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Caruso VC, Pages DS, Sommer MA, Groh JM. Similar preva-
lence and magnitude of auditory-evoked and visually evoked activity
in the frontal eye fields: implications for multisensory motor control.
J Neurophysiol 115: 3162–3173, 2016. First published March 2, 2016;
doi:10.1152/jn.00935.2015.—Saccadic eye movements can be elic-
ited by more than one type of sensory stimulus. This implies substan-
tial transformations of signals originating in different sense organs as
they reach a common motor output pathway. In this study, we
compared the prevalence and magnitude of auditory- and visually
evoked activity in a structure implicated in oculomotor processing, the
primate frontal eye fields (FEF). We recorded from 324 single neurons
while 2 monkeys performed delayed saccades to visual or auditory
targets. We found that 64% of FEF neurons were active on presenta-
tion of auditory targets and 87% were active during auditory-guided
saccades, compared with 75 and 84% for visual targets and saccades.
As saccade onset approached, the average level of population activity
in the FEF became indistinguishable on visual and auditory trials. FEF
activity was better correlated with the movement vector than with the
target location for both modalities. In summary, the large proportion
of auditory-responsive neurons in the FEF, the similarity between
visual and auditory activity levels at the time of the saccade, and the
strong correlation between the activity and the saccade vector suggest
that auditory signals undergo tailoring to match roughly the strength
of visual signals present in the FEF, facilitating accessing of a
common motor output pathway.

multisensory; saccade; frontal eye field (FEF); auditory

BOTH SOUNDS AND VISUAL STIMULI can elicit saccades, or rapid
movements of the eyes that bring stimuli of interest onto the
fovea. The eye movements are qualitatively similar regardless
of the sensory trigger (Frens and Van Opstal 1995; Jay and
Sparks 1990; Metzger et al. 2004; Yao and Peck 1997; Zam-
barbieri et al. 1982). This suggests that the brain must trans-
form signals evoked by two very different forms of stimulus
energy (light and sound) and beginning in separate places (the
eyes and ears) into commands that converge on a common
motor pathway and produce very similar patterns of muscle
contractions. We seek to shed light on this signal transforma-
tion by comparing the properties of auditory- and visual-
evoked activity in the primate frontal eye fields (FEF).

The FEF is important for saccade generation. Electrical
stimulation of the FEF produces saccades with a short latency
(Bruce et al. 1985; Robinson and Fuchs 1969). FEF lesions,
whether reversible or permanent, cause deficits in saccade

performance (Dias and Segraves 1999; Schiller et al. 1980,
1987; Sommer and Tehovnik 1997), as can transcranial mag-
netic stimulation (Priori et al. 1993; Ro et al. 1997; Wipfli et al.
2001). However, these studies have largely focused on the
causal role of the FEF in visually and memory-guided sac-
cades, leaving its functional contribution to saccades evoked
by auditory stimuli unexplored.

Auditory-evoked activity has been previously reported in the
primate FEF (Bruce and Goldberg 1985; Mohler et al. 1973;
Schall 1991) and adjacent regions (Vaadia et al. 1986). Data
from candidate homologs of the FEF in other mammalian
species have generally focused exclusively on visually guided
eye movements (Weyand and Gafka 1998; Weyand et al.
1999). However, many studies in the cat have revealed multi-
sensory contributions originating from structures in the tem-
poral lobe to signals in other oculomotor structures (e.g.,
Alvarado et al. 2007, 2009; Chabot et al. 2013; Meredith and
Clemo 1989; Royal et al. 2009). Although these areas are
probably not directly homologous to the primate FEF, such
studies illustrate the likely importance of cortical contributions
to multisensory behavior.

Although it is clear that the FEF contributes to saccade
programming and contains auditory activity, it is not yet
known how auditory activity in this structure compares with
visual activity and whether the auditory activity patterns of the
FEF retain significant signatures of their different sensory
origin or if they have become sufficiently comparable with
visual signals to account for the similarity of visual and
auditory saccades. In this study, we address this question,
focusing on the proportion of FEF neurons active for auditory
saccades and the amount of activity evoked across the popu-
lation compared with the visual-evoked activity in the same
neurons.

We found a high fraction of neurons exhibiting auditory
responses in FEF: from 64% at the onset of an auditory target
to 87% soon before a saccade was made toward it. This
proportion greatly exceeds 2–10% reported in early studies that
did not use an auditory saccade task (Bruce and Goldberg
1985; Mohler et al. 1973) and approaches the 100% reported
by a study that did (Russo and Bruce 1994). Auditory activity
was lower than visual activity throughout most of the period
from target onset until about 100–200 ms before saccade onset,
illustrating that initially some signatures of sensory origin
remain in the FEF. However, beginning about 100–200 ms
before saccade onset, visual and auditory activity were nearly
identical. This suggests that FEF activity may be evaluated by

Address for reprint requests and other correspondence: V. C. Caruso,
Duke Univ., B203 LSRC, Box 90999, Durham, NC 27708 (e-mail:
v.caruso@duke.edu).

