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Elsley JK, Nagy B, Cushing SL, Corneil BD. Widespread presac-
cadic recruitment of neck muscles by stimulation of the primate
frontal eye fields. J Neurophysiol 98: 1333–1354, 2007. First pub-
lished July 11, 2007; doi:10.1152/jn.00386.2007. We studied the role
of the primate frontal eye fields (FEFs) in eye-head gaze shifts by
recording EMG activity from multiple dorsal neck muscles after
electrical stimulation of a broad distribution of sites throughout FEF.
We assess our results in light of four mechanisms forwarded to
account for why eye and head movements follow FEF stimulation.
Two mechanisms propose that movements are generated indirectly by
FEF stimulation in response to either a percept or an eccentric orbital
position. Two other mechanisms propose that movements are evoked
directly through the issuance of either a gaze command or separate
eye and head commands. FEF stimulation evoked short-latency (�20
ms) neck EMG responses from the vast majority (�95%) of stimu-
lation sites. Evoked responses usually preceded the gaze shift by �20
ms, even for small gaze shifts (�10°) not typically associated with
head motion. Evoked responses began earlier and attained a larger
magnitude when accompanied by larger gaze shifts and took a form
consistent with the recruitment of the appropriately directed head
movements to accompany the evoked gaze shift. We also observed
robust neck EMG even when stimulation failed to evoke a gaze shift
and occasionally observed head-only movements when the head was
unrestrained. These results resemble neck EMG evoked from the
superior colliculus (SC). Neck EMG response latencies approached
the minimal conduction time to the motor periphery and hence are not
consistent with either of the indirect mechanisms. The widespread
nature of the cephalomotor drive from the FEF, the scaling of neck
EMG responses with gaze magnitude, and the consistently earlier
generation of the EMG versus gaze response are difficult to reconcile
with suggestions that separate FEF channels encode eye and head
motion independently. The most parsimonious interpretation is that a
gaze command issued by the FEF is decomposed into eye and head
commands downstream of the SC. The relative timing of the neck
EMG and gaze shift responses, and the presence of neck EMG
responses on trials without gaze shifts, implies that head premotor
elements are not subjected to the same brain stem control mechanisms
governing gaze shifts.

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

The frontal eye fields (FEFs) are an integral part of the
saccadic network. The FEF integrates sensory, contextual, and
premotor inputs from parietal, prefrontal, and premotor corti-
ces and sends signals appropriate for saccade control to sub-
cortical structures such as the superior colliculus (SC) (for
review, see Lynch and Tian 2005; Schall 2002; Wurtz et al.

2001). The primate SC is thought to control the orientation of
the visual axis (gaze), regardless of the component movements
of the eyes and head (Freedman and Sparks 1997; Freedman et
al. 1996; Klier et al. 2001), raising the question of whether the
FEF controls gaze shifts in a similar manner.

To date, this question has not been adequately resolved.
Chronic lesions of the FEF produce a gaze strategy in which
the head plays an increased role (van der Steen et al. 1986), but
this strategy emerges after a substantial recovery period. Single
units correlated to either eye or head movements have been
reported (Bizzi and Schiller 1970; Guitton and Mandl 1978b),
but no study has dissociated the encoding of the eye component
versus the entire gaze shift. Stimulation studies have arrived at
surprisingly different conclusions, based in part on how much
the head either did or did not move during evoked gaze shifts.
Some studies concluded that the FEFs controls gaze shifts in a
manner similar to the SC (Guitton and Mandl 1978a; Knight
and Fuchs 2007; Tu and Keating 2000) but another concluded
that eye and head control is independent in the FEFs (Chen
2006).

There are a number of mechanisms by which FEF stimula-
tion could generate eye and head motion, two of which were
forwarded in Chen (2006). First, stimulation in the FEF may
activate separate channels that independently control eye and
head motion. Second, FEF stimulation may issue a gaze com-
mand to a single gaze controller that drives both eye and head
motion. If so, the dynamics of the gaze drive should be
reflected in the trajectory of head motion. Because Chen (2006)
observed evoked gaze shifts that consisted primarily of eye-
only movements that were temporally uncoupled from subse-
quent head motion, he concluded that the drive to the eyes and
head were driven by separate channels.

There are alternatives to the type of gaze control mechanism
considered by Chen (2006). Freedman et al. (1996) proposed a
mechanism wherein a gaze command issued by SC stimulation
is distributed to downstream controllers that separately drive
the eye and head, with each controller governed by separate
properties (e.g., gating elements and relative activation thresh-
olds). We will consider only this type of gaze control mecha-
nism in this manuscript, because it is consistent with a number
of models and observations (Corneil and Elsley 2005; Corneil
et al. 2002b, 2004, 2007; Galiana and Guitton 1992; Gandhi
and Sparks 2007; Goossens and Van Opstal 1997; Pélisson et
al. 2001; Phillips et al. 1995, 1999) and explains why every
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aspect of a gaze shift need not be reflected in the head
movement trajectory. For example, the persistence of head
motion for the duration of SC or FEF stimulation, regardless of
gaze shift cessation (Chen 2006; Corneil et al. 2002a,b; Freed-
man et al. 1996; Knight and Fuchs 2007), is equally consistent
with a separate channels mechanism and a gaze control mech-
anism, providing the head drive in the latter mechanism per-
sists for the duration of stimulation.

Both the separate channels and gaze control mechanisms
assume that FEF stimulation evokes movements causally
through efferent connections to the oculomotor brain stem. A
recent review (Chen and Tehovnik 2007) raised two additional
indirect mechanisms. One proposes that the generated move-
ments may be in response to a sensory percept evoked by FEF
stimulation, such as a phosphene. The FEF is interconnected
with sensory areas (Stanton et al. 1995), and FEF stimulation
can modulate processing in higher visual areas (Moore and
Armstrong 2003). A second mechanism suggests that the eye
movement is directly evoked by stimulation but that any
subsequent head movement limits orbital deviation and re-
centers the eyes in the orbit. Preliminary evidence suggests that
an area near the supplementary eye fields, rather than the FEFs,
may implement such a strategy (Chen and Walton 2005;
Sparks et al. 2001).

Thus the nature of head movements after FEF stimulation
remains unclear. Here, we combine FEF stimulation with the
recording of EMG activity from dorsal neck muscles in both
head-restrained and -unrestrained primates. Neck EMG record-
ings have provided insights into volitional movements (Corneil
et al. 2001, 2004) and movements evoked from the SC (Corneil
et al. 2002a,b, 2007). Neck EMGs originate upstream from
biomechanical complexities of head motion and provide a
precise assessment of the spatial (i.e., which muscles) and
temporal patterns of any cephalomotor command.

