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ABSTRACT 21 

 22 

Saccadic eye movements can be elicited by more than one type of sensory stimulus.  This implies 23 

substantial transformations of signals originating in different sense organs as they reach a common 24 

motor output pathway.  In this study, we compared the prevalence and magnitude of auditory- and 25 

visually-evoked activity in a structure implicated in oculomotor processing, the primate frontal eye 26 

fields (FEF). We recorded from 324 single neurons while 2 monkeys performed delayed saccades to 27 

visual or auditory targets. We found that 64% of FEF neurons were active upon presentation of auditory 28 

targets and 87% were active during auditory-guided saccades, compared to 75% and 84% for visual 29 

targets and saccades. As saccade onset approached, the average level of population activity in the FEF 30 

became indistinguishable on visual and auditory trials.  FEF activity was better correlated with the 31 

movement vector than with the target location for both modalities  In summary, the large proportion of 32 

auditory responsive neurons in the FEF, the similarity between visual and auditory activity levels at the 33 

time of the saccade and the strong correlation between the activity and the saccade vector suggest that 34 

auditory signals undergo tailoring to roughly match the strength of visual signals present in the FEF, 35 

facilitating accessing of a common motor output pathway.   36 

 37 

KEYWORDS: multisensory, saccade, Frontal Eye Field (FEF), auditory 38 

39 
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INTRODUCTION 40 

 41 

Both sounds and visual stimuli can elicit saccades, or rapid movements of the eyes that bring 42 

stimuli of interest onto the fovea. The eye movements are qualitatively similar, regardless of the sensory 43 

trigger (Zambarbieri et al., 1982, Jay and Sparks, 1990, Frens and Van Opstal, 1995, Yao and Peck, 44 

1997, Metzger et al., 2004).  This suggests that the brain must transform signals evoked by two very 45 

different forms of stimulus energy (light and sound) and beginning in separate places (the eyes and ears) 46 

into commands that converge on a common motor pathway and produce very similar patterns of muscle 47 

contractions.  We seek to shed light on this signal transformation by comparing the properties of 48 

auditory- and visual-evoked activity in the primate frontal eye fields (FEF).   49 

The FEF is important for saccade generation. Electrical stimulation of the FEF produces 50 

saccades with a short latency (Robinson and Fuchs, 1969, Bruce et al., 1985). FEF lesions, whether 51 

reversible or permanent, cause deficits in saccade performance (Schiller et al., 1980a, Schiller et al., 52 

1987, Sommer and Tehovnik, 1997, Dias and Segraves, 1999) as can transcranial magnetic stimulation 53 

(Priori et al., 1993, Ro et al., 1997, Wipfli et al., 2001). However, these studies have largely focused on 54 

the causal role of the FEF in visually- and memory-guided saccades, leaving its functional contribution 55 

to saccades evoked by auditory stimuli unexplored.   56 

Auditory-evoked activity has been previously reported in the primate FEF (Mohler et al., 1973, 57 

Bruce and Goldberg, 1985b, Schall, 1991) and adjacent regions (Vaadia et al., 1986). Data from 58 

candidate homologues of the FEF in other mammalian species have generally focused exclusively on 59 

visually-guided eye movements (Weyand and Gafka, 1998, Weyand et al., 1999). However, many 60 

studies in the cat have revealed multi-sensory contributions originating from structures in the temporal 61 

lobe to signals in other oculomotor structures  (e.g. Meredith and Clemo, 1989, Alvarado et al., 2007, 62 
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Alvarado et al., 2009, Royal et al., 2009, Chabot et al., 2013).  While these areas are probably not 63 

directly homologous to the primate FEF, such studies illustrate the likely importance of cortical 64 

contributions to multisensory behavior.   65 

Although it is clear that the FEF contributes to saccade programming and contains auditory 66 

activity, it is not yet known how auditory activity in this structure compares to visual activity, and 67 

whether the FEF’s auditory activity patterns retain significant signatures of their different sensory origin 68 

or if they have become sufficiently comparable to visual signals to account for the similarity of visual 69 

and auditory saccades.  In this study, we address this question, focusing on the proportion of FEF 70 

neurons active for auditory saccades and the amount of activity evoked across the population in 71 

comparison to the visual-evoked activity in the same neurons.  72 

We found a high fraction of neurons exhibiting auditory responses in FEF: from 64% at the onset 73 

of an auditory target to 87% soon before a saccade was made towards it. This proportion greatly exceeds 74 

2-10% reported in early studies that did not use an auditory saccade task (Mohler et al., 1973, Bruce and 75 

Goldberg, 1985b) and approaches the 100% reported by a study that did (Russo and Bruce, 1994).  76 

Auditory activity was lower than visual activity throughout most of the period from target onset until 77 

about 100-200 ms before saccade onset, illustrating that initially some signatures of sensory origin 78 

remain in the FEF.  However, beginning about 100-200 ms prior to saccade onset, visual and auditory 79 

activity was nearly identical. This suggests that FEF activity may be evaluated by downstream targets 80 

and exert its influence on saccade programming during this specific period of time.  This observation is 81 

therefore reminiscent of related findings concerning visually-evoked activity and how saccades are 82 

triggered or aborted using reaction time or countermanding saccade tasks (Hanes and Schall, 1995, 83 

1996). 84 
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Our data suggest a re-evaluation of the FEF as a multisensory area akin to the superior colliculus, 85 

and more than just an eye field for visually-guided movements. The FEF seems capable of contributing 86 

to a command to guide auditory-evoked eye movements.  If the FEF’s readout occurs during the period 87 

of time when visual and auditory activity is most similar, little normalization of this command would be 88 

necessary to ensure that the eye movement is similar regardless of whether it is evoked by a visual or 89 

auditory stimulus.   90 

 91 

MATERIALS AND METHODS 92 

Subjects 93 

All procedures conformed to the Guide for the Care and Use of Laboratory Animals (National 94 