J Neurophysiol 115: 3162–3173, 2016.
First published March 2, 2016; doi:10.1152/jn.00935.2015.

3162 0022-3077/16 Copyright © 2016 the American Physiological Society www.jn.org

 by 10.220.32.246 on D
ecem

ber 2, 2016
http://jn.physiology.org/

D
ow

nloaded from
 

mailto:v.caruso@duke.edu
http://jn.physiology.org/


downstream targets and exert its influence on saccade program-
ming during this specific period of time. This observation is
therefore reminiscent of related findings concerning visually
evoked activity and how saccades are triggered or aborted
using reaction time or countermanding saccade tasks (Hanes
and Schall 1995, 1996).

Our data suggest a reevaluation of the FEF as a multisensory
area akin to the superior colliculus (SC) and more than just an
eye field for visually guided movements. The FEF seems
capable of contributing to a command to guide auditory-
evoked eye movements. If the readout of the FEF occurs
during the period of time when visual and auditory activity are
most similar, little normalization of this command would be
necessary to ensure that the eye movement is similar regardless
of whether it is evoked by a visual or auditory stimulus.

MATERIALS AND METHODS

Subjects. All procedures conformed to the Guide for the Care and
Use of Laboratory Animals (National Institutes of Health 2011) and
were approved by the Institutional Animal Care and Use Committee
of Duke University. Two adult rhesus monkeys (Macaca mulatta)
participated (monkey F, male, and monkey N, female). Under general
anesthesia and using sterile surgical procedures, we first implanted a
headpost holder to restrain the head and a scleral search coil to track
eye movements (Judge et al. 1980; Robinson 1963). After recovery
under veterinary observation, we trained the monkeys in the experi-
mental task. In a second surgery, we implanted a recording cylinder
(2-cm diameter) over the left or right FEF. We determined the location
of the cylinder with stereotactic coordinates (24–26 mm anterior with
respect to the interaural axis and 15–16 mm lateral with respect to the
midline) and verified it with MRI scans at the Duke Center for
Advanced Magnetic Resonance Development (Fig. 1A) and with
microstimulation during the recording sessions (Bruce et al. 1985).

Experimental setup. The experiment took place in a dark (monkey
F, male) or dimly illuminated (monkey N, female) sound-attenuated
room. Dim illumination prevented normal dark-induced nystagmus in
monkey N (Mulch and Lewitzki 1977) but did not provide any useful
visual cues. Indeed, performance was comparable between the two
subjects (see RESULTS) and with previous studies in complete darkness
(Metzger et al. 2004; Mullette-Gillman et al. 2005, 2009).

The monkeys sat in a primate chair, with their heads restrained, at
a distance of 150 cm from a board of stimuli. An array of nine
speakers and nine light-emitting diodes (LEDs; each attached to the
center of a speaker) was situated at 0° elevation on the horizontal

meridian (range �24°, increments 6°; Fig. 1B). These served as target
stimuli. The board also contained LEDs that were used as fixation
lights. These were presented at a variable elevation above or below the
speaker array, at horizontal locations of �12, 0, and 12° (Fig. 1B).

The auditory stimuli were band-passed white-noise bursts (500 Hz
to 18 kHz, 55-dB sound pressure level, rise time of 10 ms, variable
duration) played by Cambridge SoundWorks MC50 speakers. The
visual stimuli were green light spots (0.55 min of arc, luminance of
26.4 cd/m2) produced by LEDs.

Control of the behavioral paradigms and collection of eye position
and neural data were accomplished using the Beethoven program
(Ryklin Software). Eye position was tracked via a scleral search coil
in most sessions (see Subjects). For monkey F, we also used an optical
eye-tracking system (EyeLink 1000; SR Research, Ontario, Canada)
in a minority of recording sessions (62 sessions with eye tracker vs.
171 sessions with scleral search coil; the total number of recording
sessions in monkey F was 233).

Behavioral task. The training procedure is described in Metzger et
al. (2004). We used an overlap task to dissociate sensory-related
activity from motor-related activity (Fig. 1C). A trial started with the
presentation of a fixation light. The monkey was required to initiate
fixation within 3,000 ms and maintain it (within a square window
of �3°) until the fixation light was extinguished. After 900-1,200 ms
from fixation onset, a target (visual or auditory) was presented in one
of nine possible positions (Fig. 1B). The fixation light and the target
both stayed on for an overlap period of 600–900 ms, after which the
fixation light was turned off and the monkey was required to make a
saccade to the target. Saccades performed within 500 ms and followed
by a fixation period of 200–500 ms were considered correct with a
tolerance of �4° vertical and �3° horizontal around the target. We
rewarded correct trials with a few drops of juice or water and
penalized incorrect trials with a time out of 1 s.