Such precise assessment provides an opportunity to test the
different mechanisms outlined above, because they predict
different patterns of evoked neck EMG. A separate channels
mechanism predicts evoked eye-only movements in the ab-
sence of evoked neck EMG (presuming the current would not
spread into adjacent “head” channels). Chen (2006) showed
that eye-only sites accounted for 75% of all FEF stimulation
sites. Accordingly, neck EMG should be evoked from the
minority of FEF stimulation sites. One would also predict a
lack of temporal coordination between the evoked gaze shift
and neck EMG, given the dissociated patterns of eye and head
motion reported by Chen (2006). In contrast, a gaze control
mechanism (with separate eye and head controllers down-
stream from the SC) predicts that evoked neck EMG should
resemble that evoked from the SC (Corneil et al. 2002a,b).
Hence, neck EMG evoked from the FEFs should precede
evoked gaze shifts (as in cats; Guitton and Mandl 1978a),
co-vary in magnitude with a wide variety of small, medium,
and large gaze shifts, persist for the duration of stimulation,
and be present when stimulation fails to evoke a gaze shift.
Finally, the percept and postural mechanisms both predict that
the neck EMG response latencies should exceed the minimal
conduction time for the polysynaptic pathway from the FEFs to
the neck muscle motoneurons; at the very least, neck EMG
responses should either follow or occur simultaneously with
evoked eye movements.

Portions of this manuscript have appeared in abstract form
(Elsley et al. 2006a,b).

M E T H O D S

Surgical and experimental procedures

Two male monkeys (Macaca mulatta, monkeys j and m), weighing
5.4–6.8 kg were used in these experiments. All training, surgical, and
experimental procedures were in accordance with the Canadian Coun-
cil on Animal Care policy on the use of laboratory animals and
approved by the Animal Use Subcommittee of the University of
Western Ontario Council on Animal Care. The monkeys’ weights
were monitored daily, and their health was under the close supervision
of the university veterinarians.

Each animal underwent two surgeries. In both surgeries, anesthesia
was induced with ketamine and a loading dose of propofol and
maintained with a drip infusion of propofol and midazolam. Heart
rate, blood pressure, respiratory rate, and body temperature were
monitored closely during the surgery. Antibiotics (cefazolin) were
administered pre- and postoperatively, and anti-inflammatories (meta-
cam) and analgesics (buprenorphine) were administered postopera-
tively. Animals were given �1 wk to recover from each surgery
before other experimental procedures began. The animals were trained
on a variety of behavioral tasks between the first and second surgery.

The goal of the first surgery was to prepare the animal for chronic
monitoring of gaze position and extracellular recording and micro-
stimulation within the FEFs. A head implant constructed from dental
acrylic was anchored to the skull via titanium screws. For access to the
left FEF, a recording cylinder (Crist Instruments) embedded in the
acrylic was positioned stereotactically through a 19-mm craniotomy
over the left frontal lobe (interaural coordinates: A24.0, L19.0, D34.0)
and angled �20° to lie flush with the skull to permit a surface normal
approach to the frontal cortex. During the experiments, a delrin grid
(grid holes at 1-mm spacing, Crist Instruments) was secured within
this recording chamber to standardize our exploration of the frontal
cortex. A titanium head bolt to restrain the head was also anchored to
the acrylic implant. Preformed eye coils [3 turns of stainless steel,
Teflon coated wire (Cooner Wire or Baird wire), 19 or 20 mm diam]
were implanted subconjunctivally into both eyes (Judge et al. 1980) to
measure gaze shifts using the magnetic search coil technique (Fuchs
and Robinson 1966). Coil leads were passed subcutaneously to con-
nectors embedded within the acrylic implant. A similar coil could be
secured to the acrylic implant in the frontal plane to measure head
movements.

In the second surgery, chronically indwelling bipolar hook elec-
trodes were implanted bilaterally into five muscles under aseptic
conditions (10 electrodes total), using an approach modified from that
used in cats (Richmond et al. 1992). The muscles targeted were:
obliquus capitis inferior (OCI), rectus capitis posterior major (RCP
maj), splenius capitis (SP cap), biventer cervicis (BC), and complexus
(COM; see Fig. 1A). All muscles are referred to as being contralateral
or ipsilateral to the side of stimulation. In both monkeys, recordings
from ipsi-SP cap were unavailable because of electrode failure noted
after the EMG surgery. Anatomical and functional descriptions of
these muscles have been provided previously (Corneil et al. 2001;
Richmond et al. 2001). The muscles were approached through a dorsal
midline incision and isolated by first separating the muscle layers
from the dorsal midline raphe to gain access to the cleavage planes
between the muscles. Hook electrodes were constructed from stainless
steel, Teflon-coated wire (Cooner Wire) as described elsewhere (Loeb
and Gans 1986) and consisted of recording contacts (�3 mm long)
staggered by �3 mm. Hook electrodes were coursed obliquely
through the muscle such that the staggered contacts were oriented
perpendicularly to the long axis of the muscle fiber fascicles. Muscle
layers were reapproximated with a midline closure. In one monkey, a
ground wire consisting of a single, partially bared loop of Teflon-
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coated multistranded stainless steel was secured to subcutaneous
fascia. In the other, the ground was taken from a bared wire weaved
around a titanium skull screw (sandblasted to remove the coating).
There was no noticeable effect of ground location on our results. All
leads were tunneled subcutaneously to the preexisting acrylic implant
and connected to a 26-pin connector that was embedded into the
acrylic implant. All animals appeared to be making normal head
movements by the first postoperative day.

Before EMG recordings, the monkeys were placed in a primate
chair (Crist Instruments) designed to permit completely unrestrained
head movement. Both monkeys wore a customized vest (Lomir
Biomedical) that permitted them to be tethered to the primate chair.
Our chair features horizontally oriented neck plates, and the monkeys’
position within the chair was such that these plates were placed near
the bottom of the neck. This arrangement was effective at preventing
trunk rotation (estimated to be at most �10°) without restraining the
head or neck. The monkeys were wheeled into a dark, sound-
attenuated room, and placed within the center of a 3-ft3 coil system
(CNC Engineering). The monkeys faced an array of 49 tricolor
light-emitting diodes (LEDs; Fairchild Semiconductors MV5437)
arranged in a radial fashion surrounding a central LED. LEDs were
positioned at visual angles that corresponded in a two-dimensional
(2-D) polar coordinate system to six radial eccentricities (5, 10, 15,
20, 27, and 35°) and eight radial angles (0, 45, 90, 135, 180, 225, 270,
and 315°; 0° � rightward, and 90° � upward). All aspects of the
experiment were controlled at 1,000 Hz by customized real-time
LabView programs interfacing with the hardware through a PXI
controller (National Instruments). The monkeys were monitored
throughout the experiment through infrared cameras positioned out-
side of the line of sight.

Microstimulation parameters

Stimulation was generated by a stimulator and two constant-current
stimulus isolation units (model S88 and PSIU-6; Grass Instruments)
and delivered through a tungsten microelectrode (�0.2–1 MHz at 1
kHz, Frederick Haer and Co.). The electrode was lowered by a
low-weight (100 g) hydraulic microdrive customized for head-unre-
strained experiments (Narishige Instruments). To reduce tissue dam-
age and avoid electrode polarization, stimulation consisted of biphasic
pulses delivered at a pulse rate of 300 Hz, with an individual pulse
duration of 0.3 ms per phase. Stimulation duration was controlled by
our experimental computer and was usually set to 100 ms, although
this value was prolonged to 125 or 150 ms when necessary to ensure
that the evoked gaze shift was not truncated prematurely by stimula-
tion offset. For some head-unrestrained experiments, stimulation du-
ration was prolonged to 300 ms to ensure that head movements were
realized.

