown to be-
come functionally coupled when a motor behavior is
guided by a rule (Abe & Hanakawa, 2009; Luppino
et al., 2003; Murray et al., 2000), and thus, it is possible
that the strong synchronization of the spikes and LFPs at
the beta-band range reflects the integration of the spatial
rule into the motor plan. Furthermore, long-range beta-
band synchronization mediates top—down processing
(Buschman & Miller, 2007) between regions. The present
data support the notion that PMdr is communicating the
rule-updated motor plan to other reach-related regions.
During movement, the incongruent eye and hand sig-
nals require online processing in regions of SPL, such as
5/PEc, where proprioceptive feedback is integrated into
the ongoing motor command to monitor limb position
and update body position (Jackson et al., 2009; Buneo
& Andersen, 2006; Rushworth et al., 1997). Around the
time of movement onset, we observed strong gamma-
band synchronization between the spikes and LFPs with-
in area 5/PEc. Neuronal synchrony and coherence within
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the gamma-band range is observed within the superficial
and granular cortical layers of a region, indicative of
“bottom—-up” or feed-forward processing (Bastos et al.,
2012; Bosman et al., 2012; Maier et al., 2010). One possi-
bility is that this enhanced gamma SFC could represent
or provide the extra proprioceptive and efference copy
signals needed to perform a decoupled reach to SPL.
Similarly, the observed gamma-band synchrony within
PMdr could reflect online error correction during the
remapping of the relative position of the arm to the eyes
(Lee & van Donkelaar, 2006; Pesaran et al., 2006; Caminiti,
Johnson, Galli, Ferraina, & Burnod, 1991). It would be
worth exploring the idea that the early alpha and beta
signals within PMdr and 5/PEc reflect rule integration
and inhibition of eye-hand coupling. Similarly, by reach
onset the local computation could shift to reflect the
enhanced proprioceptive control needed during
decoupled reach execution.

PMdc and MIP Preferentially Process
Coupled Reaches

Contrary to our abovementioned results, we observed
stronger SFC for coupled reaches within PMdc and MIP.
This is not surprising when considering PMdc’s direct
connection to the primary motor cortex, coding limb
movement parameters when arm movements are con-
trolled by visual or somatosensory information (Gail
et al., 2009; Lee & van Donkelaar, 2006; Prado et al.,
2005; Picard & Strick, 2001). Similar observations were
made for regions in the medial intraparietal sulcus within
SPL (Colby, 1998), thought to have a more active role in
the online automatic corrections of coupled reaching
movements (Clavagnier et al., 2007; Prado et al., 2005).
For instance, we observed relatively greater SFC in MIP
within the gamma-band range during the coupled reach,
an action requiring little cognitive control. Because
gamma-band synchrony is indicative of bottom-up
processing (Bastos et al., 2012; Bosman et al., 2012; Maier
et al., 2010), the observed enhancements in gamma-band
SFC during coupled reaches could reflect the local
biomechanical computations required to perform a simple
reaching task.

By reach execution, the task-related difference ob-
served within PMdc during reach planning resolved. In
conjunction with the similarity in reach profiles between
conditions, this implies that PMdc is not affected by the
type of visuomotor transformation being executed. How-
ever, if this was true, then we would expect no difference
to occur in the planning of coupled versus decoupled
reaches, which was not the case. PMdc is affected by
the compatibility between the eyes and the hand with
less weight placed on PMdc for computing the necessary
visuomotor transformation during decoupled reaches.
Whether these regions are inhibited or the activity of re-
gions such as PMdr and PEc supersede them remains to
be determined. In recent support of our findings, Stetson
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and Andersen (2014) found that the SFC activity between
PMd and “PRR” (likely PMdc and MIP based on reported
recording locations) were anticorrelated during extra-
foveal reaching tasks, suggesting that communication be-
tween these regions was suppressed during this type of
reach (Stetson & Andersen, 2014). This suppression may
be necessary to allow for other reach regions, such as
PMdr and 5/PEc, to process the more complicated
transformation.

It is important to note that, despite the evidence of a
functional separation between PMdr, PMdc, and regions
of SPL (PEc versus MIP) in visuomotor control, each of
these regions were active for both types of tasks. Abe
et al. (2009) recently suggested that, depending on the
coupling of PMd to other regions, PMd can operate in a
top—down or bottom—up fashion (Abe & Hanakawa,
2009). We extend these conclusions and suggest that dur-
ing more natural coupled reaches all of these regions
may engage in bottom—up types of processing by re-
sponding to the visual and somatosensory inputs re-
ceived by the system. In fact, we previously observed
no major difference in the spectral profile between PMdr
and PMdc during coupled reaching (Sayegh et al., 2013).
However, when a rule is needed to guide behavior, the
communication of PMdr with dorsolateral pFC and re-
gions of SPL, such as PEC, may allow for such top—down
processing like rule integration. Future studies examining
the coupling between these regions during different
types of visuomotor compatibilities would be of interest.
A major disadvantage of this study was that no simulta-
neous recordings between PMd and SPL were recorded.
Thus, future work designed to address these questions
will need to obtain simultaneous recording between
these regions to fully characterize the communication dif-
ferences that may results from changing the coupling of
the eye to the hand.

Region-related Changes during Different Mappings
in Humans

Our work supports the idea of altered cortical control
during different types of visuomotor mappings and high-
lights the need to account for the decoupled nature of a
motor task when interpreting movement control re-
search. Our meta-analysis of fMRI findings provides evi-
dence of a similar functional topography in which there
is a delineation in the cortical activity of coupled versus
decoupled reaching in the human brain. Strikingly, hu-
man brain activity associated with decoupled reach
tended to occur within the rostral portion of PMd and
the superior-caudal portion of SPL. Activity associated
with coupled reaches was localized to the caudal portion
of PMd and regions within SPL surrounding mIPS. This
pattern of activity, parallel to our observations in nonhu-
man primates, not only supports our neurophysiological
studies but also helps to bridge the gap between animal
and human studies due to the strong relationship be-

tween LFPs and fMRI (Goense & Logothetis, 2008; Nir
et al., 2007). Our findings emphasize the importance of
accounting for the nature of eye—hand visuomotor map-
ping when interpreting movement control data.
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