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Batista AP, Santhanam G, Yu BM, Ryu SI, Afshar A, Shenoy KV.
Reference frames for reach planning in macaque dorsal premotor
cortex. J Neurophysiol 98: 966–983, 2007. First published June 20,
2007; doi:10.1152/jn.00421.2006. When a human or animal reaches
out to grasp an object, the brain rapidly computes a pattern of
muscular contractions that can acquire the target. This computation
involves a reference frame transformation because the target’s posi-
tion is initially available only in a visual reference frame, yet the
required control signal is a set of commands to the musculature. One
of the core brain areas involved in visually guided reaching is the
dorsal aspect of the premotor cortex (PMd). Using chronically im-
planted electrode arrays in two Rhesus monkeys, we studied the
contributions of PMd to the reference frame transformation for reach-
ing. PMd neurons are influenced by the locations of reach targets
relative to both the arm and the eyes. Some neurons encode reach
goals using limb-centered reference frames, whereas others employ
eye-centered reference fames. Some cells encode reach goals in a
reference frame best described by the combined position of the eyes
and hand. In addition to neurons like these where a reference frame
could be identified, PMd also contains cells that are influenced by both
the eye- and limb-centered locations of reach goals but for which a
distinct reference frame could not be determined. We propose two
interpretations for these neurons. First, they may encode reach goals
using a reference frame we did not investigate, such as intrinsic
reference frames. Second, they may not be adequately characterized
by any reference frame.

I N T R O D U C T I O N

When we reach out to grasp an object we see, our brain must
rapidly determine an appropriate pattern of muscular contrac-
tions that will bring the hand to the object. This computation is
conceptualized as a reference frame transformation from the
initial retinal representation of an object’s location to a pattern
of muscular contractions. Investigators attempt to determine
the reference frame employed by neurons involved in reaching
as a prerequisite to understanding how reference frames are
constructed, and how neural signals flow between them, to
enable reaching.

Reach-related neurons tend to exhibit spatial tuning: they are
more active before and during reaches to targets at some
locations than others. For an idealized neuron, its reference
frame is defined by the part of the body to which the region of
selectivity (termed a response field) is rigidly anchored. If that
body part moves, the neuron’s response field will move in
tandem with it; if other body parts move, the response field will
not be altered. For example, a hypothetical neuron with an

eye-centered reference frame will signal the location of an
object relative to the point of visual fixation: as the direction of
gaze changes, the neuron’s response field moves with it. If
other body parts move—the hand, for example—the spatial
tuning of such a neuron would not change.

Spatial coding in most cortical neurons is more complex
than this idealized case. For example, areas 7a and LIP in the
posterior parietal cortex exhibit gain fields: neurons encode
visual stimuli in eye-centered reference frames, but responses
are scaled by the position of the eyes in the head (Andersen et
al. 1985). Some neurons in area LIP (Stricanne et al. 1996) and
MST (Bradley et al. 1996) exhibit partial shifts: rather than
being rigidly attached to a body part, the region of spatial
selectivity of such a neuron moves only partway along with it.
Some neurons in parietal area VIP encode visual stimuli using
a reference frame that is rigidly attached to the eyes along one
dimension yet rigidly attached to the head along a perpendic-
ular dimension (Duhamel et al. 1997). In parietal area 5 (Buneo
et al. 2002) and in premotor cortex (Pesaran et al. 2006),
neurons have been identified that encode reach goals using a
reference frame defined by the combined position of two body
parts—the eyes and hand. Other deviations from the strict
definition of a reference frame are conceivable; it is even
conceptually possible that a neuron might exhibit no reference
frame—the location to which such a cell is most sensitive
might be influenced by the position of one or more body parts,
while bearing no consistent spatial relationship to any one or
combination of them.