The neck EMG and movements presented in this report were
evoked by a fixed current level of 50 �A. To qualify as a valid
stimulation site, 50 �A of current had to evoke gaze shifts on �50%
of all stimulation trials at short latencies (�100 ms). Such a criterion
has become a standard means of functionally identifying the low-
threshold portion of the FEF, because such low currents occur when
the electrode is localized within the gray matter (Bruce et al. 1985).
This current level is on the lower range of that used in recent studies
of the primate FEF in head-unrestrained animals [Tu and Keating
(2000) used current levels usually between 100 and 200 �A; Chen
(2006) used a range of 50–150 �A, with a typical level of 80 �A;
Knight and Fuchs (2007) used a level twice as high as the �50-�A
threshold required to evoke short-latency gaze shifts]. At 60 of the
stimulation sites presented in this report, we first determined the
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FIG. 1. A: schematic line drawings of implanted neck mus-
cles examined in this manuscript. OCI, obliquus capitis inferior;
RCP maj, rectus capitis posterior major; SP cap, splenius capitis;
BC, biventer cervicis; COM, complexus. B: line drawing of side
view of primate brain, with shaded region showing the approx-
imate location of the chamber over the left frontal cortex. C:
depiction of grid locations explored in the 2 animals used in this
study, relative to anatomical landmarks estimated from an ana-
tomical MRI. Top: sites from which saccadic eye movements
were evoked with �50 �A of stimulation current (denoted by
X), corresponding to the low-threshold region of frontal eye
fields (FEFs). Other types of responses given in legend. Bottom:
zoomed in view of guide tube locations spanning the low-
threshold FEFs, with representations of the number of stimula-
tion sites from which gaze shifts of a particular magnitude were
evoked (top left quadrant for magnitudes �5°, top right quadrant
for magnitudes between 5–10°, bottom left quadrant for magni-
tudes 10–20°, and bottom right quadrant for magnitudes �20°).
D: vector plots depicting range of gaze shifts evoked from 140
stimulation sites distributed throughout FEFs of the 2 subjects.
All vectors take origin from the center point, with the majority
of gaze shifts being directed to the rightward (i.e., contralateral)
visual field. Data are segregated based on whether it came from
sites studied exclusively with the head-restrained (left subplot)
or with the head-unrestrained (right subplot, pooling sites stud-
ied exclusively with the head-unrestrained with those studied
with both the head-restrained and -unrestrained).
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current threshold necessary to evoke gaze shifts on 50% of all
stimulation trials in 5-�A steps (30 trials per current). Gaze shift
thresholds over these sites averaged 25.8 � 11.9 (SD) �A. Given such
low thresholds, and the timing and metrics of the evoked movements
presented in RESULTS, we are confident that stimulation was delivered
to the low-threshold region of the FEF. A future manuscript will
examine the effects of variations in stimulation current on the evoked
patterns of neck EMG and gaze shifts.

For clarity, we refer to a stimulation site as a unique stimulation
location within the FEF. Although we usually only recorded data at
one stimulation site on a given day, we occasionally stimulated at
multiple locations within a given electrode penetration. Stimulation
locations had to be separated by a minimum of 500 �m to be
considered a unique stimulation site; this criteria was chosen based on
an estimated current spread of 200 �m for a 50-�A stimulation
intensity (Stoney et al. 1968) and is consistent with recently published
reports (Chen 2006; Corneil et al. 2002a). When the electrode was
lowered through previously visited locations on the recording grid, we
only accepted stimulation sites where stimulation evoked a notably
different vector than those evoked on previous days.

Behavioral paradigm

Monkeys were trained on a gap-saccade task that required them to
look from a fixation point (FP) to a peripheral target (T) to obtain a
liquid reward. They were trained to perform this task with either the
head restrained or unrestrained. On a given experimental session, we
first localized the FEF with the head restrained and then sometimes
unrestrained the head. When the head was unrestrained, the reward
was delivered through a sipper tube that moved with the implant.

Two types of trials were run, stimulation and control trials, distin-
guished by whether FEF stimulation was delivered or not, respec-
tively, in the interval between FP disappearance and T presentation.
Stimulation trials made up one half of all trials. Control trials were
incorporated into our experimental design to ensure the subjects could
not anticipate stimulation on every trial. Both trial types began with
the removal of a diffuse background white light. The FP was pre-
sented at a central location directly in front of the monkey. The
monkeys were required to look at the FP within 1,000 ms and hold
gaze within a computer-controlled fixation window (3° radius) for an
interval of 750, 875, 1,000, 1,125, or 1,250 ms. The FP point was
removed, and monkeys were trained to maintain fixation within the
fixation window. On stimulation trials, the stimulation train started
200 ms after FP disappearance and continued for �100 ms, up to a
maximum of 300 ms. Regardless of stimulation duration, a peripheral
target was presented immediately after stimulation offset at one of
eight potential target locations located on the concentric ring 10°
eccentric from the central FP when the head was restrained and at one
of eight potential targets located on the concentric ring 20° eccentric
from the central FP when the head was unrestrained. Therefore on
stimulation trials, the gap between FP disappearance and T presenta-
tion was 200 ms greater than the stimulation duration. An equivalent
gap interval was used during control trials. All variables within this
task (e.g., fixation duration, target location, trial type) were presented
an equal number of times within a block of �60 total trials in a
pseudorandom fashion. Hence, we obtained �30 stimulation trials for
each unique stimulation site.

Although this task was designed to deliver FEF stimulation at an
optimal time in terms of fixation disengagement (Dorris and Munoz
1995; Opris et al. 2001; Tehovnik et al. 1999), the multiple potential
target locations discourages the preparation of a particular motor
program (Basso and Wurtz 1997; Dorris and Munoz 1998). Thus we
do not believe that our results are unduly influenced by a potential
overlap between stimulation location and the preparation of an im-
pending gaze shift, even though the animals could anticipate the time
of target presentation.

Data collection and analysis

The processing of the EMG signals commenced at a headstage
plugged directly onto the EMG connector embedded within the
acrylic implant. This headstage (Plexon) performed differential am-
plification of the EMG signals (20� gain) and filtering (bandwidth, 20
Hz to 17 kHz). A flexible ribbon cable linked the headstage to the
Plexon preamplifier, which contained a signal processing board cus-
tomized for EMG recordings (50� gain; bandwidth, 100 Hz to 4
kHz). All analog signals (e.g., conditioned EMG signals, coil signals)
were digitized at 10 kHz.

Off-line, coil signals were downsampled by a factor of 10 to 1 kHz.
EMG signals were notch filtered to remove 60-Hz noise, rectified, and
integrated into 1-ms bins, using a rationale described previously (Bak
and Loeb 1979). These steps attenuated the digitized peak-to-peak
amplitudes by a factor of �3�.

Computer algorithms were used to determine the beginning and end
of evoked movements using velocity criteria (30°/s for gaze and eye
movements; 10°/s for head movement), which were later verified by
an experimenter and corrected if necessary within a customized
graphical user interface written in Matlab (The Mathworks). This
interface permitted the experimenter to inspect all trials and discard
trials if, for example, there was aberrant patterns of gaze movements
or excessive background EMG activity across the recorded muscles
(e.g., if the animal was shifting position or chewing the sipper tube).
Trials with gaze shifts occurring just before or �5 ms after stimula-
tion onset were also rejected. Overall, trials were rejected at a rate of
�3%.

