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Eye and Head Movements to Auditory Targets* 
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Summary. Three adult female monkeys were trained 
to direct their gaze toward auditory targets. When 
the animals were free to move their heads about the 
vertical axis, this was accomplished with short- 
latency, coordinated eye-head movements  reminis- 
cent of responses to visual targets. The similarity of 
response to auditory and visual targets suggests a 
common motor  program elicited by stimuli of differ- 
ent modalities. Since these modalities do not share 
the same reference system, this implies a remapping 
between the two reference systems. 
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It is a general observation that a variety of animals 
(monkeys and humans as well) will orient visually to 
an auditory target. That  is, they will make coordi- 
nated eye and head movements  so that their gaze is 
directed towards a sound. In theory,  such responses 
are inherently different from visually elicited move- 
ments because the auditory stimulus is detected in a 
head-centered reference system as opposed to the 
retinocentric frame of visual targets. This observa- 
tion raises several questions regarding the mecha- 
nisms involved in generating saccades and in the 
transformation, or remapping, from one coordinate 
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system to another in this type of sensorimotor 
interaction. 

Two hypotheses have been proposed for the 
generation of saccades. The first holds that the size 
and direction of visually-elicited saccades is com- 
pletely specified in terms of retinal error as defined 
by the directed distance from the center of the fovea 
to target image on the retina. The retinal error  and 
corresponding saccade can be computed without 
considering either afferent of reafferent information 
about eye position in the orbit. The second hypo- 
thesis describes saccades in terms of the position 
of the eye in the orbit at the end of a saccade. This 
description is more complex because the eye's final 
position is equal to the sum of the retinal error and 
the initial position of the eye. The advantage of 
simplicity in specifying saccade size in terms of  retinal 
error is lost when non-visual targets are considered. 
The location of an auditory target, for instance, is 
detected in a head-centered system and, therefore,  
does not correspond directly to retinal error. The 
saccade required to fixate a sound source is equal to 
detected auditory position minus the eye's initial 
position in t h e  orbit. It follows that, unless one 
proposes that the specification of saccades changes 
with the sensory modality of the target, whichever 
specification (retinal error or final position) is used, 
one target modality or the other must be remapped 
to conform to that specification. Work by Hallett and 
Lightstone (1976) tends to support the final position 
argument by demonstrating that in some instances 
accurate saccades can be elicited to a visual target 
even though the retinal error produced by that target 
is inappropriate. Nevertheless, the issue is not resol- 
ved, and information on saccadic responses to non- 
visual stimuli may help. 

The problem of coordinate remapping becomes 
even more pronounced if the head moves during the 
response to a stimulus. When the head moves, the 
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saccade  size o r  f inal  pos i t i on  mus t  b e  m o d i f i e d  to  
account  for  the  m o v e m e n t  of  the  head .  Bizzi  e t  al. 
(1971) have  d e l i n e a t e d  the  mechan i sms  for  fovea t ing  
pe r i phe ra l  visual  t a rge t s  involv ing  c o o r d i n a t e d  eye  
and  head  m o v e m e n t .  T h e y  showed  tha t  the  eye  
moves  first  t owa rds  the  t a rge t ,  fo l lowed  by  the  head .  
The  m o v e m e n t  of  the  h e a d  m o d u l a t e s  the  size of  the  
saccade v ia  the  ves t ibu la r  sys tem so tha t  the  eye  is 
no t  ca r r ied  pas t  the  t a rge t  ( M o r a s s o  et  al. 1973), and  
the  cont inuing  r o t a t i o n  of  the  h e a d  is now compe n-  
sa ted  by  a s m o o t h  eye  m o v e m e n t  equa l  in m a g n i t u d e  
bu t  oppos i t e  in d i r ec t ion  to the  h e a d  m o v e m e n t .  
W h e t h e r  a s imilar  s t r a t egy  of  c o o r d i n a t e d  e y e - h e a d  
m o v e m e n t s  is e l ic i ted  by  a u d i t o r y  ta rge ts  has  no t  
been  p rev ious ly  inves t iga ted .  

