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Saccades to Sounds: Effects of Tracking Illusory Visual Stimuli
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Somers, Jeffrey T., Vallabh E. Das, Louis F. Dell'Osso, and R. ilar results can be obtained from monkeys trained for this task
John Leigh. Saccades to sounds: effects of tracking illusory visugPowell et al. 1999; Zivotofsky et al. 1998). Electrophysiolof-
stimuli. J Neurophysiol84: 96-101, 2000. In 10 normal humanjca| studies of neurons in the lateral intraparietal area (LIP)in
subjects, we studied the accuracy of memory-guided saccades maqg fkeys have indicated that the Duncker illusion causes spme
the remembered locations of visual targets and sounds. During Is to shift their receptive fields to perceived, rather thian

time of stimulus presentation, subjects were smoothly tracking I tial locati duri . f
projected laser spot that was moving horizontally across a tang ual, spalial locations during programming or saccagies

screen, sinusoidally=15° at 0.25 Hz. In one set of experiments, thé~Owell et al. 1998). ) o
laser spot moved across a 48°28° random dot display that moved Unlike humans, monkeys require training to make saccafles
synchronously in the vertical plane; this induced a strong illusion tht@ the locations of sounds (Grunewald et al. 1999). After sych
the trajectory of the laser spot was diagonal (variant of Dunck#mining, some neurons in macaque LIP respond during m 8-
illusion). In control experiments, the laser spot moved across the saprg-guided saccades to sounds (Grunewald et al. 1999; Lin §n
display, which was stationary. The visual targets and speakers wergghl. 1999; Mazzoni et al. 1996). The majority of neurons wit§
SIX |0Cat|0ns (rangetl5°) n the hOI’IZOﬂta| plane SaCC&des made @uch acoustlc responses also respond durlng memory_g |®d
the remembered locations of targets presented during backgrowagh:ades to visual stimuli (Mazzoni et al. 1996). These findi

motion (illusion) were significantlyR < 0.05) more inaccurate than : - -

with the background stationary (control) in 9 of 10 subjects for Iightls(,aad ushto hypothb§5|zte :hat Fhle D?.ncker w(sjual I|r|1L'JSrI10n W?
and in 6 of 10 subjects for sounds. As a group, the median changec S€ human Subjects 1o misiocalizeé sounds, which wou
errors due to the Duncker illusion was2.5 times greater for visual Made manifest by inaccuracy of saccades made to the re

compared with acoustic target® (< 0.001). These findings are Pered positions of acoustic stimuli. Thus the goal of this st
consistent with electrophysiological studies which have shown th&as to compare the effects of the Duncker illusion on mem
neurons in the primate lateral intraparietal area (LIP) may respondguided saccades with lights and sounds. We found that
both visual and auditory targets and these neurons are also influen@shonses were affected, but that the Duncker illusion caysgd
by the Duncker illusion during programming of memory-guidegjreater mislocalization of visual stimuli than of sounds. A brigg
saccades. summary of these findings will appear as an abstract (So
et al. 2000).
The work reported in this paper constitutes a portion of
research performed by J. T. Somers as part of the requiren
Under natural conditions, subjects make saccades to b@sh his Masters dissertation.
visual and auditory stimuli in the environment. Although the
frame of reference in which auditory (head-fixed) and visugddle tHobD s
(retinal) stimuli are encoded differs, subjects make spatially
accurate saccades in response to combined visual—acou%ltrllg}lec'[S
stimuli, even during eye—head gaze shifts (Goossens and Vawe studied 10 healthy human subjects (8 males and 2 females, hged
Opstal 1999). 23-53 yr); 7 did not know the purpose of the study. None of the
Normal human subjects mislocalize visual cues if they asibjects had any ocular motor abnormalities. Three subjects were
presented against a background that is a moving flow fieldyopes but were able to wear their glasses during testing becausg th
Thus if a small visual stimulus, such as a laser spot, movexperiments were self-calibrating (sBata collection and analys)s
vertically across a stationary background of random dots, th@d their heads were stationary. We confirmed that all subjects fhad
percived mlion of e laser spo s verical However,f 7% hearg i3 Grason tadr G117 awdonotr A st
background mMoves horizontally in synchrony with thg Ias(%ieview Board and the tenets of the Declaration of Helsinki.
motion, the trajectory of the latter changes from vertical to
diagonal (Zivotofsky et al. 1995). This variant of the Duncker . )
illusion (Duncker 1929) causes subjects to mislocalize visuafimuli and recording
targets that are briefly flashed; saccades made to the rementhe subjects sat in a chair with a headrest in a dark room, draped
bered locations of targets are much less accurate than if {figh heavy black curtains. They viewed a tangent screen at a distancd
background remains stationary (Zivotofsky et al. 1996). Sinof 85 cm onto which were projected a red laser spot (primary target)
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and a field of random black dots on a white background (backgrounttje visual targets with background moving paradigm. The secondary

The primary target subtended an angle of 0.2° and had a luminancé¢asfiets were speaker sounds.