Institutes of Health) (2011) and were approved by the Institutional Animal Care and Use Committee of 95 

Duke University. Two adult rhesus monkeys (Macaca mulatta) participated (monkey F, male, and 96 

monkey N, female). Under general anesthesia and using sterile surgical procedures, we first implanted a 97 

head post holder to restrain the head and a scleral search coil to track eye movements (Robinson, 1963, 98 

Judge et al., 1980). After recovery under veterinary observation, we trained the monkeys in the 99 

experimental task. In a second surgery, we implanted a recording cylinder (2 cm diameter) over the left 100 

or right FEF respectively. We determined the location of the cylinder with stereotactic coordinates (24-101 

26 mm anterior with respect to the interaural axis and 15-16 mm lateral with respect to the midline) and 102 

verified it with MRI scans at the Duke Center for Advanced Magnetic Resonance Development (figure 103 

1A) and with micro-stimulation during the recording sessions (Bruce et al., 1985). 104 
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 105 

 106 

Figure 1. Experimental paradigm. (A) An MRI image of the grid and electrode placement on 107 

the right FEF of monkey N. (B) Location of visual and auditory stimuli. (C) Overlap saccade task. The 108 

visual or auditory target was presented while the monkey’s gaze was directed toward an initial fixation 109 

light.  After an overlap time of 600-900 ms, the fixation light was turned off and the monkey initiated a 110 

saccade toward the target.  The row of fixation lights could be either above or below the row of saccade 111 

targets, to facilitate placement of the latter in the receptive fields of FEF neurons. 112 

 113 

Experimental Setup  114 

The experiment took place in a dark (monkey F, male) or dimly illuminated (monkey N, female) 115 

sound-attenuated room. Dim illumination prevented normal dark-induced nystagmus in monkey N 116 

(Mulch and Lewitzki, 1977), but did not provide any useful visual cues. Indeed, performance was 117 

comparable between the two subjects (see Results) and with previous studies in complete darkness 118 

(Metzger et al., 2004, Mullette-Gillman et al., 2005, 2009). 119 

The monkeys sat in a primate chair, with their heads restrained, at a distance of 150 cm from a 120 

board of stimuli. An array of nine speakers and nine LEDs (each attached to the center of a speaker) was 121 

situated at 0° elevation on the horizontal meridian (range ±24°, increments 6°, Figure 1B). These served 122 

as target stimuli. The board also contained LEDs that were used as fixation lights. These were presented 123 
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at a variable elevation above or below the speaker array, at horizontal locations of -12°, 0°, 12° (Figure 124 

1B). 125 

The auditory stimuli were band-passed white noise bursts (500 Hz to 18 kHz, 55 dB sound 126 

pressure level, rise time of 10ms, variable duration) played by Cambridge Soundwork MC50 speakers. 127 

The visual stimuli were green light spots (0.55 minutes of arc, luminance of 26.4 cd/m2) produced by 128 

light emitting diodes (LEDs). 129 

Control of the behavioral paradigms and collection of eye position and neural data were 130 

accomplished using the Beethoven program (Ryklin Software). 131 

 132 

Behavioral Task 133 

The training procedure is described in (Metzger et al., 2004). 134 

We used an overlap task to dissociate sensory-related activity from motor-related activity (Figure 135 

1C). A trial started with the presentation of a fixation light. The monkey was required to initiate fixation 136 

within 3000 ms and maintain it (within a squared window of ±3 degrees) until the fixation light was 137 

extinguished. After 900 to 1200 ms from fixation onset, a target (visual or auditory) was presented in 138 

one of nine possible positions (Figure 1B). The fixation light and the target both stayed on for an overlap 139 

period of 600 to 900 ms, after which the fixation light was turned off and the monkey was required to 140 

make a saccade to the target. Saccades performed within 500 ms and followed by a fixation period of 141 

200 to 500 ms were considered correct with a tolerance of ±4 vertical and ±3° horizontal around the 142 

target. We rewarded correct trials with few drops of juice or water and penalized incorrect trials with a 143 

time out of 1 s. 144 

 145 

Recordings  146 
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We recorded single cell extracellular activity with tungsten micro-electrodes (FHC, impedance 147 

between 0.7 and 2.5 MOhm at 1 kHz). A grid system (Crist et al., 1988) and a stainless steel guide tube 148 

supported and directed the electrode. We manually inserted the guide tube through the dura and then 149 

advanced the electrode with a hydraulic pulse microdrive (Narishige MO-95), while the monkey 150 

performed visual and auditory guided saccade task. We isolated single neurons on-line using a Plexon 151 

system (Sort Client software, Plexon) and recorded the time of each action potential for offline analysis. 152 

For each isolated neuron, we qualitatively selected one fixation elevation (range -12 to +14 deg relative 153 

to horizontal) that allowed the best sampling of its response field (the horizontal positions of the fixation 154 

lights and the locations of the targets were the same for all recordings, Figure 1B). Data were collected 155 

as long as the neuron was well isolated and the monkey performed the task (average 578 ± 185std 156 

correct trials for each neuron).  157 

On some sessions we confirmed recordings from within FEF by micro-stimulation. After 158 

recordings, the same electrode was used to inject current in trains of bipolar pulses at 300 Hz 159 

(rectangular pulses with 0.2ms duration, 0.1ms between pulses, negative pulse leading). The train 160 

duration was 100ms. Sites where a current below or equal to 50 microampere elicited a contra-lateral 161 

saccade were considered part of FEF (Robinson and Fuchs, 1969). Adjacent sites were considered FEF 162 

if they lay between two confirmed sites or if they had similar sensory and saccade activities during the 163 

task. All neurons isolated within these sites were analyzed, including those that were not responsive 164 

during either visual or auditory trials. 165 

Eye position was sampled at 500 Hz. We did not monitor pinna movements, as these have 166 

previously been found to be small and uncorrelated with eye movements (Groh et al. 2001; Werner-167 