The reference frame transformation for reaching is thought
to take place within a network of cortical areas between the
parietal and frontal lobes (reviewed in Boussaoud and Brem-
mer 1999; Caminiti et al. 1996; Kalaska et al. 1997). An
important node in this network is the dorsal aspect of the
premotor cortex (PMd). Numerous studies indicate that PMd is
involved in the planning and performance of visually guided
reaches. Individual neurons are active during the delay period
preceding an instructed movement (Weinrich and Wise 1982).
Neurons are tuned for the direction (Caminiti et al. 1991; Fu et
al. 1993) and distance (Messier and Kalaska 2000) of reaches.
Inactivation of PMd causes deficits in reaching, in particular
for complex stimulus-response associations (Kurata and Hoff-
man 1994; Moll and Kuypers 1977). Microstimulation in PMd
delays reaches (Churchland and Shenoy 2007). Parameters
related to the details of the movement, for example, the
orientation of the arm (Scott and Kalaska 1997) and the speed
of the reach (Churchland et al. 2006b), are encoded in PMd.
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Neural activity during the delay period preceding a reach is
predictive of the movement’s reaction time (Churchland et al.
2006c; Riehle and Requin 1993) and peak speed (Churchland
et al. 2006a).

PMd receives anatomical input from the posterior parietal
cortex, including some of the areas that comprise the parietal
reach region (Caminiti et al. 1996; Matelli et al. 1998; Tanne-
Gariepy et al. 2002). The parietal reach region is known to
encode reach goals in eye-centered coordinates (Batista et al.
1999; Buneo et al. 2002; Cisek and Kalaska 2002; Pesaran et
al. 2006). In turn, PMd projects to the spinal cord (Dum and
Strick 1991; Galea and Darian-Smith 1994) and to the primary
motor cortex (Matsumura and Kubota 1979). Because PMd
receives at least some of its information about reach targets in
eye-centered coordinates and because it sends outputs almost
directly to neurons that control the arm muscles, it is important
to establish the reference frame(s) in which PMd encodes reach
goals.

Evidence for a variety of reference frames in PMd has been
reported. In an early investigation of the reference frames used
by PMd, Caminiti et al. (1991) reported that PMd neurons
encode reach goals relative to the shoulder. Since then, studies
indicate that eye position modulates PMd neurons (Boussaoud
et al. 1998), although more recent evidence supports only a
modest effect eye position (Cisek and Kalaska 2002). Recently,
the presence of a reference frame that encodes reach targets
relative to the combined position of the hand and eyes was
reported (Pesaran et al. 2006). Outside PMd, in other cortical
areas related to reaching, other reference frames have been
observed. Coding of reach targets relative to the hand has been
reported in primary motor cortex (Georgopoulos et al. 1986).
Coding of visual stimuli relative to tactile receptive fields on
the arm has been reported in the ventral aspect of the premotor
cortex (Graziano and Gross 1998; Graziano et al. 1994,
1997b). Each of the aforementioned reference frames is extrin-
sic; that is, visual stimuli are encoded as locations in external
space, relative to a particular body part. There is also evidence
that regions involved in motor control use intrinsic reference
frames; for example, some neurons encode the joint rotations
(Scott et al. 1997) or muscular contractions (Kakei et al. 1999;
Kalaska et al. 1989) required to perform movements.

We developed an experimental paradigm that could examine
PMd responses in several different extrinsic reference frames.
Reach goals were found to be encoded in a variety of reference
frames by different neurons within PMd, including limb-
centered, eye-centered, and reference frames defined by the

relative position of the hand and eyes. We also observed many
neurons that could not be characterized by any of the extrinsic
reference frames we tested. Two possibilities are proposed for
the spatial tuning of these neurons. First, they might encode
reaches using some reference frame we did not test, including
intrinsic reference frames. Second, these neurons may not
employ any reference frame. That is, because the response field
shape is affected by both the eye- and limb-centered position of
the targets but moves in tandem with neither of them (sepa-
rately or in combination), these cells may not be usefully
characterized by any reference frame.

Brief reports of this work have appeared (Batista et al. 2004,
2005).