After this trial-by-trial inspection, customized Matlab programs
extracted the parameters of the evoked movements (e.g., onset latency
relative to stimulation onset, vector of evoked movement). We iden-
tified trials in which the evoked gaze shift ended either before or
shortly after (�20 ms) stimulation offset, because such movements
were not truncated prematurely by stimulation offset and therefore
represent the characteristic vector associated with the given stimula-
tion site. When the head was unrestrained, we also determined the
latency and amplitude of the evoked head movement, the amount the
head contributed to a gaze shift (for nontruncated gaze shifts only),
and the onset latency of the head movement relative to the gaze shift.

We performed a number of analyses of the evoked neck EMG
responses. To be consistent with previous reports from the SC (Cor-
neil et al. 2002a,b), we calculated the mean evoked neck EMG for
each muscle by aligning repeated trials on stimulation onset. The
mean and SD of the baseline activity in the 100 ms preceding
stimulation onset were calculated. The latency of facilitation or
suppression of the evoked EMG response was determined as the first
of at least five consecutive bins either 2 SD above or 1 SD below the
average baseline activity, respectively. Determination of a suppressive
response was possible only in the presence of considerable back-
ground activity. The peak magnitude of the EMG response was taken
as the highest mean bin value after stimulation onset minus the
average baseline activity. Because the peak magnitude of neck EMG
activity varies with different eye-in-head positions (Corneil et al.
2002a; Lestienne et al. 1984; Werner et al. 1997), we extended the
search for the peak EMG magnitude only out to the time of gaze shift
initiation.

We also performed a second analysis to extract the onset of the
neck EMG response on a trial-by-trial basis. The logic and derivation
of this analysis is described in RESULTS (see Timing of evoked neck
EMG responses in relation to gaze shift onset).

R E S U L T S

Stimulation was delivered throughout a wide distribution of
sites within the frontal cortex in two monkeys (Fig. 1, B and
C). A subset of these stimulation sites evoked short-latency
gaze shifts with stimulation parameters customarily used to
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localize FEFs (see METHODS). With this criterion, we deter-
mined that FEF stimulation was delivered to a total of 140
unique sites in two monkeys (31 in monkey m and 109 in
monkey j). One hundred three of these sites were studied only
with the head restrained, 14 were studied with only the head
unrestrained, and 23 were studied with the head both restrained
and unrestrained. Based on anatomical MRIs taken in each
monkey before the start of the experiment, most if not all sites
lay within the anterior bank of the arcuate sulcus (note that the
sulci traced in Fig. 1C show the surface normal appearances,
and do not capture the 3-D geometry). Longer duration stim-
ulation of 300 ms was also applied with the head-unrestrained
at 28 of these sites. To facilitate comparison of our results with
previous literature, we first provide a description of the kine-
matics of the evoked movements.

The timing and metrics of evoked gaze shifts conformed
with previous findings in head-unrestrained primates (Chen
2006; Knight and Fuchs 2007; Tu and Keating 2000), in that
larger gaze shifts were evoked from more dorsomedial loca-
tions, and smaller gaze shifts were evoked from more ventro-
lateral location (Fig. 1C). Consistent with other reports (Got-
tlieb et al. 1993), stimulation at a relatively ventrolateral site
elicited a smooth pursuit movement, whereas stimulation at a
more caudal site evoked an observable arm movement (Fig.
1C). We also encountered many dorsomedial sites where 50
�A of stimulation current evoked neck muscle activity without
an accompanying gaze shift (“n” in Fig. 1C). Briefly, the
timing and patterns of evoked neck EMG in these nongaze sites
resembled those reported below, with the exception of being
greater in magnitude, and associated with the recruitment of a
larger head movement when the head was unrestrained.

Timing and metrics of evoked movements

Stimulation in the FEFs evoked a wide range of gaze shifts
(Fig. 1D). The vast majority of evoked gaze shifts (137/140)
were driven contralateral to the side of stimulation. On three
occasions, evoked gaze shifts contained an ipsilateral horizon-
tal component relative to the side of stimulation, consistent
with some previous reports (Chen 2006; Knight and Fuchs
2007; Robinson and Fuchs 1969). Two of these examples
contained a predominantly vertical component, but one was
predominantly horizontal. All subsequent analyses focus on the
remaining 137 sites from which contralateral gaze shifts were
evoked.

We were able to evoke a large range of contralateral gaze
shift vectors from the FEF [Fig. 1D; segregated by whether the
site was studied only with the head-restrained (left subplot) or
with the head-unrestrained for at least one file (right subplot)],
ranging from 2 to 30° in radial magnitude [12.8 � 6.2° (SD)]
and �72 (i.e., downward) to 87° in radial angle (16 � 40°).
Over this sample, gaze shifts were always initiated during the
stimulation train, beginning from between 19 and 65 ms after
stimulation onset (40 � 10 ms).

We next focus on the timing and metrics of eye-head gaze
shifts evoked from the 36 sites from which contralateral gaze
shifts were evoked with the head unrestrained. On average, the
initial eye-in-head and head-in-space positions were near mid-
line before stimulation (mean horizontal eye-in-head posi-
tion � �2.8 � 1.9°; range �5.1 to 3.2°; mean horizontal
head-in-space position � 3.3 � 1.7°, range: �4.3 to 6.3;

similar values were obtained for initial vertical positions);
hence eye, head, and gaze positions were approximately
aligned at the time of stimulation onset. The pattern of evoked
gaze shifts differed very little from when the head was re-
strained (gaze initiation latency � 39 � 9 ms; gaze magni-
tude � 14.1 � 5.1°; gaze direction � 4.0 � 29.1°). With the
100- to 150-ms stimulation train, total head movement ampli-
tude was 8.4 � 5.7° angled approximately along the horizontal
(head movement direction � 4.5 � 15.5°). Consistent with
previous results (Chen 2006; Knight and Fuchs 2007; Tu and
Keating 2000), the amount of the evoked gaze shift that was
caused by the motion of the head (i.e., head contribution) was
very modest, averaging 2.1 � 1.9° of the horizontal component
and 0.4 � 0.4° of the vertical component. Head movements
were initiated 73 � 32 ms after stimulation onset, on average
starting 23 � 34 ms after the evoked gaze shift (range: �46 to
92 ms).

We observed a number of straightforward relationships be-
tween the timing and metrics of eye-head gaze shifts. First, we
observed a positive correlation between head contribution and
the magnitude of the evoked gaze shift (Fig. 2A). In our
sample, the head started to contribute to gaze shifts greater than
�15–20° in amplitude. Second, we observed that the evoked
head movement comprised a proportionally larger amount of
the evoked gaze shift the earlier the head movement began
relative to gaze shift onset. This observation was revealed by
plotting the proportional head contribution (normalized to the
magnitude of the evoked gaze shift) as a function of the
gaze-head lead time (Fig. 2B, derived as Head RT – Gaze RT;
hence positive values represent sites where gaze onset lead
head movement onset). The two outliers come from the sites
with the longest gaze initiation latencies, presumably because
the 50-�A current was close to gaze threshold). Third, we
found that total head movement amplitude was �40% and
peak head velocity was �25% greater when the stimulation
train duration was prolonged to 300 ms (Fig. 2, C and D; 22
sites studied with both a 100- and 300-ms train duration). This
is because the head continued to move, and usually continued
to accelerate, for the duration of the stimulation train. All of
these relationships are consistent with previous reports in
head-unrestrained primates (Chen 2006; Knight and Fuchs
2007; Tu and Keating 2000).