A n u m b e r  of  s tudies  have  d e m o n s t r a t e d  tha t  
humans ,  m o n k e y s ,  and  cats can  accu ra t e ly  j udge  the  ( 
loca t ion  of  sounds  wi th  r e f e r ence  to  the i r  heads  a n d  
bodies .  In  humans ,  a u d i t o r y  loca l i za t ion  has  b e e n  
extens ive ly  s tud i ed  by  S tevens  and  N e w m a n  (1936), 
Wa l l ach  (1939), Mil ls  (1958) and  Thu r low  et  al. 
(1967), e i ther  by  m e a s u r i n g  the  smal les t  de t e c t a b l e  
angular  s epa ra t i on  b e t w e e n  two s o u n d  sources  
( " m i n i m u m  aud ib le  ang le" )  (Mil ls  1958), or  by  
match ing  the  pos i t i on  of  one  s o u n d  to ano the r .  T h e  
ro le  of  h e a d  m o v e m e n t s  has  also b e e n  cons ide red  bu t  
main ly  wi th  emphas i s  on  the  loca l i za t ion  improve -  
men t  ga ined  by  the  m o v e m e n t  (Thur low and  R u n g e  
1967). L a t e n c y  as wel l  as accuracy  of  eye  m o v e m e n t s  
dur ing  loca l iza t ion  have  r ecen t ly  b e e n  inves t iga ted  in 
humans  with  the  h e a d  f ixed ( Z a h n  et  al. 1978). 

In  m o n k e y s  (Hef fne r  and  M a s t e r t o n  1975) and  in 
cats ( T h o m p s o n  and  M a s t e r t o n  1978), o r ien t ing  
behav io r  t o w a r d  aud i to ry  ta rge ts  has  b e e n  s tud ied ;  
specif ical ly,  the  defici ts  caused  by  les ions  of  aud i to ry  
s t ructures  and  pa thways .  T h e  first  s tudy  invo lved  
m o n k e y s  walk ing  t o w a r d  the  s o u n d  source ,  whi le  in 
the  second  s tudy ,  l a t ency  and  accuracy  of  h e a d  
o r i en ta t ion  m o v e m e n t s  to u n e x p e c t e d  noise  were  
r epo r t ed .  

In  view of  the  l ack  of  i n fo rma t ion  a b o u t  the  
s t ra tegy of  fovea t ion  of  a u d i t o r y  ta rge ts ,  and  a b o u t  
the  a t t endan t  ques t ions  of  c o o r d i n a t e  r e m a p p i n g ,  the  
fol lowing e x p e r i m e n t s  were  u n d e r t a k e n  in awake  
monkeys .  

Methods 

Pretraining and Surgery 

Three adult female monkeys (Macaca mulatta) were trained to 
discriminate between horizontal and vertical thin black lines (3 
rain in width) superimposed on a one degree luminous spot. The 
monkeys received a reward of water for bar-pressing only during 
the presentation of the vertical hairline, while inappropriate bar- 

Fig. 1. Plan view of monkey seated in front of target-carrying arc, 
showing relation between eye position (E), head position (H), and 
gaze position (G). These positions are expressed as angular 
deviations from a reference line. For head and gaze, the zero 
reference is a line between the center of the monkey's head and 
the center of the arc; for the eyes, the reference is the mid-sagittal 
plane of the head 

pressing delayed the next target sequence. The target sequence 
consisted of a luminous spot of randomized (0.4--1.5 s) duration 
followed by superimposition of a horizontal or vertical hairline and 
appeared randomly at different horizontal positions on a perimeter 
arc 60 cm from the animal (Bizzi et al. 1971; Morasso et al. 1973). 