M E T H O D S

Animals

Two adult male Rhesus macaques (Macaca mulatta) were em-
ployed in this study. Monkey G weighed 8 kg, and monkey H weighed
15 kg. All protocols were approved by Stanford University’s Institu-
tional Animal Care and Use Committee. Their training histories were
highly similar as both animals had participated in the same experi-
ments prior to this study (Santhanam et al. 2006; Yu et al. 2007).
Experiments were performed 4–5 mo after array implantation for
monkey G and 7–9 mo after implantation for monkey H.

Surgical preparation

Recordings were performed with a chronically implanted 10 � 10
array of electrodes (Cyberkinetics Neurotechnology Systems, Foxbor-
ough, MA) surgically implanted in PMd (Fig. 1) under aseptic
conditions. Electrode spacing was 0.4 mm. Electrodes were 1.0 mm
long, and array impaction was designed to target layer 5. The array
was positioned to coincide with the region of PMd that projects to the
spinal cord, and to the primary motor cortex (Dum and Strick 1991,
2005; He et al. 1993). Experimental sessions began no sooner than 1
wk after surgery.

Functional confirmation of array placement in PMd

In monkey G, electrode placement in PMd was verified by micro-
stimulation �1 yr after these experiments were conducted. (At that
time, neurons were still observed on several channels, indicating that
the array was still embedded in cortex.) Movements that included
rotations at any or all of the shoulder, elbow, and wrist joints were
evoked with thresholds between 40 and 240 �A (200–333 Hz, 20
pulses) by microstimulation at nearly all electrodes.

4.2 mm 

4.2 mm 

Monkey G Monkey H 

Ce.S. 

S.Pc.D. 

Sp.A.S. 

Ce.S. 
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Sp.A.S. 

A.S. 

A.S. 

Anterior Posterior 
Posterior 

A B FIG. 1. Placement of electrode arrays. In-
traoperative photographs of arrays implanted
in dorsal aspect of the premotor cortex
(PMd) with sulci indicated. Sulcal land-
marks were drawn by hand on magnified,
full-color, full-contrast versions of these
photographs, then pasted in register on these
images. Ce.S., central sulcus; S. Pc. D, su-
perior precentral dimple; Sp. A. S., spur of
the arcuate sulcus; A. S., arcuate sulcus.
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Apparatus for behavioral monitoring

Monkeys sat in a primate chair (Crist Instrument, Hagerstown, MD)
that allowed nearly unrestricted movement of the arm contralateral to
the electrode array (left arm for monkey G, right arm for monkey H)
but comfortably restrained the ipsilateral arm. The head was braced
via a surgically implanted head holder. Experimental control and data
collection were under computer control with TEMPO (Reflective
Computing, St. Louis, MO). Animals faced a large vertically oriented
flat screen (90 cm horizontal � 60 cm vertical, 27 cm from the eyes,
centered vertically at approximately shoulder height, and horizontally
on the midpoint of the eyes) onto which visual stimuli were rear-
projected using a CRT projector (Barco 1208s, Logan, UT). The
animal’s hand position was monitored in three dimensions using the
Polaris system (NDI, Waterloo, Ontario, Canada). A small reflective
marker was taped to the distal digit of the third finger, and its position
(to nominal submillimeter resolution) was monitored in the infrared at
60 sample/s. Eye position was monitored (�1° resolution, 240 sam-
ple/s) using an infrared camera that tracked the pupil (Iscan, Burling-
ton, MA). Monkeys were rewarded for correct task performance with
water or juice.

To measure the exact timing of the appearance of visual stimuli, we
used a custom-built photodetector. Whenever a new visual stimulus
appeared, in the same video frame, a small spot was presented out of
the monkey’s view. That flash was detected by the photodetector, and
the time of its occurrence was stored at 1-ms resolution. In off-line
data analysis, these photodetector times were used for aligning the
data.

During experiments, the animal worked alone in a sound-attenuat-
ing chamber. The room was completely dark except for the visual
stimuli. Use of a CRT projector ensured there was no background
illumination.