As mentioned above, stimulation was passed with both the
head restrained and unrestrained at a total of 23 different FEF
sites. This subset of stimulation sites permit a direct compar-
ison of evoked movements made across head restraint. We
found no significant difference in gaze initiation latencies
(head-restrained gaze initiation latency � 45 � 11 ms; head-
unrestrained gaze initiation latency � 44 � 18 ms; paired
t-test: P � 0.70). Of more interest, we found that overall gaze
magnitudes were systematically larger when stimulation was
delivered with the head-unrestrained (Fig. 2E; head-restrained
gaze magnitudes � 10.9 � 3.7°; head-unrestrained gaze mag-
nitudes � 14.4 � 5.4°; paired t-test: P � 0.005). Closer
examination of this dataset revealed that the increase in the
magnitude of head-unrestrained gaze shifts was caused in part
by the head’s contribution (Fig. 2F). Although this plot reveals
substantial site-by-site variability, the head did tend to contrib-
ute more when evoked from stimulation sites with larger
differences in gaze magnitude across head restraint. Consistent
with this, we observed no systematic difference between head-
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restrained gaze magnitude and the magnitude of the saccadic
eye movement component during head-unrestrained gaze shifts
(Fig, 2G; head-restrained gaze magnitudes � 10.9 � 3.7°;
head-unrestrained eye magnitudes � 12.1 � 5.2°; paired t-test:
P � 0.23). Because head-restrained gaze shifts are carried out
solely by saccades, this analysis shows that we observed no
systematic difference between the eye movement component
generated with the head restrained or unrestrained.

Patterns of neck EMG evoked by FEF stimulation

Stimulation of the FEF evoked robust changes in EMG
activity recorded from many neck muscles. The overall pattern
of evoked neck EMG consisted of the recruitment of a synergy
that would turn the head in a direction contralateral to the side
of stimulation, to which a more variable recruitment synergy
was added depending on the vertical component of the evoked
gaze shift. The majority of our analyses will focus on the
quantification of the horizontal turning synergy and its varia-
tion with the parameters of the evoked gaze shift. We quantify
the more variable recruitment synergy accompanying gaze
shifts with substantial vertical components later.

Representative examples of the turning synergy evoked by
FEF stimulation are shown in Fig. 3, accompanying a large
gaze shift (Fig. 3A), a medium-sized gaze shift (Fig. 3B), or a
very small gaze shift (Fig. 3C). Each of these examples was
recorded while monkey j was head-restrained, but as described
below, we saw no evidence that head restraint modified the
overall profile of evoked neck EMG. FEF stimulation at sites
evoking large gaze shifts (Fig. 3A) evoked a rapid facilitation
in agonist neck muscles such as the OCI, RCP maj, and SP cap
muscles contralateral to the side of stimulation, and a concom-
itant suppression in antagonist neck muscles such as OCI and
RCP maj ipsilateral to the side of stimulation (see Fig. 1A for
anatomical sketches of these muscles; recordings from ipsi-SP
cap were not successful). These evoked EMG responses began
very soon after stimulation onset. From the stacked 3-D color
plots in Fig. 3A (where each row conveys the EMG activity on
a single trial, ordered by the initiation latency of the evoked
gaze shift), it is obvious that the evoked EMG responses
preceded the evoked gaze shift on every trial. The initial
response in this case was followed by a period of agonist
muscle facilitation and antagonist muscle suppression that
persisted for the duration of stimulation. In other cases (e.g.,
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magnitude (nontruncated gaze shifts only) from �30 stimulation trials. We observed a significant positive relationship between these measures (Pearson’s r �
0.52, P � 0.001, n � 27). B: head contribution as a percentage of the magnitude of the evoked gaze shift, plotted as a function of the gaze-head lead time (Head
RT – Gaze RT; positive values represent sites where gaze onset lead head movement onset). Each square is taken from a different stimulation site. We observed
a significant negative relationship between these variables (Pearson’s r � �0.74, P � 10�5, n � 37). C: overall amplitude of evoked head movement was
significantly larger for longer stimulation durations (paired t-test, P � 10�5, n � 22), because head movements continued for the duration of stimulation. Each
square taken from a different stimulation site, contrasting the head movement amplitude evoked with either a 300- or 100-ms stimulation duration. D: peak
velocity of evoked head movement was also significantly larger for longer stimulation durations (paired t-test, P � 10�5, n � 22). E–G: comparison of metrics
of evoked movements across head restraint. Each square in E–G is taken from a different stimulation site that was studied first with the head-restrained and
subsequently with the head unrestrained. E: head-restrained gaze magnitude as a function of head-unrestrained gaze magnitude. F: head contribution plotted as
a function of the difference between gaze shift magnitude across head restraint. We observed a significant position relationship between these variables (Pearson’s
r � 0.42, P � 0.05, n � 23). G: magnitude of the saccadic eye movement component of head-unrestrained gaze shifts as a function of head-restrained gaze shift
magnitude. Dashed diagonal lines in C–G represent line of unity, and filled symbols in C–E and G represent measures that were statistically different (P � 0.05,
2-way t-test) for a given stimulation site.
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Fig. 3, B and C), the initial response to stimulation was
followed by a pattern in which agonist and antagonist muscles
returned to prestimulation activity levels even though stimula-
tion was on-going. We could not predict which of these two
patterns would be present for a given stimulation site and
observed no obvious relationship with stimulation location,
head restraint, or the metrics of the evoked gaze shift. After the
cessation of stimulation, the EMG activity of the agonist
muscles returned very quickly to prestimulation levels (Fig.
3A); we also occasionally observed a brief rebound excitation
of the antagonist muscles (Fig. 3B). Again, this feature was
also not simply related to stimulation location, head restraint,
or the metrics of the evoked gaze shift

Perhaps more surprising are the patterns of EMG activity
that accompanied both medium- and small-sized gaze shifts. In
the representative examples shown in Fig. 3, B and C, FEF
stimulation evoked a similar pattern of neck EMG, although
with more moderate magnitudes. For example, a clear facili-
tation on agonist OCI and RCP maj is apparent on all trials
evoking the medium-sized gaze shift (Fig. 3B) and on most
trials where the small-sized gaze shift was evoked (Fig. 3C).
Facilitation of agonist SP cap is absent in each of these
examples, consistent with previous reports of how SP cap
recruitment only accompanies relatively larger head move-
ments (Corneil et al. 2001, 2002a). Most impressively, robust
suppression responses are seen on the antagonist muscles on
almost all stimulation trials (differences in prestimulation lev-
els of activity in the antagonist muscles in Fig. 3, B and C, are
caused by different idiosyncratic body-under-head postures
adopted during the different experimental sessions). Once
again, these facilitation and suppression responses began well
in advance of the evoked gaze shift. These evoked responses
are quite surprising given that the presumed head motion, if the
head was unrestrained, would be small in the case of the

medium-sized gaze shift and nonexistent for the small evoked
gaze shift.