Recordings. We recorded single-cell extracellular activity with
tungsten microelectrodes (FHC; impedance between 0.7 and 2.5
M� at 1 kHz). A grid system (Crist et al. 1988) and a stainless steel
guide tube supported and directed the electrode. We manually
inserted the guide tube through the dura and then advanced the
electrode with a hydraulic pulse microdrive (Narishige MO-95)
while the monkey performed visual- and auditory-guided saccade
task. We isolated single neurons online using a Plexon system
(Sort Client software; Plexon) and recorded the time of each action
potential for offline analysis. For each isolated neuron, we quali-
tatively selected one fixation elevation (range �12 to �14° rela-
tive to horizontal) that allowed the best sampling of its response
field (the horizontal positions of the fixation lights and the loca-
tions of the targets were the same for all recordings; Fig. 1B). Data

Fig. 1. Experimental paradigm. A: an MRI image of the grid and electrode placement on the right FEF of monkey N. SAR, superior arcuate sulcus; IAR, inferior
arcuate sulcus. B: location of visual and auditory stimuli. deg, Degrees. C: overlap saccade task. The visual or auditory target was presented while the monkey’s
gaze was directed toward an initial fixation light. After an overlap time of 600–900 ms, the fixation light was turned off and the monkey initiated a saccade toward
the target. The row of fixation lights could be either above or below the row of saccade targets to facilitate placement of the latter in the receptive fields of FEF
neurons.
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were collected as long as the neuron was well-isolated and the
monkey performed the task (average 578 � 185 SD correct trials
for each neuron).

On some sessions, we confirmed recordings from within FEF by
microstimulation. After recordings, the same electrode was used to
inject current in trains of bipolar pulses at 300 Hz (rectangular pulses
with 0.2-ms duration, 0.1 ms between pulses, negative pulse leading).
The train duration was 100 ms. Sites where a current �50 �A elicited
a contralateral saccade were considered part of FEF (Robinson and
Fuchs 1969). Adjacent sites were considered FEF if they lay between
two confirmed sites or if they had similar sensory and saccade
activities during the task. All neurons isolated within these sites were
analyzed, including those that were not responsive during either visual
or auditory trials.

Eye position was sampled at 500 Hz. We did not monitor pinna
movements, as these have previously been found to be small and
uncorrelated with eye movements (Groh et al. 2001; Werner-Reiss et
al. 2003).

Analysis. All analyses were conducted with custom-made routines
in MATLAB (The MathWorks). This study was part of an ongoing
investigation of the reference frame of target representation in FEF in
comparison with the SC and parietal cortex (Lee and Groh 2012,
2014; Mullette-Gillman et al. 2005, 2009). Accordingly, we varied
initial fixation position while holding the head immobile to disambig-
uate eye- and head-centered frames of reference. All analyses reported
here, with the exception of the responsiveness and spatial selectivity
analysis (Table 1 and Fig. 6), include only trials starting from the

central fixation location. Thus, for the present study, reference frame
is held constant.

To measure responsiveness and spatial selectivity (Table 1 and
Fig. 6) across the population of cells, we calculated the average
firing rate in three periods (Fig. 1C): 1) a baseline period, com-
prising the 0 –500 ms of fixation before the target onset; 2) a
sensory period, consisting of 0 –500 ms after target onset; and 3) a
motor period, starting 50 ms before the onset of the saccade to the
target and ending at the offset of the saccade. The sensory period
was chosen to match the ones used in our previous studies with the
same task in the SC and lateral and medial intraparietal cortex (Lee
and Groh 2012, 2014; Mullette-Gillman et al. 2005, 2009) and is
consistent with previous studies that have noted a continuum of
sensory-like and motor-like elements of FEF activity (Bruce and
Goldberg 1985; Jantz et al. 2013; Lawrence et al. 2005; Mohler et
al. 1973; Schall 1991; Schall and Hanes 1993; Schall et al. 1995;
Schall and Thompson 1999; Segraves and Goldberg 1987; Wurtz et
al. 2001). The sensory period captures both the transient and
sustained visual and auditory responses to the target while the gaze
is stationary on the fixation light. We have also repeated the
analyses with a shorter sensory window (0 –200 ms after target
onset) and found similar results. The motor period, variable with
saccade duration, captures the saccade related burst: we chose a
50-ms advance interval based on the average latency of stimula-
tion-evoked saccades reported in the literature (Bruce et al. 1985).
This value is within the range of average latencies of the electri-
cally evoked saccades in 175 of our recording sites across both

Fig. 2. Saccade accuracy and velocity. A–E: examples of trajectories of visual (blue) and auditory (red) saccades to the same target locations. The black rectangles
indicate the area within which a saccade was considered correct. In the low left corners is the session from which the examples were taken (N, monkey N; F,
monkey F). F–J: velocity profiles of the saccades above. K: horizontal saccade accuracy (mean � SD) for monkey F (left) and for monkey N (right). All saccades
attempted within 500 ms from the go cue are included (correct and incorrect). Data pooled from all recording sessions in which eye position was sampled with
a scleral search coil and the auditory data are slightly displaced along the x-axis for visualization purposes. L: vertical saccade accuracy as a function of target
horizontal location (vertical location of targets did not vary). The inset shows the average vertical saccade endpoint (mean � SD) for the 2 monkeys combined.
All other details as in K. M: average auditory peak velocity as a proportion of the average visual peak velocity for the corresponding saccade amplitude range
(mean � SD, bin size � 4°). Data pooled from all recording sessions involving scleral search coil and both monkeys.