Reiss et al. 2003). 168 

 169 
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Analysis 170 

All analyses were conducted with custom-made routines in Matlab (the MathWorks Inc.).  171 

This study was part of an ongoing investigation of the reference frame of target representation in 172 

FEF in comparison with the SC and parietal cortex (Mullette-Gillman et al., 2005, 2009, Lee and Groh, 173 

2012, 2014). Accordingly, we varied initial fixation position while holding the head immobile, to 174 

disambiguate eye- and head-centered frames of reference.  All analyses reported here, with the exception 175 

of the responsiveness and spatial selectivity analysis (Figure 6, Table 1), include only trials starting from 176 

the central fixation location.   Thus, for the present study, reference frame is held constant.    177 

To measure responsiveness and spatial selectivity (Table 1 and Figure 6) across the population of 178 

cells, we calculated the average firing rate in three periods (Figure1C): 1) a baseline period, comprising 179 

the 0-500 ms of fixation before the target onset, 2) a sensory period, consisting of 0-500 ms after target 180 

onset and 3) a motor period, starting 50 ms before the onset of the saccade to the target and ending at the 181 

offset of the saccade. The sensory period was chosen to match the ones used in our previous studies with 182 

the same task in the Superior Colliculus and Lateral and Medial Intraparietal Cortex (Mullette-Gillman 183 

et al., 2005, 2009, Lee and Groh, 2012, 2014) and is consistent with previous studies that have noted a 184 

continuum of sensory-like and motor-like elements of FEF activity (Mohler et al., 1973, Bruce and 185 

Goldberg, 1985a, Segraves and Goldberg, 1987, Schall, 1991, Schall and Hanes, 1993, Schall et al., 186 

1995, Schall and Thompson, 1999, Wurtz et al., 2001, Lawrence et al., 2005, Jantz et al., 2013). The 187 

sensory period captures both the transient and sustained visual and auditory responses to the target, 188 

while the gaze is stationary on the fixation light. We have also repeated the analyses with a shorter 189 

sensory window (0-200 ms after target onset) and found similar results. The motor period, variable with 190 

saccade duration, captures the saccade related burst: we chose a 50 ms advance interval based on the 191 

average latency of stimulation-evoked saccades reported in the literature (Bruce et al., 1985). This value 192 
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is within the range of average latencies of the electrically evoked saccades in 175 of our recording sites 193 

across both monkeys (70 ± 34 ms (mean ± std)). Saccade onset and offset were measured with a 194 

tangential velocity threshold of 25°/s. Only correct trials were included in this analysis.  195 

Neurons were considered responsive in the visual/auditory modality and sensory/motor intervals, 196 

if a two-tailed t-test between their baseline activity and relevant response period was significant (Table 1 197 

and Figure 6).  To accommodate the different durations of the response windows, activity was expressed 198 

in units of spikes per second. To allow comparison of the present results with our previous related 199 

studies in SC and parietal cortex  (Mullette-Gillman et al., 2005, 2009, Lee and Groh, 2012, 2014), we 200 

remained agnostic about reference frame, and assessed the spatial selectivity of responses (firing rate in 201 

the sensory or motor period and visual or auditory modality) in both head- and eye-centered reference 202 

frames using two two-way ANOVAS. Each ANOVA involved the three levels of initial eye position (-203 

12°, 0°, +12°) as well as five levels of target location (-12° to +12° in 6° increments), defined in head-204 

centered coordinates for the first ANOVA and in eye-centered coordinates for the second ANOVA. 205 

Cells were classified as spatially selective if either of the two ANOVAs yielded a significant main effect 206 

for target location, or a significant interaction between the target and fixation locations (Table 1, Figure 207 

6).  These were the same inclusion criteria used for our prior studies in SC and parietal cortex (Mullette-208 

Gillman et al., 2005, 2009, Lee and Groh, 2012, 2014). In all tests, statistical significance was defined as 209 

p value < 0.05; to be consistent with our previous analyses, we did not apply Bonferroni correction.  Full 210 

results of the reference frame analyses will be published separately.  211 

Single cell peri-event time histograms (PETH) were calculated for each target and each modality 212 

by averaging the number of action potentials within successive bins of 25 ms aligned to the target onset 213 

or the saccade onset, across all correct trials involving the central fixation (Figure 3,4,5). To compute the 214 

“raw” population PETH, we first obtained single PETH to all visual or auditory targets and then 215 
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averaged across all neurons recorded in the two monkeys (Figure 7A,B). Similarly, the normalized 216 

population PETH was obtained by averaging the normalized individual PETHs across all recorded cells 217 

(Figure 7C,D). The normalization consisted of subtracting the average baseline and dividing by the 218 

maximum activity bin observed for any target for that neuron, regardless of whether it was visual or 219 

auditory, so that the units of activity became percent of maximum activity. 220 

From a similar normalized population PETH with 5ms bins, we measured the response onset 221 

latency as the time the activity became higher than the mean ± 3 standard deviation of the average 222 

baseline population activity before target onset.  223 

Single neuron spatial tuning curves were estimated by fitting a Gaussian function to the neural 224 

activity, as a function of the horizontal location of the target or as a function of the horizontal amplitude 225 

of the resulting saccade. The goodness of fit was measured by comparing the coefficients of variations 226 