After the monkeys became proficient at this task, they were 
anesthetized with Nembutal, and silver-silver chloride electrodes 
were implanted in their orbital bones adjacent to the outer canthus 
of each eye for recording extraocular potentials. Stainless steel 
screws were implanted in their skulls for attachment to the head 
movement recording apparatus. 

Experimental Procedure 

After recovery from surgery, the monkeys were trained to direct 
their visual axis toward auditory targets. These targets consisted of 
15 pps click trains or of a single click presented through one of nine 
5 cm diameter loudspeakers. The intensities of the clicks in the 
various loudspeakers were equalized by means of resistors in series 
with each speaker to a level of 57 db SPL as measured with a 
General Radio SPL meter (Model 1551-C) at the location of the 
monkey's head. The nine loudspeakers were positioned at 10 deg 
intervals on the perimeter arc, directly above the target lights, 
level with the monkey's eyes. To minimize sound reflections which 
would complicate the task, draping was installed behind and 
beside the primate chair and sound absorbant foam fitted to the 
chair and the arc. The monkeys sat in the primate chair with their 
heads attached, by way of the skull screws, to a head holder which 
limited head movement to rotation about the vertical axis. Head 
movements were monitored from a potentiometer mechanically 
coupled to the head holder, while eye movements were obtained 
from the implanted silver-silver chloride electrodes. The eye 
movement signal was electronically linearized and summed with 
the head movement signal to produce a signal called "gaze" which 
denotes the position of the visual axis in reference to the target 
(Fig. 1). 

Early stages of training involved pairing the auditory targets 
with the visual ones and then, later, making the presentation of the 
visual target dependent upon the monkey looking towards the 
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auditory target. In the final stage of training the visual targets were 
no longer used and the arc was draped with a course weave cloth 
which made it impossible to see the loudspeakers and the lights. A 
water reward was given only when the monkey responded to an 
auditory target by bringing its gaze to within _+5 ~ of the sound 
source and holding it there for 500 ins. No attempt was made to 
force the monkeys to make the most accurate or rapid movements 
possible. Rather, we wanted to elicit, as nearly as possible, a 
natural response to an auditory stimulus of interest. 

Data Collection and Analysis 

For the data collection, series of auditory targets were presented at 
randomized positions along the arc, and the elicited eye and head 
movements recorded. Data were collected when the monkeys 
were free to move their heads as well as when the heads were 
restrained and with both single click and click-train targets. 
Calibration of eye position for these recordings was performed by 
presenting a sequence of target lights at reference positions at the 
beginning and end of the session. For the sake of comparison, eye 

' and head movements triggered by visual targets were also stored in 
the head fixed and head free conditions for two monkeys. The data 
were recorded simultaneously on a paper tape oscillograph (Hon- 
eywell Visicorder 906) and on an FM magnetic tape recorder. 
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Results 

Strategy of Eye-head Movements 

Figure 2A shows a typical response to an auditory 
target when the head is free. The onset of the target 
in the periphery triggers a saccade to the target 
followed by a head movement in the same direction. 
During the head movement, a compensatory, 
counter rotation of the eye serves to keep the gaze on 
target. Comparison with Fig. 2B, which shows the 
same monkey's response to a visual target, reveals 
the striking similarity of both motor strategies. The 
data in Table 1 support the similarity, showing that 
for both auditory and visual targets, on the average, 
the eyes move slightly before the head. As Bizzi et al. 
(1971) has shown for visually elicited targets, this 
corresponds to a head before eye EMG strategy 
which, because of the large mass of the head, results 
in the detectable onset of head movement being 
delayed to roughly coincide with the onset of eye 
movement. 