3164 MULTISENSORY MOTOR CONTROL IN THE PRIMATE FEF

J Neurophysiol • doi:10.1152/jn.00935.2015 • www.jn.org

 by 10.220.32.246 on D
ecem

ber 2, 2016
http://jn.physiology.org/

D
ow

nloaded from
 

http://jn.physiology.org/


monkeys [70 � 34 ms (mean � SD)]. Saccade onset and offset
were measured with a tangential velocity threshold of 25°/s. Only
correct trials were included in this analysis.

Neurons were considered responsive in the visual/auditory mo-
dality and sensory/motor intervals if a 2-tailed t-test between their
baseline activity and relevant response period was significant
(Table 1 and Fig. 6). To accommodate the different durations of the
response windows, activity was expressed in units of spikes per
second. To allow comparison of the present results with our
previous related studies in SC and parietal cortex (Lee and Groh
2012, 2014; Mullette-Gillman et al. 2005, 2009), we remained
agnostic about reference frame and assessed the spatial selectivity
of responses (firing rate in the sensory or motor period and visual
or auditory modality) in both head- and eye-centered reference
frames using two two-way ANOVAs. Each ANOVA involved the
three levels of initial eye position (�12, 0, and �12°) as well as
five levels of target location (�12 to �12° in 6° increments)
defined in head-centered coordinates for the first ANOVA and in
eye-centered coordinates for the second ANOVA. Cells were
classified as spatially selective if either of the two ANOVAs
yielded a significant main effect for target location or a significant
interaction between the target and fixation locations (Table 1 and
Fig. 6). These were the same inclusion criteria used for our prior
studies in SC and parietal cortex (Lee and Groh 2012, 2014;
Mullette-Gillman et al. 2005, 2009). In all tests, statistical signif-
icance was defined as P value �0.05; to be consistent with our
previous analyses, we did not apply Bonferroni correction.

Single-cell perievent time histograms (PETH) were calculated for
each target and each modality by averaging the number of action
potentials within successive bins of 25 ms aligned to the target onset
or the saccade onset across all correct trials involving the central
fixation (Figs. 3–5). To compute the “raw” population PETH, we first
obtained single PETH to all visual or auditory targets and then
averaged across all neurons recorded in the two monkeys (Fig. 7, A
and B). Similarly, the normalized population PETH was obtained by
averaging the normalized individual PETH across all recorded cells
(Fig. 7, C and D). The normalization consisted of subtracting the
average baseline and dividing by the maximum activity bin observed
for any target for that neuron, regardless of whether it was visual or
auditory, so that the units of activity became percentage of maximum
activity.

From a similar normalized population PETH with 5-ms bins, we
measured the response onset latency as the time the activity became
higher than the mean � 3 SD of the average baseline population
activity before target onset.

Single-neuron spatial tuning curves were estimated by fitting a
Gaussian function to the neural activity as a function of the
horizontal location of the target or as a function of the horizontal
amplitude of the resulting saccade. The goodness of fit was
measured by comparing the coefficients of variations (r2) for each
cell. For each cell, we included only correct trials starting from the
central fixation position, thus eliminating reference frame as a
factor. We also restricted the target locations to �18, �18°
horizontal to minimize the influence of secondary saccades, as the
proportion of secondary saccades increases with eccentricity for
visual targets (Frost and Pöppel 1976). Note that it has previously
been shown that Gaussian functions can fit response functions well
even if they are monotonic, so this type of curve fit is agnostic to
the question of whether auditory (or visual) response functions in
the FEF are typically circumscribed or predominantly open ended
(Groh et al. 2003; Porter and Groh 2006; Werner-Reiss and Groh
2008): differences between response function shape on visual vs.
auditory trials have been found in the primate SC in a similar
paradigm (Lee and Groh 2014).

RESULTS

Behavioral results and implications for models of saccade
generation. As has been previously reported, we observed that
auditory-guided saccades are qualitatively similar to visually
guided saccades. Both involve high-speed movements of the
eyes, but auditory saccades are a little less accurate and slightly
slower than visually guided movements to targets at the same
location (Frens and Van Opstal 1995; Jay and Sparks 1990;
Metzger et al. 2004; Yao and Peck 1997; Zambarbieri et al.
1982).