(R2) for each cell. For each cell, we included only correct trials starting from the central fixation 227 

position, thus eliminating reference frame as a factor. We also restricted the target locations to -18, +18 228 

horizontal degrees, to minimize the influence of secondary saccades, as the proportion of secondary 229 

saccades increases with eccentricity for visual targets (Frost and Poppel, 1976).  Note that it has 230 

previously been shown that Gaussian functions can fit response functions well even if they are 231 

monotonic, so this type of curve fit is agnostic to the question of whether auditory (or visual) response 232 

functions in the FEF are typically circumscribed or predominantly open-ended (Groh et al., 2003, Porter 233 

and Groh, 2006, Werner-Reiss and Groh, 2008): differences between response function shape on visual 234 

vs. auditory trials have been found in the primate superior colliculus in a similar paradigm (Lee and 235 

Groh, 2014). 236 

 237 

RESULTS 238 
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 Behavioral results and implications for models of saccade generation 239 

As has been previously reported, we observed that auditory-guided saccades are qualitatively 240 

similar to visually-guided saccades. Both involve high-speed movements of the eyes, but auditory 241 

saccades are a little less accurate and slightly slower than visually-guided movements to targets at the 242 

same location (Zambarbieri et al., 1982, Jay and Sparks, 1990, Frens and Van Opstal, 1995, Yao and 243 

Peck, 1997, Metzger et al., 2004).  244 

Figure 2A-J shows some examples of raw trajectories and velocity profiles of the saccades made 245 

to the same target locations in the visual and auditory conditions. Compared to visual saccades, the 246 

endpoints of auditory saccades were more variable, and there were sometimes systematic displacements 247 

relative to the target (e.g. the red, auditory, points in panel 2B are slightly above and to the left of the 248 

blue, visual points.).  As shown in the velocity panels (Figure 2F-J), the peak speeds of auditory-guided 249 

saccades were lower than those of corresponding visually-guided saccades, except for smaller saccades 250 

(Figure 2F and 2G). Auditory saccade trajectories could also be curved, e.g. Figure 2C and D, an 251 

observation previously noted (Frens and Van Opstal, 1995) but which will not be considered further in 252 

this study.   253 

These trends were confirmed over all saccades recorded in this study in Figure 2K-M. In the 254 

horizontal dimension, the average endpoints of auditory-guided saccades were nearly as closely 255 

correlated with target location as were visually-guided saccades: the red and blue lines are both close to 256 

the line of slope one (Figure 2K, average error 1.2 degrees for visual and 3.9 degrees for auditory trials, 257 

t-test p<0.001), with the auditory saccades also showing greater scatter (standard deviation 3.6 degrees 258 

for visual and 6.8 degrees for auditory, F-test p<0.001). The vertical error for visual and auditory 259 

saccades to the same target location were smaller and showed less scatter (Figure 2L, mean vertical error 260 

+/- standard deviation on visual vs. auditory trials: 0.1±1.6º vs. 0.4±2.5º, t-test: pvalue < 0.001; F-test, 261 
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pvalue <0.001). The auditory vertical accuracy is better than previously reported (Jay and Sparks 1990) 262 

probably due to the predictable nature of our targets – the vertical location did not vary. Peak speed co-263 

varied with amplitude, a signature characteristic distinguishing saccades from other types of eye 264 

movements (Bahill et al., 1975). However, for a given saccade amplitude, peak speed was on average 265 

lower if the target was auditory than if it was visual (Figure 2M).  The average peak velocity on auditory 266 

trials was 76% of the velocity on visual trials. There was no noticeable difference in saccade reaction 267 

time on visual and auditory trials, but it should be noted that this was not a reaction-time task: the 268 

overlap paradigm imposed a delay between the stimulus onset and the cue to make the eye movement.  269 

 270 

 271 

Figure 2. Saccade accuracy and velocity. (A to E) examples of trajectories of visual (blue) and 272 

auditory (red) saccades to the same target locations. The black rectangles indicate the area within 273 
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which a saccade was considered correct. In the low left corners is the session from which the examples 274 

were taken. (F to J) velocity profiles of the saccades above. (K) Horizontal saccade accuracy (mean ± 275 

std) for monkey F (left) and for monkey N (right). All saccades attempted within 500 ms from the go-cue 276 

are included (correct and incorrect). Data pooled from all recording sessions and the auditory data is 277 

slightly displaced along the x-axis for visualization purposes. (L) Vertical saccade accuracy as a 278 

function of target horizontal location (vertical location of targets did not vary). The inset shows the 279 

average vertical saccade endpoint (mean ± std) for the two monkeys combined. All other details as in 280 

(K). (M) Average auditory peak velocity as a proportion of the average visual peak velocity for the 281 

corresponding saccade amplitude range (mean ± std, bin size = 4º). Data pooled from all recording 282 

sessions and both monkeys.  283 

Together, these observations confirm the results of previous studies that compared visually- vs. 284 

auditory-guided saccades (Zambarbieri et al., 1982, Jay and Sparks, 1990, Frens and Van Opstal, 1995, 285 

Yao and Peck, 1997, Hughes et al., 1998, Corneil et al., 2002, Metzger et al., 2004), and provide context 286 

for considering how neuronal signals in the brain generate such movements in response to sound vs. 287 

sight. Specifically, the behavioral results indicate that the command signal reaching the eye muscles may 288 

be largely similar on visual and auditory trials (i.e. the movements are clearly saccades regardless of 289 

target modality).  However, there must be some differences in the command signal (perhaps inherited 290 

from the sensory inputs, or perhaps originating within the motor stage) to account for the lower accuracy 291 

and slower peak velocity. We evaluated FEF activity in light of these factors to attempt to determine 292 

what aspects of FEF activity might account for both the similarities and differences between visual and 293 

auditory saccades.   294 

 295 

Neural activity patterns: similarities and differences by target modality  296 
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We recorded 324 neurons (233 from the left FEF of monkey F and 91 from the right FEF of 297 

monkey N). Most neurons displayed bursts of activity during saccades to either visual or auditory targets 298 