Latency of Eye and Head Movements 

From the analysis of our data the only feature which 
differentiates auditory from visually-triggered move- 
ments is response latency. These differences are 
shown in Table 1, which gives the mean movement 
latencies for visual and auditory targets. On the 
average, the monkeys' eye and head movements 

Fig. 2A, B. Eye (E), head (H), and gaze (G) position traces. A is a 
response to an auditory target; B is a response to a visual target. 
The initial position of the eye and head have been adjusted to 
coincide to make the pattern of movement clearer. Calibrations: 
vertical = 20 ~ horizontal = 100 ms 

have significantly shorter latencies when elicited by 
auditory rather than by visual stimuli. The mean 
differences in latency are 56 ms for the eye move- 
ments and 59 ms for the head movements. The eye 
movement latency was also investigated in the situa- 
tion where the monkey's head was restrained, so that 
orientation to the auditory (or visual) targets was 
accomplished by eye movements only. This experi- 
ment confirmed the shorter latency to auditory 
targets with an average difference in latency of 65 ms 
(Table 2), and it also allowed the investigation of the 
effect of initial position of the eye on the accuracy of 
the eye movements to auditory targets. 

Effect of Eye Position on Saccadic Accuracy 

In the condition when the monkeys' heads were 
restrained, the animals responded to the presentation 
of auditory targets by making saccadic eye move- 
ments toward the targets. Since the position of the 
eyes at the start of each movement was not con- 
strained, the collected data consist of saccades from a 
random distribution of initial eye positions to each of 
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Table 1. Latencies for eye and head movements for visual and auditory targets with the head free. For the two animals which have both 
visual and auditory responses (b-76 and 6-7) the differences in latencies between auditory and visual stimuli are all signficant (P < 0.01). 
For the two animals with both click and click train responses (b-74 and 6.7) none of the latencies are significantly different (P < 0.01) for 
those two stimuli, N = number of movements, s.d. = standard deviation 

single dick click train visual target 

monkey 
no. eye head eye head eye head 

173 177 231 236 Latency (ms) 
b-76 no no 30 30 30 30 n 

data data 44 48 38 43 s.d. (ms) 

109 122 126 126 lat. 
b-74 30 30 50 50 no no n 

26 20 35 37 data data s.d. 

143 146 138 142 192 200 lat. 
6--7 50 50 50 50 35 35 n 

39 43 49 49 36 32 s.d. 

/ /  

Table 2. Latencies for eye movements for visual and auditory 
targets with the head fixed. The differences in eye and head 
latencies between auditory and visual targets is significant (P < 
0.01) for all entries. The differences for the two types of auditory 
targets are not significant (P < 0.01) for the two monkeys (b-74 
and 6-7) for which data exist. N = number of movements, s.d. = 
standard deviation 

monkey single click visual 
no. click train target 

b-76 no data 
190 232 latency (ms) 
30 30 n 
36 34 s,d. (ms) 

b-74 
138 114 216 lat. 
30 50 50 n 
58 42 46 s.d. 

6-7 
139 143 194 lat. 
50 40 50 n 
35 42 35 s.d. 

the nine targets.  By plott ing the e r ror  of  the final 
posit ion of  each saccade versus its starting posit ion 
(Fig. 3), one  obtains a measure  of  the influence of  
initial posit ion on accuracy.  Figure 3 shows that  while 
there is considerable  scatter  ( the monkeys  were  not  
required to be highly accurate) ,  the er ror  is constant  
over the range of  initial posit ions.  

Role of Types of Auditory Stimulus 

In an effort to de termine  the  role of  the stimulus in 
movement s  to audi tory  targets,  each of  the experi- 
ments  was r epea ted  with two different audi tory 

targets; (1) a 15 Hz  click train cont inuing th roughou t  
the m o v e m e n t  and (2) a single click. Apparen t ly  
auditory feedback does not  influence the mo to r  
strategy since both  stimuli p roduce  indistinguishable 
movements .  Tables 1 and 2 bear  this out  with respect  
to latencies which do not  show statistically significant 
differences and,  within the requi rements  of  the  task,  
there  was also no difference in accuracy be tween  the 
two types of  audi tory targets.  In  order  to gauge the 
appropriateness of  click stimuli, natural  sounds 
rather  than the highly artificial clicks and click trains, 
were also p resen ted  th rough  the speakers.  These  
produced  the same short - la tency s te reo typed  move-  
ments  as the clicks and click trains. 