Figure 2, A–J, shows some examples of raw trajectories and
velocity profiles of the saccades made to the same target
locations in the visual and auditory conditions. Compared with
visual saccades, the endpoints of auditory saccades were more
variable and there were sometimes systematic displacements
relative to the target (e.g., the red, auditory points in Fig. 2B are
slightly above and to the left of the blue, visual points). As
shown in the velocity panels of Fig. 2, F–J, the peak speeds of
auditory-guided saccades were lower than those of correspond-
ing visually guided saccades except for smaller saccades (Fig.
2, F and G). Auditory saccade trajectories could also be
curved, e.g., Fig. 2, C and D, an observation previously noted
(Frens and Van Opstal 1995) but will not be considered further
in this study.

These trends were confirmed over all saccades recorded in
this study in Fig. 2, K–M. In the horizontal dimension, the
average endpoints of auditory-guided saccades were nearly as
closely correlated with target location as were visually guided
saccades: the red and blue lines are both close to the line of slope
one (Fig. 2K; average error 1.2° for visual and 3.9° for auditory
trials; t-test, P � 0.001) with the auditory saccades also showing
greater scatter (SD 3.6° for visual and 6.8° for auditory; F test,
P � 0.001). The vertical error for visual and auditory saccades to
the same target location were smaller and showed less scatter (Fig.

Table 1. Responsiveness and spatial selectivity

Visual Auditory Both

Total � 324 cells n % n % n %

Sensory period
A: Responsiveness (t-test) 245 75.6 209 64.5 169 52.2
B: ANOVA: head-centered target � eye

position (main effect for target
location or interaction between the
target and fixation locations) 142 43.8 50 15.4 30 9.3

C: ANOVA: eye-centered target � eye
position (main effect for target
location or interaction between the
target and fixation locations) 148 45.7 66 20.4 34 10.5

D: B or C 174 53.7 87 26.9 51 15.7

Motor period
E: Responsiveness (t-test) 272 84.0 283 87.3 246 75.9
F: ANOVA: head-centered target � eye

position (main effect for target
location or interaction between the
target and fixation locations) 115 35.5 96 29.6 49 15.1

G: ANOVA: eye-centered target � eye
position (main effect for target
location or interaction between the
target and fixation locations) 135 41.7 100 30.2 59 18.2

H: F or G 160 49.4 142 43.8 89 27.5

Sensory and motor period
I: D and H 117 36.1 47 14.5 26 8.0
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2L; mean vertical error � standard deviation on visual vs.
auditory trials: �0.1 � 1.6 vs. 0.4 � 2.5°; t-test, P value
�0.001; F test, P value �0.001). The auditory vertical accu-
racy is better than previously reported (Jay and Sparks 1990),
probably due to the predictable nature of our targets: the
vertical location did not vary. Peak speed covaried with am-
plitude, a signature characteristic distinguishing saccades from
other types of eye movements (Bahill et al. 1975). However,
for a given saccade amplitude, peak speed was on average
lower if the target was auditory than if it was visual (Fig. 2M).
The average peak velocity on auditory trials was 76% of the
velocity on visual trials. There was no noticeable difference in
saccade reaction time on visual and auditory trials, but it
should be noted that this was not a reaction-time task: the
overlap paradigm imposed a delay between the stimulus onset
and the cue to make the eye movement.

Together, these observations confirm the results of previous
studies that compared visually vs. auditory-guided saccades
(Corneil et al. 2002; Frens and Van Opstal 1995; Hughes et al.
1998; Jay and Sparks 1990; Metzger et al. 2004; Yao and Peck

1997; Zambarbieri et al. 1982) and provide context for con-
sidering how neuronal signals in the brain generate such
movements in response to sound vs. sight. Specifically, the
behavioral results indicate that the command signal reaching
the eye muscles may be largely similar on visual and
auditory trials (i.e., the movements are clearly saccades
regardless of target modality). However, there must be some
differences in the command signal (perhaps inherited from
the sensory inputs or perhaps originating within the motor
stage) to account for the lower accuracy and slower peak
velocity. We evaluated FEF activity in light of these factors to
attempt to determine what aspects of FEF activity might
account for both the similarities and differences between visual
and auditory saccades.

Neural activity patterns: similarities and differences by
target modality. We recorded 324 neurons (233 from the left
FEF of monkey F and 91 from the right FEF of monkey N).
Most neurons displayed bursts of activity during saccades to
either visual or auditory targets (Table 1). However,
they did not always respond identically on visual and

Fig. 3. Raster plot and perievent time histogram (PETH) of an example cell. This cell responded vigorously to the onset of contralateral visual and auditory
targets. The activity persisted in time until a saccade was made. A: raster plots for visual and auditory trials aligned to the target and the saccade onset. B: PETH
for visual and auditory trials aligned to the target and the saccade onset. PETH were obtained by averaging the number of action potentials within running bins
of 10 ms aligned to the target onset or saccade onset [smoothed using a half-triangular filter (2/3, 1/3). The points were attributed to the time of the value receiving
the 2/3 weight]. Colors indicate horizontal target locations. The colored tick marks in B indicate the average saccade offset for each target location.
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auditory trials despite the similarity of eye-movement
responses.