(Table 1, Figure 6).  However, they did not always respond identically on visual and auditory trials, 299 

despite the similarity of eye movement responses.   300 

Three example neurons showing activity in response to the onset of the target and/or in 301 

conjunction with the saccade are illustrated in Figures 3, 4, and 5.  These neurons illustrate the range of 302 

visual vs. auditory and sensory vs. motor activity in our data set. The neuron in Figure 3 responded 303 

robustly to either visual or auditory targets and the activity remained elevated as long as the stimulus 304 

persisted, decaying at the time a saccade was made toward the target. The neuron in figure 4 responded 305 

to either visual or auditory stimuli shortly after target onset, and exhibited a second slight increase in 306 

activity in conjunction with the visually guided eye movement, whereas the neurons in Figure 5 had 307 

stronger motor-related activity. Despite exhibiting a motor-related burst on auditory trials, this latter 308 

neuron responded very weakly (Figure 5) to the onset of sound targets, although it responded more 309 

vigorously on visual trials.   310 

 In total, about half of the neurons in our sample exhibited sensory responses to both visual and 311 

auditory targets (green regions of pie chart, Figure 6A, two-tailed t-test comparing the activity to 312 

baseline, p<0.05; see also Table 1 and Methods). About three quarters exhibited activity for both target 313 

modalities during the motor period (Figure 6B). After bimodal responsiveness, visual-only 314 

responsiveness was the next most common category for the sensory period (23% visual-only and 12 % 315 

auditory-only, Fig. 6A blue and red). In contrast, in the motor period (perisaccade period see Methods), 316 

the percentages of uni-modal visual or auditory cells were comparable (11% auditory-only and 8% 317 

visual-only, Figure 6B). Non-responsiveness to any modality was the least common category (Figure 318 

6A,B, gray).  Results were largely similar when an ANOVA was used to test for spatial selectivity, but 319 
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with overall lower proportions (roughly one third of cells failed to show a significant dependence on 320 

target location by this categorical measure Figure 6C,D).  This may indicate that some receptive fields 321 

were sub-optimally sampled in this study. Figure 6E shows a direct comparison between the proportions 322 

of responsive (ttest) and spatial selective (ANOVA) cells, indicating the total proportions of visually- 323 

and auditory-responsive neurons for each measure and time period.   324 

 325 

 326 
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Figure 3. Raster plot and peri event time histogram (PETH) of an example cell. This cell 327 

responded vigorously to the onset of contralateral visual and auditory targets. The activity persisted in 328 

time until a saccade was made. (A) Raster plots for visual and auditory trials aligned to the target and 329 

the saccade onset. (B). PETH for visual and auditory trials aligned to the target and the saccade onset. 330 

PETH were obtained by averaging the number of action potentials within running bins of 10 ms aligned 331 

to the target onset or saccade onset (smoothed using a half triangular filter [2/3, 1/3].  The points were 332 

attributed to the time of the value receiving the 2/3 weight). Colors indicate horizontal target locations.  333 

The colored tick marks in B indicate the average saccade offset for each target location.    334 

 335 
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Figure 4. Raster plot and peri event time histogram (PETH) of an example cell.  This cell 336 

responded to the onset of visual and auditory targets and weakly during the saccade toward the visual 337 

targets. The response to auditory target onset was briefer, faster and less spatially selective than the 338 

response to a visual target onset. The motor burst in the visual modality was weaker than the sensory 339 

response. (A) and (B) like in figure 3. 340 

 341 

 342 

Figure 5: Raster plot and peri event time histogram (PETH) of an example cell.  This cell was 343 

activated transiently by the onset of visual targets and more strongly by the saccades to them. In the 344 
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auditory modality, the response to sound onset was much smaller, but the activity during auditory 345 

saccades was comparable to that displayed on visual saccades. (A) and (B) like in figure 3. 346 

 347 

 348 

 349 

 350 

 351 
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 352 

Figure 6: Proportions of responsive and spatially selective cells. Responsiveness to visual 353 

and/or auditory targets was statistically assessed using a two-tailed t-test comparing the activity in the 354 

sensory (A) and motor (B) periods to baseline (p<0.05). Spatial selectivity was assessed with an 355 

analysis of variance (ANOVA) for the sensory (C) and motor (D) periods. Details of these tests are also 356 
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provided in Table 1. (E) The proportions of significantly responsive neurons were generally higher 357 

when using the t-test than using the ANOVA. 358 

 359 

 360 

Table 1: Responsiveness and spatial selectivity  361 

 362 

TOTAL = 324 cells Visual auditory both 

 n % n % n % 

Sensory period       

A: Responsiveness (ttest) 245 75.6 209 64.5 169 52.2 

B: ANOVA: head-centered target x 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 x 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 (ttest) 272 84.0 282 87.0 245 75.6 

F: ANOVA: head-centered target x eye position (main 

effect for target location, or interaction between the 

target and fixation locations) 

115 35.5 85 26.2 43 13.3 

G: ANOVA: eye-centered target x eye position (main 

effect for target location, or interaction between the 

target and fixation locations) 

135 41.7 98 30.2 56 17.3 



22 
 

H = F or G 160 49.4 135 41.7 85 26.2 

 

Sensory and Motor period       

I = D and H 117 36.1 47 14.5 26 8.0 

 363 

 364 

We next considered the aggregate activity of FEF neurons on auditory compared to visual trials.  365 

It is thought that the population of neurons in the FEF (or SC) provide the command signal specifying 366 

the goal of saccades (Lee et al., 1988, Quaia et al., 1998, Hanes and Wurtz, 2001). Given that individual 367 

neurons exhibited varying strengths and types of responses, what is the net level of activity in the FEF 368 

on auditory vs. visual trials, and how does this vary in time?   369 

Figure 7 summarizes the differences in time course and magnitude of visual- and auditory-370 

evoked activity in the population peri-event time histogram (PETH) including every neuron in our 371 

sample. Consistent with the trends from the example cells, the FEF as a whole responded more rapidly 372 

to the onset of auditory targets than visual targets. The average response onset latency (measured as the 373 

time the activity becomes higher than the mean ± 3 standard deviation of the average baseline 374 

population activity before target onset, using 5 ms bins, see Methods) was 55ms for visual trials and 375 