2.2 ft-lamberts. The background subtended A@®8° with an average  4) Acoustic targets with background stationary. The subject ppr-
luminance of 3.8 ft-lamberts. Both the primary target and backgrousded the primary visual target as it moved horizontally. The visyal
were moved by galvanometers sinusoidally at a frequency of 0.25 Higckground was stationary throughout. The secondary targets \vere

the primary target horizontally and the background vertically. Behirgpeaker sounds.

the tangent screen were six speaker—LED pairs mounted on a horiin five subjects the order of the paradigms was as listed above[and
zontal arc at a distance of 95 cm. Each speaker served as an acoursttbe other five subjects the order was acoustic targets with bgck-
target; it was 3 cm in diameter (1.8° subtended) and had a frequergggund moving, acoustic targets with background stationary, viqual
response of 600-6000 Hz at a rated sound pressure level of 70 dBtafgets with background moving, and visual targets with backgrojyind

pink noise generator was used to drive the speakers. Backgrostationary.
noise, due to a projector fan was 58.3 dB. The LEDs (secondary visual
targets) were 3 mm and green with a luminance of 0.85 ft-Iambeﬁ,&al . :
when viewed through the tangent screen. All visual and acoustic ta collection and analysis

stimuli were easily detected by all subjects. Horizontal and vertical gaze signals were low-pass filtered usjng

Horizontal and vertical eye rotations were measured with six-foRlrohn-Hite Butterworth filters with a cutoff at 90 Hz prior to digiti-

field coils using the magnetic search coil technique (CNC Enginegfation with 16 bit precision at 200 Hz. The beginning and end |of
ing, Seattle, WA). The coil was precalibrated on a protractor devicgaccades were determined using a velocity criteria of 30°/s. Uging
The system was 98.5% linear over an operating range2df® in both  interactive programs, each trial was analyzed and the following ponts
planes, crosstalk between horizontal and vertical channels Wggre identified and measured from the horizontal and vertical recofds:

<1.5%, and system noise wa®).02°. Subjects wore a scleral searcrl) eye position at the end of the first saccade in darkr®snal eye

coil (Skalar, Delft, The Netherlands) on their dominant eye. Wgosition in darkness (following corrective saccades and drifts)Sami
an

confirmed that subjects held their head stationary during all trials ference eye position after the secondary target had reappeare

recording head position with a second search coil. the subject was fixating the target. The reference eye position as
used as an internal calibration of the target position and permi :%

Experimental paradigms reliable calibration for the subjects who wore glasses during test

_ ) Figure 1 shows a representative response to a visual trial with|tBe
There were two experimental paradigms and two control pansackground moving and illustrates where these points were meas{irgd

digms: 30 responses were collected from each. All trials started withAll trials in which subjects did not follow instructions, such as
the subject smoothly pursuing the primary target as it moved horaking a saccade to the target before the primary target was e
zontally =15° at 0.25 Hz. After 3 s, either a secondary visual targejuished, were discarded. This occurred<iB% of trials. From the
was flashed for 75 ms or an acoustic target sounded for 500 ms. Higve measurements we calculated separately for horizontal and
subjects were instructed to continue to pursue the primary target ai@l responsesi) initial error, the difference between eye positig
not to make a saccade to the location of the secondary visual targeafa¢r the initial saccade and the reference eye position;2rithal
sound until the primary target and background were extinguished 2 s

later (the memory period). The subject was alloves indarkness to  RIGHT ,,

settle on the remembered location and a LED would appear at tH€ L sz’;lzcﬂ;f;'z'yz:o:;z':"”
location of the secondary visual target or sound. The subject would 15 Primary Target / Background
fixate this LED, thereby correcting for any errors in the memory- B E —  Secondary Target