In Fig. 4, we show data from the other monkey (monkey m)
obtained when the head was unrestrained. These data are
arranged in a similar format as in Fig. 3 and have been selected
to represent the activity associated with similarly sized gaze
vectors. Although the absolute magnitudes of EMG activity are
not comparable across the two monkeys (given the idiosyn-
cratic properties of different EMG electrodes), the patterns of
EMG recruitment (shown here from bilateral OCI for simplic-
ity) are very similar. For example, the same rapid facilitation of
the agonist OCI and rapid suppression of the antagonist OCI
muscles is present when the head is unrestrained, almost
always preceding gaze shift onset regardless of the size of the
evoked gaze shift. Furthermore, the changes in neck EMG
activity preceding the medium- and small-sized evoked gaze
shift occur even though head movements are detected rarely (2
head movements were detected after the medium-sized gaze
shift in Fig. 4B, and no head movements were detected after the
small-sized gaze shift in Fig. 4C). These examples confirm that
neck EMG responses can be evoked despite the absence of
head motion.

FEF stimulation at sites that evoked larger gaze shifts
commonly evoked head motion. In the representative example
shown in Fig. 4A, the onset of head motion typically started
�50–80 ms after stimulation onset (Fig. 4A, black circles),
sometimes lagging gaze shift onset and sometimes leading
gaze shift onset. More impressively, this representative exam-
ple depicts trials in which stimulation failed to evoke a gaze
shift but still evoked both a neck EMG response and a con-
tralateral head movement (see top rows of 3-D color plots,
which do not have a white square but do have a black circle).
Gaze remained stable during these head-only movements be-
cause the eyes counter-rotated in the opposite direction, pre-
sumably because of the vestibulo-ocular reflex (see arrows
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placed on Eh traces in Fig. 4A). We will describe such
head-only movements in more detail below.

Effect of head restraint on parameters of evoked neck EMG

Before quantifying the parameters of evoked neck EMG, we
first examine the effect of head restraint more directly. To do
this, we analyzed the 23 examples where we obtained both
head-restrained and head-unrestrained data from the same
stimulation site (i.e., data were collected first with the head-
restrained and then the head was released and data were
collected with the head-unrestrained). Figure 5A shows data
obtained from the same stimulation site as Fig. 3B (i.e., the
medium-sized gaze shift), showing that a qualitatively similar
pattern of neck EMG was evoked regardless of head restraint:

FEF stimulation always elicited a facilitation or suppression of
neck EMG activity on contralateral or ipsilateral turners, re-
spectively. In the example shown in Fig. 5A, FEF stimulation
drove gaze shifts with a moderate head contribution (in this
case �3°), with the evoked head movement continuing after
gaze shift offset.

To quantify the effect of head restraint on the evoked neck
EMG response, we compared both the peak magnitude of
evoked activity and the facilitation latency for contralateral
turning muscles across the 23 stimulation sites from which
both head-restrained and -unrestrained data were collected. For
OCI, RCP maj, and SP cap, the peak magnitude of evoked
activity was similar regardless of head restraint (Fig. 5B; paired
t-test: P � 0.34, 0.23 and 0.24 for OCI, RCP maj, and SP cap,
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respectively). We did find that the facilitation latency of these
muscles were significantly shorter when the head was unre-
strained (paired t-test: all P � 0.05). However, the difference
in facilitation latency across head restrained was modest for
OCI and RCP maj, averaging �3 ms, and larger for SP cap
(�10 ms).

Comparison of EMG activity accompanying evoked versus
volitional gaze shifts

We sought to compare the EMG patterns accompanying
gaze shifts evoked by FEF stimulation to those accompanying
volitional gaze shifts made during control trials. This compar-
ison was fairly limited, because target placement during con-
trol trials could be at one of eight positions 10° eccentric from
the fixation point when the head was restrained and at one of
eight positions 20° eccentric from the fixation point when the
head was unrestrained (see METHODS). Although we would have
liked to have performed a detailed quantitative comparison of
neck EMG accompanying head movements matched for am-
plitude, velocity, and acceleration, we could not find enough
volitional head movements that matched the kinematic profile
of evoked head movements. This is in part because of the
variability of head acceleration during volitional head turns
(Corneil et al. 2001) and because of the dependency of head
movement amplitude and peak velocity with stimulation dura-
tion (see Fig. 2).

We therefore concentrated on stimulation sites where the
evoked gaze shift vector brought final gaze position near one of
the contralateral targets on either the 10° (when head-re-
strained) or the 20° (when head-unrestrained) concentric ring
location. In Fig. 6A, we contrast one representative example of
EMG data aligned on the onset of head-unrestrained evoked
gaze shifts (here 18° to the right) to EMG data from control
trials, aligned on when the animal looked to the target placed
20° to the right. The evoked EMG activity attained greater
magnitudes and was clearly more aligned to stimulation onset
than gaze shift onset. The contralateral muscles also displayed
much more phasic patterns, decreasing in activity after the
initial facilitation, and subsequently peaking in activity for a
second time �80 ms into stimulation onset. In contrast, al-
though EMG activity did peak in the peri-gaze shift interval on
control trials, this magnitude of this peak was far more modest.
Furthermore, there was no tendency for subsequent bursts of
EMG activity after the initial activation in the peri-gaze shift
interval on control trials. These trends persisted across our
sample, with the activation of all three contralateral turner
muscles being substantially greater on stimulation versus con-
trol trials (Fig. 6B).

Quantification of evoked neck EMG responses from the FEF

The analyses presented above show that there was little
systematic difference in the parameters of evoked neck EMG
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FIG. 6. Comparison of EMG activity aligned on the onset of
either evoked or volitional gaze shifts. A: representative example
comparing EMG activity in the peri-gaze shift interval during
evoked 18° rightward gaze shifts (top half of subplot) or during
volitional gaze shifts made during control trials to the target
located 20° to the right. Data are taken from the same experi-
mental session. Same format as Fig. 2, except that the white
squares in colored plots denote either stimulation or target onset
and vertical dashed lines denote gaze shift onset. B: comparison
of peak peri-gaze shift EMG activity for the interval from �20
ms before to 20 ms after gaze shift onset, plotting peak activity
during stimulation trials as a function of peak activity on control
trials. All data are normalized to peak observation for a given
muscle from a given monkey. Across our sample, evoked activity
was statistically greater for each muscle (paired t-test, P �
0.0005, 0.005, and 0.05 for OCI, RCP maj, and SP cap, respec-
tively). Each symbol denotes a comparison from a unique stim-
ulation site to control trials obtained from the same experimental
session. Squares denote data obtained with the head restrained,
and circles denote data obtained when the head was unrestrained.
Filled symbols denote peaks that were statistically different at a
given stimulation site (P � 0.05) using a 2-way t-test. Data were
only included if evoked gaze shift landed within either a 2.5
(head-restrained) or 3.5° (head-unrestrained) radius window sur-
rounding 1 of the control targets located either straight right or
either right-up or right-down (recall rightward gaze shifts are
contralateral to the side of stimulation).
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when the head was restrained or unrestrained. For the popula-
tion analyses that follow, we pooled the data in the following
manner, to ensure that all data came from unique stimulation
sites. We pooled data collected from sites studied with the
head-restrained only (100 sites total, discarding the 3 sites from
which ipsilateral gaze vectors were evoked), data collected
from sites studied with the head-unrestrained only (14 sites),
and data from the 23 sites studied with both the head restrained
and unrestrained (using only the head-restrained data from
these 23 sites). Across the 137 unique stimulation sites from
where a contralateral gaze shift was evoked, we almost always
observed an evoked neck EMG response, and this evoked neck
EMG response usually preceded the evoked gaze shift. In
general, this evoked neck EMG response was larger and started
earlier when accompanying a larger evoked gaze shift, but as
shown above (e.g., Figs. 3C and 4C), we frequently observed
evoked neck EMG responses that accompanied smaller gaze
shifts not usually associated with head motion.