20ms for auditory trials, comparable to values estimated in a EEG study in humans (Kirchner et al., 376 

2009). The response to auditory targets was also much weaker than that to visual targets (Figure 7 A,C). 377 

However, beginning about 100-200 ms before the saccade, the aggregate activity was indistinguishable 378 

on visual vs. auditory trials.  This was true both when considering the raw activity (Figure 7 A, B) and 379 

when each contributing cell’s activity was normalized relative to its peak response (Figure 7 C, D; see 380 

Methods). The timing was consistent with the latency of movements triggered by electrical stimulation 381 

of the FEF, which was on the order of 70 ± 34 (mean ± std) for low current stimulation in our data set 382 
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(N=175 sites after recordings; see Methods). The aggregate similarity of visual and auditory activity at 383 

the time of the saccade held true across the range of target locations tested (Figure 7 E,F). The slight 384 

compression of auditory activity relative to visual activity (higher for ipsilateral targets, lower for 385 

contralateral ones) might contribute to similar compression of auditory saccade accuracy relative to 386 

visual saccade accuracy (slight tendency for auditory saccades to undershoot; see figure 2K). 387 
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Figure 7. Average population activity of all neurons (324) recorded in the two monkeys as a 389 

function of time and horizontal target location. (A) Average peri-event time histogram (PETH, mean ± 390 

SE) across all cells recorded for visual (blue) and auditory responses (red) aligned to the target onset. 391 

Bin size 10 ms, no smoothing. Only trials starting from the central fixation were included. (B) Same as 392 

(A) but traces aligned to saccade onset. (C,D) Same as (A) and (B) but with normalized activity (for 393 

each cell the normalization consisted in subtracting the average baseline activity and dividing by the 394 

maximum activity level for each cell, see Methods) (E) Normalized population activity (mean ± SE) for 395 

each target during the 500ms sensory period (see Methods). Only correct trials are included. Same 396 

color convention and trials inclusions as (A). Auditory data is displaced slightly along the x-axis for 397 

visualization purposes. (F) Same as (E) but for the activity during the motor period. 398 

 399 

  Response and saccade variability 400 

To gain insight into the causes of the greater variability of auditory saccades compared to 401 

visually-guided ones, we compared how well the FEF activity correlated with horizontal target location 402 

vs. the horizontal saccade amplitude. If the greater variability in auditory saccade endpoints arises at 403 

least partially from sources within auditory sensory regions antecedent to the FEF, then FEF activity 404 

should be less well correlated with target location on auditory vs. visual trials.  However, if this is the 405 

only source of variability, then FEF activity should be equally well correlated with the resulting 406 

movement vector on both visual and auditory trials. 407 

To assess this, we evaluated the trial by trial variability of the visual and auditory responses 408 

grouped by target location or saccade endpoint by comparing the goodness of fit of Gaussian spatial 409 

tuning curves to the horizontal target locations vs. the horizontal saccade amplitude (see methods). 410 

 411 
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 412 

Figure 8: Example of Gaussian fits. The activity of one example cell is modeled as a Gaussian 413 

function of horizontal target locations (A) and horizontal saccade amplitude (B). From left to right, the 414 

activity was computed as firing rate in the sensory and motor windows for visual and auditory trials as 415 

indicated above the panels. R2 and the p-value for the individual goodness of fit are reported.  416 

 417 

Figure 8 shows the Gaussian fits of the activity of one cell as a function of horizontal target 418 

locations (Figure 8A) and horizontal saccade amplitude (Figure 8B) for each modality and epoch of 419 

activity analyzed. The fit improves when considering the saccade amplitude vs. the horizontal target 420 

locations. This is confirmed at the population level (324 cells, Figure 9) with a  three-way ANOVA 421 

examining the effect of fit type (horizontal target locations vs. horizontal saccade amplitude), modality 422 

(visual vs. auditory) and time window (sensory vs. motor). The average neural activity in FEF better 423 

correlated with the horizontal saccade amplitude than with the horizontal target locations for both 424 
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sensory and motor epochs of the trials, and in either visual or auditory modality (significant main effect 425 

of fit type, pval = 6*10-7; Figure 9, “saccade” bars higher than “target” bars in all conditions). The 426 

activity of FEF represented both the movement and target better on visual than on auditory trials 427 

(significant main effect of modality, pval = 2*10-27; blue bars higher than red/orange bars), suggesting 428 

that sources of greater variability in activity on auditory trials occur both prior to and after (or in parallel 429 

with) the FEF. However, the fit improved from the sensory to the motor times for auditory trials but not 430 

for visual trials (significant interaction between time and modality, pval = 7*10-4). Furthermore, the 431 

improvement of the goodness of fit for saccade amplitude vs. target (R2saccade – R2target) was larger 432 

for auditory than visual trials (ttest, pval = 0.0144), suggesting that variability in the signals reaching the 433 

FEF is slightly greater relative to post-FEF sources on auditory trials than for visual trials. 434 

In summary, the greater variability in saccade endpoint on auditory trials may derive from a 435 

combination of sources prior to the FEF (such as imperfection in the auditory localization mechanisms) 436 

as well as after the FEF, with the pre-FEF sources making the larger contribution.    437 

 438 

 439 

 440 
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 441 

Figure 9. Response variability and saccade variability. Mean ± standard error coefficients of 442 

determination of the Gaussian fits of sensory and motor neural activity vs. horizontal target location 443 