guided saccade and providing a measure of the target’s location. Each
trial lasted 10 s and there were six trials for each run of 60 s.
Instructions were given for each test paradigm, and some practice wa
allowed before the eye coil was inserted and data collection begun.
Secondary visual targets and sounds were presented in a pseud
random sequence at six locations: 5°, 10°, or 15° to the right or left of :
center. The four paradigms were as follows:
1) Visual targets with background moving. The subject pursued the ;| [
primary visual target as it moved horizontally. The visual background o
!
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moved vertically=11° at 0.25 Hz, in synchrony with the primary 15 4
target motion. We verified that all subjects perceived a strong Duncker

|

\
illusion of diagonal movement of the target. The secondary Visugfyy 20 ; . , ‘ . ; f
targets (green LEDs) were presented at the time when the background 0 1 2 3 4 5 6 7 8 s 10
was at either the upper or lower extent of its cycle. The switch to Time (seconds)
darknes 2 s later corresponded to the point at which the backgroundFIG 1
had completed one half-cycle. We selected this combination of bagl hack

the green LEDs.
3) Acoustic targets with background moving. The subject pursu

the primary visual target as it moved horizontally. The visual baclébmponem takes the eye upb° (1) corresponding to the direction of back

ground moved vertically=11° at 0.25 Hz in synchrony with the ground movement during the memory period. The final vertical eye positiof in
primary visual target to produce the Duncker illusion. The synchr@arkness 2) remains incorrect and after the secondary target is turned|on

nization of background motion and target presentation was similardarrective saccades are made toward the reference posgjion (

6002 ‘S aunc uo B0 ABojoisATdIl w8y

Representative record of a subject’s response to the visual tarfgets
A o c ground moving paradigm. Upward displacements indicate rightwjard
ground motion and timing of secondary target presentation becausgy ifipward motion of the stimuli or eye position. Subject smoothly tracks fhe
had been previously reported to maximize errors of memory-guidgéimary visual target, which is moving sinusoidally in the horizontal plarfe.
saccades (Zivotofsky et al. 1996). Note that the visual background is moving sinusoidally in the vertical plahe,

2) Visual targets with background stationary. The subject pursueghchronized to primary target motion. After 3 s, the secondary visual tafget
the primary visual target as it moved horizontally. The visual backacated at left 5° flashes for 75 ms; at this point the primary visual target ig at

ground was stationary throughout. The secondary visual targets wigleft and the background is down. Subject continues to track the prinfary
visual target and at 5 s, the room is switched to complete darkness. Supject

kes an initial saccade to the remembered location of the secondary tgdrget
horizontal component is quite accurate, but an inappropriate verfical

=
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error, the difference between the final eye position in darkness and the Acoustic Targets -- Initial Error
reference eye position. For example, in Fig. 1, the initial vertical error
was 5.0° and the final vertical error was 3.4°. Note that no vertical
gaze displacement was required by any of the secondary targets 10 A
(visual or acoustic), because they all lay in the horizontal plane (zerg;
vertical position). g
First we analyzed responses of individual subjects for one type of
secondary stimulus; light or sound. Because these data were ngt
always normal in distribution, we used nonparametric statistical test§ ¢ |
and Tukey box plots to display the results. For each type of stimulusg
we made paired comparisons of each subject’s responses to tf& !
illusory or control conditions using the Wilcoxon signed rank testwith'S, 4 7 =
a significance level oP < 0.05. Second, we analyzed the responsess |
of the 10 subjects as a group, making paired comparisons of the , |
median errors for different experimental and control conditions, for
visual or acoustic stimuli. Third, we compared differences between é é@ é
visual and acoustic responses by conducting a paired comparison of 0 L
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20 1 === Background Moving
FIG. 3. Tukey box plots showing magnitude of initial and final errors p

responses to auditory targets for all 10 subjects. Pairs of columns corresy
respectively, to the experimental (background moving) and control (b3
15 ground stationary) condition¥op error after the initial saccadBottom final

* eye position error. Conventions and symbols are as described in Fig. 2.

—— Background Stationary

60

the changein vertical errors (experimental condition control con-
10 1 dition) for visual versus acoustic stimuli for corresponding individual
. trials for each subject. We performed this comparison separately| for

! * 0 initial and final error (-300 comparisons for each). Because we uged
Irm

Magnitude of Errors (deg)

l all of the data in two separate comparisons, we applied a Bonferfoni
51 l é correction, giving a critical level oP < 0.025.