As stated above, FEF stimulation consistently recruited a
neck EMG synergy comprised of facilitation and/or suppres-
sion of the activity of contralateral or ipsilateral turner muscles,
respectively. We constructed averages of evoked EMG activity
by constructing the mean stimulation-aligned waveform across
all stimulation trials, and observed a significant evoked neck
EMG response (see METHODS for definition of a significant
facilitation or a suppression of EMG activity) on at least one
neck muscle in 97.8% (134/137) of our stimulation sites [a
significant facilitation of contra-OCI, contra-RCP maj, and
contra-SP cap was seen in 93.4 (128/137), 80.3 (110/137), and
35.8% (49/137) of all stimulation sites, respectively; a signif-
icant suppression of ipsi-OCI and ipsi-RCP maj was seen in
82.5 (113/137) and 73.7% (101/137) of all stimulation sites,
respectively]. Most facilitation latencies were �25 ms [16.5 �
6.9 ms (median 15 ms) for contra-OCI, 18.5 � 9.3 ms (median
17 ms) for contra-RCP maj, 26 � 10.0 ms (median 24 ms) for
SP cap]. Similar values were obtained for the suppression
latencies [17.7 � 7.2 ms (median 16 ms) for ipsi-OCI and
17.3 � 6.1 ms (median 16 ms) for ipsi-RCP maj].

The facilitation latencies for all three muscles displayed
straightforward relationships with the horizontal component of
the evoked gaze vector, being evoked earlier for gaze shifts

with larger horizontal components (Fig. 7, A–C). Similarly, we
also observed that the peak magnitude of facilitation increased
for gaze shifts with progressively larger horizontal components
(Fig. 7, D–F). Both of these results are consistent with a FEF
drive to the cephalomotor system that gets progressively stron-
ger for gaze shifts with progressively larger horizontal com-
ponents.

Another feature that can be appreciated from Fig. 7, consis-
tent with a cephalomotor drive that scales with the horizontal
gaze component, is that those stimulation sites from which an
EMG response could not be evoked tended to drive gaze shifts
with horizontal components �10° (denoted by “x’s” on the
horizontal axis in Fig. 7). Gaze shifts with horizontal compo-
nents �10° in amplitude were seen in 7 of 8 of the nonrespon-
sive sites for contra-OCI, 23 of 26 of the nonresponsive sites
for contra-RCP maj, and 67 of 87 of the nonresponsive sites for
SP-cap. It is important, however, to stress that it was far more
common to observe EMG responses that accompanied such
modest gaze shifts. For example, a significant facilitation was
observed on contra-OCI from 20 of 26 stimulation sites from
which horizontal gaze components �5° were evoked and 62 of
63 times for gaze components that fell between 5 and 10°.
Similar numbers were observed for RCP maj (17 of 26 sites for
Gh � 5°; 62/63 for 5° � Gh � 10°). SP cap, however, was not
systematically recruited in association with such small gaze
shifts (3/26 for Gh � 5°; 19/63 for 5° � Gh � 10°), consistent
with previous results from the SC (Corneil et al. 2002a).
Overall, these results attest to a persistent frontal drive to neck
muscle motoneurons, albeit of a low magnitude, even for sites
evoking gaze shifts not typically associated with head motion.

Timing of evoked neck EMG responses in relation to gaze
shift onset

We now focus on the timing of the evoked neck EMG
responses relative to the timing of the gaze shift. In particular,
does the onset of the evoked neck EMG response occur before,
in synchrony with, or after the accompanying evoked gaze
shift?

To assess this question, we first compared the facilitation
latencies of the mean EMG responses on the contralateral
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FIG. 7. Correlations between parameters of evoked re-
sponses on contralateral muscles (A–C: facilitation latencies;
D–F: normalized peak evoked magnitude) with horizontal com-
ponent of evoked gaze shift. Evoked EMG responses tended to
begin earlier and reach larger peak magnitudes when associated
with progressively larger gaze shifts. Peak evoked magnitude
data were normalized to maximum evoked response recorded
for each monkey. Each square shows data taken from a different
stimulation site, contrasting parameter extracted from mean
EMG waveform vs. mean horizontal component of evoked gaze
shift over �30 stimulation trials. The x marks on x-axis denote
stimulation sites from which a gaze shift was evoked without an
accompanying EMG response. All regressions reached signifi-
cance, except for the one shown in C. (A: Pearson’s r � �0.31,
P � 0.0004, n � 128; B: Pearson’s r � �0.29, P � 0.002, n �
110; C: Pearson’s r � �0.15, P � 0.30, n � 49; D: Pearson’s
r � 0.55, P � 10-5, n � 128; E: Pearson’s r � 0.49, P � 10-5,
n � 110; F: Pearson’s r � 0.35, P � 0.01, n � 49).
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agonist muscles to the mean onset latency of the evoked gaze
shift. The results of this comparison are shown in Fig. 8 across
all stimulation sites and clearly show that the onset of the mean
EMG response preceded the mean gaze shift onset [for all
muscles, the mean facilitation latency was significantly less
than mean gaze shift onset (paired t-test, all P � 10�5). The
mean facilitation latency on contra-OCI, contra-RCP maj, and
contra-SP cap preceded the mean gaze shift latency by 25.4 �
12.4, 23.6 � 14.5, and 14.5 � 15.1 ms, respectively]. We
observed a significant correlation between these measures,
such that the mean facilitation latencies tended to be longer for
stimulation sites evoking gaze shifts at longer onset latencies
(all regressions shown in Fig. 8 are significant at P � 0.05).
The slopes of these regression lines ranged between 0.15 and
0.20, meaning that the EMG facilitation latency increased by
�1 ms for every 5- to 6-ms increase in gaze shift onset latency.

One shortcoming of the above analysis is that it may exag-
gerate the difference between mean EMG facilitation latency

(determined through an average of �30 stimulation trials) and
mean gaze onset (determined on a trial-by-trial basis), because
the derivation of the mean EMG facilitation latency will be
biased by those trials with a rapid EMG facilitation latency. To
overcome this problem, we performed a second analysis
wherein we determined the onset of the EMG response on a
trial-by-trial basis. To do this, we summed the normalized
EMG records from agonist muscles with the inverted normal-
ized EMG records from antagonist muscles (depicted graphi-
cally in Fig. 9A for contra-OCI, contra-RCP maj, and ipsi-OCI;
EMG magnitudes normalized to the maximal level recorded
during a given experimental session). This derivation results in
a trace representing the cumulative change in EMG activity
across multiple muscles in response to stimulation onset on a
single trial. Using this trace, we determined the onset of the
EMG response on a trial-by-trial basis by identifying the first
of three of five points after stimulation onset that exceeds the
mean prestimulation level of activity by 2 SD.