(“target”) and horizontal saccade amplitude (“saccade”).* indicate significant comparisons, p-values 444 

are in the main text. 445 

  446 

DISCUSSION 447 

Overall, our results demonstrate that the FEF is amply responsive to auditory stimuli in the 448 

context of an auditory saccade task, and resolve previous questions about the auditory responsiveness of 449 

this structure (Mohler et al., 1973, Bruce and Goldberg, 1985b, Schall, 1991, Russo and Bruce, 1994).  It 450 

is likely that, together with the superior colliculus, the FEF plays a causal role in controlling such 451 

saccades (Mohler et al., 1973, Schiller et al., 1980b, Jay and Sparks, 1984, Bruce and Goldberg, 1985b, 452 
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Meredith and Stein, 1986, Jay and Sparks, 1987a, b, Schall, 1991, Meredith et al., 1992, Kadunce et al., 453 

2001, Lee and Groh, 2012, 2014).  However, there remain important signal transformations that must 454 

occur within the FEF or between the FEF and the eye muscles.   455 

Specifically, the auditory signals in the FEF are initially weaker than visual signals.  After the 456 

auditory target onset, significant responses occur in fewer neurons, and the population average of the 457 

activity is lower either because of the smaller proportion of active neurons or because the neurons that 458 

do exhibit auditory-evoked activity nevertheless respond less strongly to a sound than to a visual 459 

stimulus.  These differences are reduced or eliminated as the saccade approaches:  the level of activity, 460 

and the proportion of active neurons, becomes substantially more similar across the delay intervening 461 

between target onset and saccade.   Previous studies that did not involve an auditory guided-saccade 462 

would likely have only observed these lower levels of auditory activity seen during the sensory period 463 

(Mohler et al., 1973, Bruce and Goldberg, 1985b, Schall, 1991); during the motor period our results 464 

more closely match those of (Russo and Bruce, 1994), who also employed a task involving auditory-465 

guided saccades (although they used a reaction time paradigm that did not expressly separate sensory- 466 

and motor-related activity). 467 

The aggregate amount of auditory-evoked activity is quantitatively similar to visually-evoked 468 

activity for the last 100-200 ms prior to the saccade (Figure 7 B,D).  This may correspond to the activity 469 

in the FEF reaching a threshold to actually trigger the movement (Hanes and Schall, 1996, Brown et al., 470 

2008, Schall et al., 2011, Jantz et al., 2013).  The latency of movements triggered by low current 471 

electrical stimulation of the FEF in our study was about 70+/-34 ms, while shorter latencies have been 472 

observed in other studies with stronger stimulation parameters (Tu and Keating, 2000), but the point is 473 

the same:  If the FEF is evaluated by downstream structures during a window beginning about 35-105 474 

ms prior to the saccade, visual and auditory activity are largely similar during that period of time.   475 
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The similarity in the overall amount of activity on visual vs. auditory trials in the period of time 476 

leading up to saccade onset argues against one theoretical explanation for lower auditory saccade 477 

velocity.  Models of the saccade pulse-step generator often call two input signals: a trigger signal to 478 

initiate a movement and a goal signal to specify what movement to make.  If a saccade is triggered 479 

before the activity level specifying the goal has reached its asymptote, the saccade may start more 480 

slowly and reach a lower peak velocity.  The similarity {Sparks, 1989 #3148} of the visual and auditory 481 

signals from 100-200 ms prior to saccade onset tends to argue against this interpretation as both types of 482 

signals have reached comparable levels well before the saccade begins.   483 

The lower accuracy on auditory compared to visual trials is well known, but the neural 484 

contributions to this effect are less clear.  Here, we focused on response variability and its potential 485 

relationship to behavioral variability, following a rationale developed to evaluate decision-related 486 

signals in discrimination tasks (e.g Britten et al., 1996).  Our results suggest that only a portion of the 487 

greater variability in saccade endpoint on auditory trials stems from sources prior to the FEF.  Sound 488 

location must be computed based on interaural timing differences, interaural level differences, and 489 

spectral cues, each of which has error associated with it.  However, these errors are likely reflected in 490 

the auditory information reaching the FEF, whether directly from areas such as the auditory cortex, or 491 

indirectly from areas such as the medial geniculate nucleus, the inferior colliculus, or the superior 492 

olivary complex. It is somewhat surprising that additional sources of error appear to be introduced at the 493 

level of the FEF or its successors in the oculomotor pathway, such as the superior colliculus and the 494 

cerebellum. Auditory signals can reach such structures by parallel routes ({Sparks, 1989 #3148}{Huang, 495 

1982 #5727} ).    496 

There remain numerous other aspects of the visual and auditory codes in the FEF to be explored. 497 

For example, the auditory representation of space in the SC reflects a hybrid of head- and eye-centered 498 
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coordinates during the sensory period, but evolves to be fully eye-centered by the time of the movement 499 

(Jay and Sparks, 1984, 1987a, b, Populin et al., 2004, Lee and Groh, 2012).  Does the FEF’s frame of 500 

reference show a similar evolution?  Our preliminary results suggest that the FEF’s representation is 501 

more consistently hybrid than that of the SC (Lee and Groh, 2012), a subject we will return to in a future 502 

paper.   503 

Likewise, the nature of the receptive fields on auditory trials, and whether they are circumscribed 504 

like visual receptive fields or monotonically open-ended as in other auditory areas (Groh et al., 2003, 505 