Behavioral task

Monkeys were trained to perform a reference frame task (Fig. 2A).
Each trial began with the appearance of a yellow square (20 mm on a
side), termed the touch point (TP). After the monkey touched the TP
(within a tolerance window extending 7.5 mm beyond the edges of the
touch point on each sides), the fixation point (FP, a purple cross 8 mm
across) appeared. Four hundred milliseconds after the monkey di-
rected his gaze at the FP, the reach target (a second yellow square 10
mm on a side) appeared. The TP and FP remained illuminated,
requiring the monkey to maintain his hand and eye posture, for an
additional 750- or 950-ms delay period. (For monkey G, a brief 250
ms delay period was presented on 20% of the trials, as a “catch” trial,
to encourage him to plan throughout the delay period. Data from these
catch trials were not analyzed. For monkey H, catch trials were used
during training but not during experiments.) At the end of the delay
period, the FP and TP were extinguished, and the peripheral target
was enlarged to 20 mm on a side as the “go” signal. The monkey then
reached to the target. Ninety-eight percent of reaches were initiated
within 400 ms; those that took longer were excluded from analysis
because the monkey may have not planned the reach until after the go
cue (Churchland et al. 2006c describes the relationship between PMd
delay-period activity and reaction time.) Eye position was uncon-
strained after the go signal, so the monkey was free to look at the
target as he reached toward it. Once the target was held for 300 ms,
the monkey was rewarded. An audible tone accompanied the delivery
of the juice reward.

We manipulated the location of the touch point, fixation point, and
target on each trial (Fig. 2B). The task was designed to independently
assess the effects on neural activity of target position relative to the
eyes and the hand (Batista et al. 1999; Buneo et al. 2002; Cohen and
Andersen 2000). Four different start configurations (that is, initial
hand and eye positions) were used. The four start configurations

grouped into two pairs: In one pair (start configurations iii and iv, Fig.
2B, right), the eye position is the same, whereas the initial hand
position is different. Thus a given target is at the same location in
eye-centered coordinates between the two conditions but is at differ-
ent locations relative to the hand and arm. In the other pair of start
configurations (start configurations i and ii, Fig. 2B, left), the initial
hand position is the same but the fixation point differs. This manip-
ulation altered the locations of the targets in eye-centered coordinates
while maintaining them in limb-centered coordinates. For each of the
four start configurations, reaches were instructed to targets at the same
locations (relative to the screen). All targets were presented above the
initial eye and hand position; during pilot experiments, when the
targets were presented below the level of the eyes and hand, some
were obscured by the monkey’s arm, and he minutely adjusted his arm
posture to observe them. These minute movements may have been
sufficient to drive PMd activity, so we selected the task geometry to
eliminate the need for them.

Target locations and start positions were chosen prior to recording
to span the limits of the range over which the monkey could consis-
tently reach. Thus slightly different geometries were used for the two
animals. The workspaces used for monkey G were either 10 targets
arrayed in two rows spanning 24 � 13.5 cm (51 � 29° of visual
angle), positioned 2 cm (4°) above the row of start configurations (Fig.
2C, left) or 28 targets arrayed in four rows spanning 27 � 13.5 (57 �
29°). For monkey H, the workspace was ten targets arranged in two
rows spanning 28 � 8 cm (59 � 17°) and 4 cm (8°) above the row of
start configurations (Fig. 2C, right). A second difference in the
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FIG. 2. Reference frame task. A: timeline. From left to right, touch point
and fixation point appear and are acquired by the monkey. Reach target
appears at a peripheral location. The monkey withholds his movement
through a delay period. When the touch and fixation points are extin-
guished, the monkey reaches to the target to obtain his reward. B: geom-
etry. Each panel shows 1 of the 4 possible start configurations (i–iv) with
10 possible targets. C: typical stimulus layouts for each animal. In the
figure, the 4 start configurations are superimposed, hence overlapping � and ■

in the bottom row.
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