The results of this analysis are shown for a single stimulation
site in Fig. 9B (using the same data as that shown in Fig. 3B).
Here, we contrast EMG onset latency to gaze shift onset
latency on a trial-by-trial basis (i.e., each square in Fig. 9B is
derived from an individual trial), and from this example, it is
clear that the onset of the EMG response preceded the onset of
the gaze shift for every individual trial (this feature was also
apparent in Fig. 3B).

Across our sample of stimulation sites, we analyzed the
relative onset of the EMG response with gaze shift onset in two
ways. First, for each stimulation site, we plotted the mean
single-trial EMG onset as a function of the mean gaze shift
onset (Fig. 9C). Once again, EMG responses preceded the gaze
shift onset at the majority (116 of 133) of stimulation sites from
which an EMG response was evoked. Using this analysis, the
mean EMG onset preceded the mean gaze shift onset by 15 �
15 ms. Because a trial-by-trial onset can be derived for both the
EMG and a gaze shift response, we can also derive the
variability of each measure. This feature is presented in Fig.
9D, which also plots the relative timing of the onset of the
EMG and gaze shift response. In this figure, error bars to the
left denote the SD of the EMG response, whereas error bars to
the right denote the SD of the gaze shift response.

Second, we also examined the relative timing of the EMG
and gaze shift onset across all stimulation trials on which both
were evoked (i.e., pooling across all monkeys and stimulation
sites, n � 3,069). A histogram of the difference between EMG
and gaze shift onset latencies is shown in Fig. 9E. Across all
stimulation trials, the onset of the EMG response preceded the
onset of the gaze shift by an average of 17.0 � 19.3 ms, with
negative values (i.e., when the EMG response preceded the
gaze shift) occurring on 85.7% (2631/3069) of all stimulation
trials. Overall, these analyses show that the neck EMG re-
sponse evoked by FEF stimulation was initiated much earlier
than the gaze shift response.

Correlation of evoked neck EMG responses to evoked
head movements

The derivation of a trial-by-trial EMG response permits us to
analyze the relationship between evoked neck EMG activity
and the ensuing head movement. In Fig. 10, we show a number
of relationships between the parameters of the evoked neck
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FIG. 8. Plot of facilitation latency as a function of latency of evoked gaze
shifts for contralateral turner muscles. Each square shows data taken from a
different stimulation site, contrasting facilitation latency derived from mean
EMG waveform vs. mean latency of evoked gaze shift over �30 stimulation
trials. All data tended to cluster below line of unity (dashed diagonal line),
meaning that facilitation latencies were shorter than gaze shift reaction laten-
cies (paired t-test, P � 10�5 for distributions shown in A–C). All regressions
reached significance (A: Pearson’s r � 0.32, P � 0.0003, n � 128; B:
Pearson’s r � 0.22, P � 0.02, n � 110; C: Pearson’s r � 0.30, P � 0.04, n �
49).
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EMG response and those of the evoked head movement. First,
we compared the onset time of the EMG response to the onset
of the movement. On a site-by-site basis, we found that the
neck EMG response always led the onset of the evoked head
movement (Fig. 10A), on average by �40 ms. In Fig. 10B, we
present the relative timing of the neck EMG to head movement
response, as well as the variability of each measure. From this
plot, it is again clear that the neck EMG response led the onset
of head motion; moreover, the variability of the onset of the
neck EMG response was much less than the variability of onset
of head motion (the EMG variability is much less in Fig. 10B
than Fig. 9C because sites were constrained to those from
which a head movement was evoked). We also examined the
relative timing of the onset of the neck EMG head movement
on a trial-by-trial basis for all trials in which both a head
movement and neck EMG response were observed and found
that the onset of the EMG response preceded the onset of a
head movement by 40.6 � 16.3 ms, with values less than �10
(i.e., when the EMG response precedes head motion by �10
ms) occurring on �99% of all trials.

We also analyzed how well aspects of the EMG response
predicted the parameters of the evoked head movement. To do

this, we calculated the normalized integral of the composite
EMG response on a trial-by-trial basis (imagine extracting the
area under the composite EMG response shown in Fig. 9A for
each trial) and plotted this value against either the amplitude
(Fig. 10D) or peak velocity (Fig. 10E) of the evoked head
movement. We found both overall head movement amplitude
and peak head velocity to be strongly correlated with this
measure of the EMG response (e.g., the R2 values in Fig. 10, D
and E, exceed 0.45), showing that the EMG responses we
measured are very good predictors of ensuing head motion
(because targets were always presented at 20°, an analogous
analysis of volitional head movements made during control
trials could not be performed given the lack of variability in
head movement amplitude).

Evoked neck EMG responses on stimulation trials without an
evoked gaze shift

As mentioned in the Introduction, we passed a fixed stimu-
lation current of 50 �A at all of our stimulation sites. Our
criterion that a given stimulation site lay within the FEF was
that gaze shifts had to be evoked on at least one half of all

FIG. 9. A: graphical depiction of how cumulative EMG response was derived on a trial-by-trial basis. EMG data from those muscles that showed a significant
response (depicted as contra-OCI, contra-RCP maj, and ipsi-OCI) were first normalized to the maximum value recorded in a given experimental session. Records
from the antagonist muscles were inverted and summed with records from all agonist muscles, resulting in a single cumulative EMG trace expressing change
in EMG activity across multiple muscles on a single trial. B: trial-by-trial plot of onset of cumulative EMG response as a function of latency of evoked gaze
shift, taken from the same data as shown in Fig. 3B. Each square shows data from a single trial, and each x shows data from trials in which a gaze shift was
not evoked (plotted on the far right). Note how this representative data clusters below line of unity (dashed diagonal line), implying that EMG onset latencies
were shorter than gaze shift onset latencies (paired t-test, P � 10�5 for distribution shown in B). C: plot of mean EMG onset latency (determined on a trial-by-trial
basis within a given stimulation site) as a function of mean gaze shift onset latency. Each square shows data taken from a different stimulation site, with filled
symbols denoting EMG onsets that were significantly different from gaze onsets (2-way t-test, P � 0.05). Clustering of data below line of unity was significant
(paired t-test, P � 10�5 for distribution shown in C), as was the correlation between values (Pearson’s r � 0.25, P � 0.003, n � 133). D: plot of relative timing
of EMG vs. gaze response with variance measures. Each circle contrasts data taken from a different stimulation site, plotting relative timing of EMG vs. gaze
response (data are sorted by relative timing of responses), with filled symbols denoting EMG onsets that were significantly different from gaze onsets (2-way
t-test, P � 0.05). Positive values imply that gaze response started before onset of EMG response. Horizontal error bars to left or right of circle denote SD of
EMG response or gaze shift response, respectively, for specific stimulation site. E: frequency histogram of difference between onset of EMG responses and onset
of evoked gaze shift, determined on a trial-by-trial basis (positive values imply that gaze shift response started before EMG onset). This distribution (�17.0 �
19.3, n � 3,069) is significantly distributed below 0 (t-test vs. 0, P � 10�5).
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