Porter and Groh, 2006, Werner-Reiss and Groh, 2008) (for review, see Groh, 2014), is an important 506 

aspect of the computations that unfold between sensory input and motor output.  In the primate SC, 507 

auditory saccades evoke activity patterns that form a meter or rate code for sound location and saccade 508 

vector, whereas visual saccades evoked activity patterns that form a map of visual stimulus location and 509 

saccade vector (Lee and Groh, 2014).  This aspect of the code for auditory space in FEF has yet to be 510 

explored.   511 

In total, the FEF appears to act as an important partner with the SC in generating motor 512 

commands to stimuli regardless of their original modality.  Differences between the activity patterns 513 

evoked on visual vs. auditory trials, or in the FEF vs. the SC, will be informative regarding how the 514 

brain generates movements guided by multiple types of inputs.   515 

 516 
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 675 

FIGURES CAPTIONS 676 

 677 

Figure 1. Experimental paradigm. (A) An MRI image of the grid and electrode placement on 678 

the right FEF of monkey N. (B) Location of visual and auditory stimuli. (C) Overlap saccade task. The 679 

visual or auditory target was presented while the monkey’s gaze was directed toward an initial fixation 680 

light.  After an overlap time of 600-900 ms, the fixation light was turned off and the monkey initiated a 681 

saccade toward the target.  The row of fixation lights could be either above or below the row of saccade 682 

targets, to facilitate placement of the latter in the receptive fields of FEF neurons. 683 

 684 



36 
 

Figure 2. Saccade accuracy and velocity. (A to E) examples of trajectories of visual (blue) and 685 

auditory (red) saccades to the same target locations. The black rectangles indicate the area within 686 

which a saccade was considered correct. In the low left corners is the session from which the examples 687 

were taken. (F to J) velocity profiles of the saccades above. (K) Horizontal saccade accuracy (mean ± 688 

std) for monkey F (left) and for monkey N (right). All saccades attempted within 500 ms from the go-cue 689 

are included (correct and incorrect). Data pooled from all recording sessions and the auditory data is 690 

slightly displaced along the x-axis for visualization purposes. (L) Vertical saccade accuracy as a 691 

function of target horizontal location (vertical location of targets did not vary). The inset shows the 692 

average vertical saccade endpoint (mean ± std) for the two monkeys combined. All other details as in 693 

(K). (M) Average auditory peak velocity as a proportion of the average visual peak velocity for the 694 

corresponding saccade amplitude range (mean ± std, bin size = 4º). Data pooled from all recording 695 

sessions and both monkeys.  696 

 697 

Figure 3. Raster plot and peri event time histogram (PETH) of an example cell. This cell 698 

responded vigorously to the onset of contralateral visual and auditory targets. The activity persisted in 699 

time until a saccade was made. (A) Raster plots for visual and auditory trials aligned to the target and 700 

the saccade onset. (B). PETH for visual and auditory trials aligned to the target and the saccade onset. 701 

PETH were obtained by averaging the number of action potentials within running bins of 10 ms aligned 702 

to the target onset or saccade onset (smoothed using a half triangular filter [2/3, 1/3].  The points were 703 

attributed to the time of the value receiving the 2/3 weight). Colors indicate horizontal target locations.  704 

The colored tick marks in B indicate the average saccade offset for each target location.    705 

 706 
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Figure 4. Raster plot and peri event time histogram (PETH) of an example cell.  This cell 707 

responded to the onset of visual and auditory targets and weakly during the saccade toward the visual 708 

targets. The response to auditory target onset was briefer, faster and less spatially selective than the 709 

response to a visual target onset. The motor burst in the visual modality was weaker than the sensory 710 

response. (A) and (B) like in figure 3. 711 

Figure 5: Raster plot and peri event time histogram (PETH) of an example cell.  This cell was 712 

activated transiently by the onset of visual targets and more strongly by the saccades to them. In the 713 

auditory modality, the response to sound onset was much smaller, but the activity during auditory 714 

saccades was comparable to that displayed on visual saccades. (A) and (B) like in figure 3. 715 

 716 

Figure 6: Proportions of responsive and spatially selective cells. Responsiveness to visual 717 

and/or auditory targets was statistically assessed using a two-tailed t-test comparing the activity in the 718 

sensory (A) and motor (B) periods to baseline (p<0.05). Spatial selectivity was assessed with an 719 

analysis of variance (ANOVA) for the sensory (C) and motor (D) periods. Details of these tests are also 720 

provided in Table 1. (E) The proportions of significantly responsive neurons were generally higher 721 

when using the t-test than using the ANOVA. 722 

 723 

Figure 7. Average population activity of all neurons (324) recorded in the two monkeys as a 724 

function of time and horizontal target location. (A) Average peri-event time histogram (PETH, mean ± 725 

SE) across all cells recorded for visual (blue) and auditory responses (red) aligned to the target onset. 726 

Bin size 10 ms, no smoothing. Only trials starting from the central fixation were included. (B) Same as 727 

(A) but traces aligned to saccade onset. (C,D) Same as (A) and (B) but with normalized activity (for 728 

each cell the normalization consisted in subtracting the average baseline activity and dividing by the 729 



38 
 

maximum activity level for each cell, see Methods) (E) Normalized population activity (mean ± SE) for 730 

each target during the 500ms sensory period (see Methods). Only correct trials are included. Same 731 

color convention and trials inclusions as (A). Auditory data is displaced slightly along the x-axis for 732 

visualization purposes. (F) Same as (E) but for the activity during the motor period. 733 

Figure 8: Example of Gaussian fits. The activity of one example cell is modeled as a Gaussian 734 

function of horizontal target locations (A) and horizontal saccade amplitude (B). From left to right, the 735 

activity was computed as firing rate in the sensory and motor windows for visual and auditory trials as 736 

indicated above the panels. R2 and the p-value for the individual goodness of fit are reported.  737 

 738 

Figure 9. Response variability and saccade variability. Mean ± standard error coefficients of 739 

determination of the Gaussian fits of sensory and motor neural activity vs. horizontal target location 740 

(“target”) and horizontal saccade amplitude (“saccade”).* indicate significant comparisons, p-values 741 

are in the main text. 742 

 743 
 744 
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