Three example neurons showing activity in response to the
onset of the target and/or in conjunction with the saccade are
illustrated in Figs. 3–5. These neurons illustrate the range of
visual vs. auditory and sensory vs. motor activity in our data
set. The neuron in Fig. 3 responded robustly to either visual or
auditory targets, and the activity remained elevated as long as
the stimulus persisted, decaying at the time a saccade was
made toward the target. The neuron in Fig. 4 responded to
either visual or auditory stimuli shortly after target onset and
exhibited a second slight increase in activity in conjunction
with the visually guided eye movement, whereas the neuron in
Fig. 5 had stronger motor-related activity. Despite exhibiting a
motor-related burst on auditory trials, this latter neuron re-
sponded very weakly (Fig. 5) to the onset of sound targets,
although it responded more vigorously on visual trials.

In total, about half of the neurons in our sample exhibited
sensory responses to both visual and auditory targets (Fig. 6A,
left; 2-tailed t-test comparing the activity to baseline, P � 0.05;
see also Table 1 and MATERIALS AND METHODS). About three-
quarters exhibited activity for both target modalities during the

motor period (Fig. 6A, right). After bimodal responsiveness,
visual-only responsiveness was the next most common cate-
gory for the sensory period (23% visual-only and 12% audi-
tory-only; Fig. 6A, left). In contrast, in the motor period
(perisaccadic period; see MATERIALS AND METHODS), the percent-
ages of unimodal visual or auditory cells were comparable
(11% auditory-only and 8% visual-only; Fig. 6A, right). Non-
responsiveness to any modality was the least common category
(Fig. 6A). Results were largely similar when an ANOVA was
used to test for spatial selectivity but with overall lower
proportions (roughly 1/3 of cells failed to show a significant
dependence on target location by this categorical measure; Fig.
6B). This may indicate that some receptive fields were subop-
timally sampled in this study. Figure 6C shows a direct com-
parison between the proportions of responsive (t-test) and
spatial-selective (ANOVA) cells, indicating the total propor-
tions of visually and auditory-responsive neurons for each
measure and time period.

We next considered the aggregate activity of FEF neurons
on auditory compared with visual trials. It is thought that the
population of neurons in the FEF (or SC) provide the command
signal specifying the goal of saccades (Hanes and Wurtz 2001;

Fig. 4. Raster plot and perievent time histogram (PETH) of an example cell. This cell responded to the onset of visual and auditory targets and weakly during
the saccade toward the visual targets. The response to auditory target onset was briefer, faster, and less spatially selective than the response to a visual target
onset. The motor burst in the visual modality was weaker than the sensory response. A and B like in Fig. 3.
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Lee et al. 1988; Quaia et al. 1998). Given that individual
neurons exhibited varying strengths and types of responses,
what is the net level of activity in the FEF on auditory vs.
visual trials, and how does this vary in time?

Figure 7 summarizes the differences in time course and
magnitude of visual- and auditory-evoked activity in the pop-
ulation perievent time histogram (PETH) including every neu-
ron in our sample. Consistent with the trends from the example
cells, the FEF as a whole responded more rapidly to the onset
of auditory targets than visual targets. The average response
onset latency (measured as the time the activity becomes
higher than the mean � 3 SD of the average baseline popula-
tion activity before target onset, using 5-ms bins; see MATERIALS

AND METHODS) was 55 ms for visual trials and 20 ms for
auditory trials, comparable to values estimated in an EEG
study in humans (Kirchner et al. 2009). The response to
auditory targets was also much weaker than that to visual
targets (Fig. 7, A and C). However, beginning about 100–200
ms before the saccade, the aggregate activity was indistin-
guishable on visual vs. auditory trials. This was true both when
considering the raw activity (Fig. 7, A and B) and when the
activity of each contributing cell was normalized relative to its

peak response (Fig. 7, C and D; see MATERIALS AND METHODS).
The timing was consistent with the latency of movements
triggered by electrical stimulation of the FEF, which was on
the order of 70 � 34 (mean � SD) for low current stimulation
in our data set (n � 175 sites after recordings; see MATERIALS

AND METHODS). The aggregate similarity of visual and auditory
activity at the time of the saccade held true across the range of
target locations tested (Fig. 7, E and F). The slight compression
of auditory activity relative to visual activity (higher for ipsi-
lateral targets, lower for contralateral ones) might contribute to
similar compression of auditory saccade accuracy relative to
visual saccade accuracy (slight tendency for auditory saccades
to undershoot; see Fig. 2K).

Response and saccade variability. To gain insight into the
causes of the greater variability of auditory saccades compared
with visually guided ones, we compared how well the FEF
activity correlated with horizontal target location vs. the hori-
zontal saccade amplitude. If the greater variability in auditory
saccade endpoints arises at least partially from sources within
auditory sensory regions antecedent to the FEF, then FEF
activity should be less well-correlated with target location on
auditory vs. visual trials. However, if this is the only source of

Fig. 5. Raster plot and perievent time histogram (PETH) of an example cell. This cell was activated transiently by the onset of visual targets and more strongly
by the saccades to them. In the auditory modality, the response to sound onset was much smaller, but the activity during auditory saccades was comparable with
that displayed on visual saccades. A and B like in Fig. 3.
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variability, then FEF activity should be equally well-correlated
with the resulting movement vector on both visual and auditory
trials.