*

| *
o 0B 1z é = ééé éé RESULTS

Comparison of errors of responses to visual targets for
individual subjects

1 2 3 4 5 6 7 8 9 10

Subject
FG. 2. Tukey box plots (indicating median®"525", 75h and o8 per _IN the vertical plane, significant increases occurred dur|ng
centiles) showing magnitude (absolute error) of initial and final errors dfisual trials with background moving (illusion) compared with
responses to visual targets for all 10 subjects. Pairs of columns correspdpelckground remaining stationary in 9 of 10 subjects for initlal
resf’egﬁ"te'tY' to t;‘e eé{’t‘?”n;ema' (bacf':gr?r‘:”‘,’ ,ft‘?OIVi”Q) ?:ian tfont;_o' (Ibacérrors and 8 of 10 subjects for final errors. These results [are
ground stationary) conditiongop error after the initial saccadBottom fina . . A - . .
eye position error. Significant differences between experimental and cont?(Hm.manzed In Flg'. 2. In 8.4% .Of trials, the direction of the
conditions using the Wilcoxon signed rank test are indicated by asterisk§rtical errors was in the direction of background movemgnt

(*P < 0.025). during the memory period. In the horizontal plane, no sigrif-
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icant differences occurred between experimental or contidlackground stationary) conditions showed a significant

conditions for initial or final error. crease of both initial and final errors for both visual apd

acoustic paradigm$?(< 0.05). Differences of median initial of
Comparison of errors of responses to acoustic targets for final error between illusion and control in the horizontal plar]
individual subjects for both visual and acoustic paradigms, were smaller and

. — . . significant P = 0.375).
In the vertical plane, significant increases occurred durlngg e )

acoustic trials with background moving (illusion) compared
with background remaining stationary in 6 of 10 subjects fégomparison of errors due to illusory visual stimuli made tg
both initial and final errors. These data are summarized in Fijsual and acoustic targets

3. In 71% of trials, the direction of the vertical errors was in the . . .

direction of background movement during the memory period, | "€ goal of this analysis was to determine whether there

In the horizontal plane, no significant differences occurred f %’ systematac d_P‘ferﬁ_nce (|jn the errors %f ;accad?s mad
initial or final error, except for final error in one subject.  '9NtsS Or sounds. To this end we compared ¢hangeor error
(error during experimental conditior error during control

condition) for the two types of stimuli using the Wilcoxo
signed rank test. The results of these paired comparis

Comparisons of the median errors of the 10 subjects ag-a300 for each case) for vertical errors are summarized in H
group during experimental (background moving) and contrdl Three subjects showed a statistically greater change of

Group responses to visual and acoustic targets

=< o
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initial and final error to visual compared with acoustic target®jeural basis for mislocalization of acoustic and visual
one other subject showed a significantly greater change &imuli with the Duncker illusion

only final error. For the data pooled from all 10 subjects, the

median change in both initial and final error due to the Duncker Prior studies of the effects of the Duncker illusion haye
illusion was ~2.5 times greater for visual compared witlsuggested that visual estimates of the direction of gaze |are
acoustic targetsq < 0.001). Similar comparisons for horizon-much more important than extraretinal signals in planning g¢ye

tal errors showed no significant differences. movements to remembered target locations during such illu-
sory paradigms (Zivotofsky et al. 1996). Monkeys also m|s-
DISCUSSION perceive the trajectory of the target during the Duncker illusipn

owell et al. 1999), and show similar inaccuracies of memaoyry-

target that h il traiector " well uided saccades to visual targets (Zivotofsky et al. 1998)| A
arget that has an Iusory trajectory causes acoustic as Well 4 .| -qrrelate for these behaviors is the demonstration fhat

\éf:raltr?qee;nﬁ(ggg%l;'?heg”nggfdgtsirgﬁlgs‘xge Irgz?g:];iﬁeﬁngwé receptive fields of some LIP neurons shift to perceived,
' y 9 Mather than actual, target locations for saccades made updef

ory-guided saccades made to remembered locations of ViSHEse experimental conditions (Powell et al. 1998). Could this
ative neural substrate for errors of memory-guided saccgdeq

rather than acoustic targets. To interpret these findings, we f@
compared these results with prior studies of the effects of t visual stimuli also account for the inaccuracy of saccades to
nd locations presented during the Duncker illusion?