Finally, in order  to be sure that  the monkeys  were  
moving to audi tory targets,  as opposed  to making 
trained movemen t s  to slight variat ions in tonal  qual- 
ity of the different sound  sources,  the posit ions of  the 
sources were  altered,  and the exper iments  repeated.  
This p roduced  accurate  m o v e m e n t s  to the appropri-  
ate targets, el iminating tonal  variat ion as a possible 
source o f  error .  

Discussion 

Our  results show that  the m o t o r  s t ra tegy used by 
Rhesus monkeys  to fixate audi tory targets  is virtually 
identical to the s trategy used to fixate visual targets.  
They  suggest that  there  exists a m o t o r  p rog ram for 
directing the gaze toward  targets  of  interest ,  and that  
this same p rog ram is t r iggered by stimuli of  various 
modalities. Fur ther ,  since the two types of  sensory 
stimuli used in the exper iments  do not  share a 



362 D.A. Whittington et al.: Eye and Head Movements to Auditory Targets 

3 0 ~  

L 

2 

�9 � 9  - i 10,~ : �9 . .  . 
�9 " 

�9 �9 , i ,  �9 , �9 

�9 . "  . 3 o ' t  �9 - - , ~ ,  ~ , - I  - - "  : - 2 ~ , 0  
�9 �9 I �9 

�9 �9 �9 
mm mm 

l O  ~ 
~- i n i t i a l  p o s i t i o n - -  

R 

Fig. 3. Plot of error of saccades to auditory targets versus initial position of the eye at the start of the saccades. Line is plot of the root mean 
square of the errors, showing that the error is independent of initial position 

common reference system, the results imply a remap- 
ping from one coordinate system into another. 

This last point is somewhat easier to see if 
consideration is restricted to the head fixed experi- 
ment, where the motor response was simply a 
saccadic eye movement. For those responses in which 
the eye is pointed straight ahead at the onset of the 
auditory stimulus, the size of an accurate saccade is 
just equal to the displacement from straight-ahead of 
the sound source. For all other initial eye positions, 
however, the size of an accurate saccade is equal to 
the displacement of the auditory target minus the 
initial position of the eye. If one subscribes to the 
idea that the motor program for saccades specifies 
the size and direction of the saccade, the fact that 
Fig. 3 displays points clustered about the horizontal 
axis, rather than showing error directly proportional 
to the initial eye position, forces one to conclude that 
the auditory input is remapped, by subtraction of the 
eye's initial position, into a saccadic motor com- 
mand. If one chooses instead to argue that saccades 
are specified in terms of their final position, then our 
results can be explained by noting that saccade final 
position and the auditory target position are both 
head-centered and do not need to be remapped. 
However, now saccades to visual targets must be 
remapped. Here initial eye position information is 
needed to convert the retinal error of a visual target 
into the appropriate final position command. So, 
however, saccades are specified by the motor pro- 
gram, our results demonstrate that initial eye posi- 
tion must be used to remap from retinocentric to 

head-centered coordinates or vice versa. Given this, 
do our results favor either final position or size 
specification of saccades? 

One possible clue is the difference in response 
latencies between visual and auditory targets. It is 
tempting to argue that the longer latency of the 
response to visual stimuli is the result of the remap- 
ping process. Such an assumption cannot be justified, 
since, depending on the intensity of the stimulus and 
adaptation, a delay of approximately 20-100 ms 
occurs between the time light strikes the retina and 
the onset of activity in the retinal ganglion cells 
(Gouras 1967). There is no similar delay in the 
auditory system, where activity in primary auditory 
afferents follows an auditory stimulus by less than 
even 2 ms (Rupert et al. 1963). These differences in 
the rapidity of the transduction mechanism preclude 
making any deductions about the relation of latencies 
to remapping in our experimental arrangement. 