To assess this, we evaluated the trial-by-trial variability of
the visual and auditory responses grouped by target location or
saccade endpoint by comparing the goodness of fit of Gaussian
spatial tuning curves to the horizontal target locations vs. the
horizontal saccade amplitude (see MATERIALS AND METHODS).

Figure 8 shows the Gaussian fits of the activity of one cell as
a function of horizontal target locations (Fig. 8A) and horizon-
tal saccade amplitude (Fig. 8B) for each modality and epoch of
activity analyzed. The fit improves when considering the sac-
cade amplitude vs. the horizontal target locations. This is
confirmed at the population level (324 cells; Fig. 9) with a
3-way ANOVA examining the effect of fit type (horizontal
target locations vs. horizontal saccade amplitude), modality
(visual vs. auditory), and time window (sensory vs. motor).
The average neural activity in FEF better correlated with the
horizontal saccade amplitude than with the horizontal target
locations for both sensory and motor epochs of the trials and in
either visual or auditory modality (significant main effect of fit
type, P value � 6 � 10�7; Fig. 9, saccade bars higher than
target bars in all conditions). The activity of FEF represented
both the movement and target better on visual than on auditory
trials (significant main effect of modality, P value � 2 �
10�27; blue bars higher than red/orange bars), suggesting that
sources of greater variability in activity on auditory trials occur

both before and after (or in parallel with) the FEF. However,
the fit improved from the sensory to the motor times for
auditory trials but not for visual trials (significant interaction
between time and modality, P value � 7 � 10�4). Further-
more, the improvement of the goodness of fit for saccade
amplitude vs. target (r2 saccade � r2 target) was larger for
auditory than visual trials (t-test, P value � 0.0144), suggest-
ing that variability in the signals reaching the FEF is slightly
greater relative to post-FEF sources on auditory trials than for
visual trials.

In summary, the greater variability in saccade endpoint on
auditory trials may derive from a combination of sources
before the FEF (such as imperfection in the auditory localiza-
tion mechanisms) as well as after the FEF, with the pre-FEF
sources making the larger contribution.

DISCUSSION

Overall, our results demonstrate that the FEF is amply
responsive to auditory stimuli in the context of an auditory
saccade task and resolve previous questions about the auditory
responsiveness of this structure (Bruce and Goldberg 1985;
Mohler et al. 1973; Russo and Bruce 1994; Schall 1991). It is
likely that, together with the SC, the FEF plays a causal role in
controlling such saccades (Bruce and Goldberg 1985; Jay and
Sparks 1984, 1987a,b; Kadunce et al. 2001; Lee and Groh
2012, 2014; Meredith and Stein 1986; Meredith et al. 1992;
Mohler et al. 1973; Schall 1991; Schiller et al. 1980). However,

Fig. 6. Proportions of responsive and spatially se-
lective cells. A: responsiveness to visual and/or
auditory targets was statistically assessed using a
2-tailed t-test comparing the activity in the sensory
(left) and motor (right) periods with baseline (P �
0.05). B: spatial selectivity was assessed with an
analysis of variance (ANOVA) for the sensory (left)
and motor (right) periods. Details of these tests are
also provided in Table 1. C: the proportions of
significantly responsive neurons were generally
higher when using the t-test than using the ANOVA.
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there remain important signal transformations that must occur
within the FEF or between the FEF and the eye muscles.

Specifically, the auditory signals in the FEF are initially
weaker than visual signals. After the auditory target onset,
significant responses occur in fewer neurons, and the popula-
tion average of the activity is lower either because of the
smaller proportion of active neurons or because the neurons
that do exhibit auditory-evoked activity nevertheless respond
less strongly to a sound than to a visual stimulus. These
differences are reduced or eliminated as the saccade
approaches: the level of activity, and the proportion of active
neurons, becomes substantially more similar across the delay
intervening between target onset and saccade. Previous studies
that did not involve an auditory guided-saccade would likely
have only observed these lower levels of auditory activity seen
during the sensory period (Bruce and Goldberg 1985; Mohler

et al. 1973; Schall 1991); during the motor period, our results
more closely match those of Russo and Bruce (1994), who also
employed a task involving auditory-guided saccades (although
they used a reaction-time paradigm that did not expressly
separate sensory- and motor-related activity).