Duncker illusion on saccades to visual targets. We considerse(qJ
the possible neural mechanisms underlying these behaworqt was originally reported that neurons in portions of tie
parietal cortex corresponding to LIP in macaque did not fe-

including effects of experimental and clinical lesions.
Comparison of effects of Duncker illusion on saccades to spond to auditory St'mu"- (Hywranen 1982; Mountcastle et al
sounds and visual targets 1975). More recent studies have shown than LIP neurons |
respond to acoustic targets, but only after monkeys are trai
When the Duncker illusion is produced by a small targeéb make saccades to sounds (Grunewald et al. 1999; Maz
moving orthogonally to a linear flow field, the percept is one @t al. 1996). After such training, LIP neurons show grea
diagonal target motion; however, the smooth-pursuit trackimgsponses when they are engaged in a memory-saccade
of the small target is accurate (Zivotofsky et al. 1995). Whahan when they are fixating a visual target, and sound stinp
memory-guided saccades are made to targets flashed dudng presented (Linden et al. 1999). Thus overall behavio
pursuit of such illusory stimulus motion, they become inaccsuch LIP neurons is more “supramodal” than modality-spec
rate in the plane of the background motion by a factor-@& and may reflect shifts of attention, target selection, or plann
compared with no illusion (i.e., stationary background) (Zivobf gaze shifts (Gottlieb and Goldberg 1999; Gottlieb et
ofsky et al. 1996). Also, the error of the initial saccade tends 1®98; Linden et al. 1999). Consistent with this view, pharm
be greater than that of the final eye position in darkness. In tbelogical inactivation of LIP with muscimol has little effect o
plane orthogonal to background movement, no consistent eisually-guided saccades, but saccades to remembered
rors of saccades occur. In this study we confirmed each of théiems of visual targets become inaccurate with contralate
findings and also showed a similar, but smaller, effect fatnypometria (Li et al. 1999). The effects of pharmacologig
acoustic stimuli. The vertical errors occurring during the illunactivation of LIP on memory-guided saccades to sounds
sory paradigms (visual or acoustic trials with background mounreported.
ing) were in the same direction as the background motionAlthough it seems likely that LIP in macague monkey
during the memory period, as previously reported (Zivotofskinvolved in planning saccades to remembered sound locati
et al. 1996). Although the direction of gaze at the time afther areas may also make substantial contributions. For
stimulus presentation may have influenced the responses (Zample, movement-related auditory responses have also e
et al. 1979; Zambarbieri et al. 1995), this and other factorgported in the frontal eye fields (Russo and Bruce 1994)
were minimized by paired comparison of saccadic errors ito the superior colliculus (Jay and Sparks 1987). In additign,
similar stimuli with the background either moving or stationdifferences are likely to exist between the properties of LIP|of
ary. The effect of the Duncker illusion on memory-guidedhacaque and its homologue in humans. In fact, monkeys|are
saccades to sounds was smaller than for visual stimuli, but talow to learn how to make saccades to sounds (Grunewald ef
factors may account for this difference. First, it is difficult tal. 1999) and so their behavior appears quite different frpm
equate the magnitude of stimuli to different sensory systenfeimans; our subjects were able to respond to both acoystig
Thus it remains possible that different acoustic stimuli woulgrget paradigms after being shown one or two trials. Nope-
have produced a larger effect. Second, memory-guided stweless, there is also abundant evidence that the post¢rio
cades to sounds are generally smaller and less accurate (parietal region in humans is important for directing attention|to
more variable) than those made to visual targets (Goossens tardets in extrapersonal space. Biparietal lesions are reportgd t
Van Opstal 1997). It may be noted from Figs. 2 and 3 thanpair perceptual localization of objects in the environmgnt
several subjects (both naive and nonnaive) who showed largad saccades made toward them (Leigh and Zee 1999; Pigfrrotf
errors to visual targets with background moving also showé&kseilligny et al. 1986). Thus it seems that measuremeni of
larger errors to acoustic targets with the background movingemory-guided saccades to visual and acoustic stimuli and the
Conversely, certain other subjects showed a trend of similadffects of the Duncker illusion on these responses preserts &
smaller errors to both types of stimuli, thus suggesting mromising new experimental strategy to investigate the na
common neural mechanism. We next discuss what electad-the behavioral disturbance in patients with parietal lope
physiological data are consistent with this result. lesions.

The main finding of this study was that tracking a visu
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