So far, the discussion has centered on eye move- 
ments, but what part does the head play? As is the 
case with coordinated movements to visual targets, in 
movements to auditory targets the head plays a 
secondary role. The motor strategy is to get the eye 
on target first, and then to subtract out the influence 
of any head movement through the use of the 
vestibulo-ocular reflex (VOR). The head does, of 
course, move toward the auditory targets, but, 
because of the VOR, this movement does not affect 
the accuracy of the gaze. The contribution of the 
head could not, however, be disregarded in the case 
of say, pointing with the arm. To indicate a sound 
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source with the arm, the position of the head with 
respect to the torso must  be  known. Therefore ,  in 
pointing to a sound, there must  be another  remap- 
ping between a body centered reference f rame and a 
head centered one. 

Finally, the lack of difference in response 
between punctate and continuous auditory stimuli 
shows that the eye-head movemen t  strategy is not a 
searching movement  controlled by auditory feed- 
back, but rather a triggered movemen t  program. 

Zahn et al. (1978) investigated the ability of 
human subjects to make  accurate saccadic eye move- 
ments to auditory targets with head fixed. According 
to these investigations, the eye movements  elicited 
by auditory stimuli are less accurate and had longer 
latencies than those made  to visual stimuli. While it is 
conceivable that monkeys  and humans may vary on 
this point, it may also be that we are looking at 
different types of behavior.  In Zahn  et al. 's experi- 
ment  the instruction to the subjects was to be as 
accurate as possible, whereas  in our  experiment  the 
targets had to be acquired only Within +5 ~ . There-  
fore, the monkeys  may  have been behaving in a 
reflexive manner  while human subjects may have 
been doing something more  measured,  possibly 
involving higher neural control mechanisms. In a 
study on cats (Thompson and Master ton 1978), head 
orienting reflex to an unexpected tone burst  of white 
noice occurred with latencies varying between 20-80 
ms. This is remarkably  shorter than the latencies of 
122-177 ms measured for head movements  in our 
monkeys (Table 2). These discrepancies stress the 
importance of the behavioral  conditions which might 
involve different pathways,  and the possibility of 
inter-species variation. 

However ,  for all the studies on eye and head 
movements  to auditory stimuli, two main questions 
remain still open: where does the coordinate remap-  
ping occur and how is it done? Whereas  the transfor- 
mation mechanisms remain for the momen t  unsol- 
ved, there are some clues concerning the putative 
structures involved. A likely candidate, as pointed 
out by Zahn et al. (1978), is the superior colliculus 
where some neurons respond to moving visual and 
auditory stimuli with almost overlapping receptive 
fields (Gordon 1973). Results f rom lesion experi- 
ments also stress the importance of the inferior 
colliculus in auditory localization (Strominger and 
Oesterreich 1970), and more  recently, Thompson  
and Master ton (1978) conclude that initiation and 
direction of reflexive head movements  towards a 
sound source is mediated by pathways ascending to 
the vicinity of the inferior colliculus, whereas their 
accuracy involves pathways bypassing the inferior 
colliculus. Most probably the superior olivary corn- 

plex, which gets information f rom both ears (Brugge 
and Geisler 1978), is also implicated in the auditory 
localization, but the evidence for its role in auditory- 
visual interaction is still very indirect (Harrison and 
Irving 1966). 

It  would be interesting to know if an auditory 
map exists in one of the structures ment ioned previ- 
ously, and if the neuronal  activity there is modulated 
by the initial eye position or if incorporation of this 
information occurs only in the immediate  p remotor  
structures to eye and head movements  - as, for 
instance, the paramedian  pontine and the medullary 
reticular formation.  
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