The aggregate amount of auditory-evoked activity is quan-
titatively similar to visually evoked activity for the last 100–
200 ms before the saccade (Fig. 7, B and D). This may
correspond to the activity in the FEF reaching a threshold
actually to trigger the movement (Brown et al. 2008; Hanes
and Schall 1996; Jantz et al. 2013; Schall et al. 2011). The
latency of movements triggered by low-current electrical stim-
ulation of the FEF in our study was about 70 � 34 ms, whereas
shorter latencies have been observed in other studies with
stronger stimulation parameters (Tu and Keating 2000), but the
point is the same: if the FEF is evaluated by downstream

Fig. 7. Average population activity of all neurons (324)
recorded in the 2 monkeys as a function of time and
horizontal target location. A: average perievent time
histogram (PETH; mean � SE) across all cells recorded
for visual (blue) and auditory (red) responses aligned to
the target onset. Bin size � 10 ms, no smoothing. Only
trials starting from the central fixation were included. B:
same as A but with traces aligned to saccade onset. C
and D: same as A and B but with normalized activity
(for each cell, the normalization consisted in subtracting
the average baseline activity and dividing by the max-
imum activity level for each cell; see MATERIALS AND

METHODS). E: normalized population activity (mean �
SE) for each target during the 500-ms sensory period
(see MATERIALS AND METHODS). Only correct trials are
included. Same color convention and trials inclusions as
A. Auditory data are displaced slightly along the x-axis
for visualization purposes. F: same as E but for the
activity during the motor period.
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structures during a window beginning about 35–105 ms before
the saccade, visual and auditory activity are largely similar
during that period of time.

The similarity in the overall amount of activity on visual vs.
auditory trials in the period of time leading up to saccade onset
argues against one theoretical explanation for lower auditory
saccade velocity. Models of the saccade pulse-step generator
often call two input signals: a trigger signal to initiate a
movement and a goal signal to specify what movement to
make. If a saccade is triggered before the activity level spec-
ifying the goal has reached its asymptote, the saccade may start
more slowly and reach a lower peak velocity. The similarity
(Sparks and Hartwich-Young 1989) of the visual and auditory
signals from 100 to 200 ms before saccade onset tends to argue
against this interpretation as both types of signals have reached
comparable levels well before the saccade begins.

The lower accuracy on auditory compared with visual trials
is well-known, but the neural contributions to this effect are
less clear. Here, we focused on response variability and its
potential relationship to behavioral variability, following a
rationale developed to evaluate decision-related signals in
discrimination tasks (e.g., Britten et al. 1996). Our results
suggest that only a portion of the greater variability in saccade
endpoint on auditory trials stems from sources before the FEF.
Sound location must be computed based on interaural timing
differences, interaural level differences, and spectral cues, each
of which has error associated with it. However, these errors are
likely reflected in the auditory information reaching the FEF,
whether directly from areas such as the auditory cortex or
indirectly from areas such as the medial geniculate nucleus, the
inferior colliculus, or the superior olivary complex. It is some-
what surprising that additional sources of error appear to be

introduced at the level of the FEF or its successors in the
oculomotor pathway such as the SC and the cerebellum.
Auditory signals can reach such structures by parallel routes
(Huang et al. 1982; Sparks and Hartwich-Young 1989).

There remain numerous other aspects of the visual and
auditory codes in the FEF to be explored. For example, the
auditory representation of space in the SC reflects a hybrid of
head- and eye-centered coordinates during the sensory period
but evolves to be fully eye-centered by the time of the move-
ment (Jay and Sparks 1984, 1987a,b; Lee and Groh 2012;
Populin et al. 2004). Does the frame of reference of the FEF

Fig. 8. Example of Gaussian fits. The activity of 1 example cell is modeled as a Gaussian function of horizontal target locations (A) and horizontal saccade
amplitude (B). From left to right, the activity was computed as firing rate in the sensory and motor windows for visual and auditory trials as indicated above
the panels. R2 and the P value for the individual goodness of fit are reported.

Fig. 9. Response variability and saccade variability. Mean � standard error
coefficients of determination of the Gaussian fits of sensory and motor neural
activity vs. horizontal target location (target) and horizontal saccade amplitude
(saccade). *Significant comparisons; P values are in the main text.
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show a similar evolution? Our preliminary results suggest that
the representation of the FEF is more consistently hybrid than
that of the SC (Lee and Groh 2012), a subject we are currently
investigating.

Likewise, the nature of the receptive fields on auditory trials,
and whether they are circumscribed like visual receptive fields
or monotonically open ended as in other auditory areas (Groh
et al. 2003; Porter and Groh 2006; Werner-Reiss and Groh
2008; for review, see Groh 2014), is an important aspect of the
computations that unfold between sensory input and motor
output. In the primate SC, auditory saccades evoke activity
patterns that form a meter or rate code for sound location and
saccade vector, whereas visual saccades evoked activity pat-
terns that form a map of visual stimulus location and saccade
vector (Lee and Groh 2014). This aspect of the code for
auditory space in FEF has yet to be explored.

In total, the FEF appears to act as an important partner with
the SC in generating motor commands to stimuli regardless of
their original modality. Differences between the activity pat-
terns evoked on visual vs. auditory trials, or in the FEF vs. the
SC, will be informative regarding how the brain generates
movements guided by multiple types of inputs.
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