
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/146659

 

 

 

Please be advised that this information was generated on 2023-05-23 and may be subject to

change.

http://hdl.handle.net/2066/146659


Sensorimotor transformations and 
feedback signals involved in 

gaze control 

Jeroen Goossens 





Sensorimotor transformations and 
feedback signals involved in 

gaze control 

Een wetenschappelijke proeve op het gebied van de 
Medische Wetenschappen 

Proefschrift 

ter verkrijging van de graad van doctor 
aan de Katholieke Universiteit Nijmegen, 

volgens besluit van het College van Decanen 
in het openbaar te verdedigen 
op dinsdag 1 december 1998 

des namiddags om 3.30 uur precies 

door 

Hieronymus Hubertus Lydia Maria Goossens 

Geboren op 9 augustus 1969 
te Oostburg 



Promotor Prof. Dr. С.C.A.M. Gielen 
Co-promotor Dr. A.J. van Opstal 

Manuscriptcommissie Prof. Dr. A.R. Cools 
Prof. Dr. W.A. van der Grind (UU) 
Dr. N.A.M. Schellart (UvA) 

Goossens, H.H.L.M. 

ISBN : 90-9012202-8 

This research was supported by the Dutch Foundation for the Life Sciences 
(SLW) of the Netherlands Organization for Scientific Research (NWO). Project 
number 805-01.072 



Contents 

1 General introduction 3 
1.1 2-D vision 3 
1.2 2-D sound localization 4 
1.3 The primate superior colliculus 7 
1.4 Sensorimotor transformations 8 
1.5 Maintanance of spatial accuracy 11 
1.6 Feedback models of the saccadic system 13 
1.7 Properties of the local feedback loop 14 
1.8 Models of the superior colliculus 14 
1.9 Topics of this thesis 15 
1.10 References 16 

2 Human eye-head coordination in two dimensions under different sensori
motor conditions 21 
2.1 Introduction 21 
2.2 Methods 25 
2.3 Results 30 

2.3.1 Aligned fixation conditions 30 
2.3.2 Unaligned fixation conditions 40 

2.4 Discussion 46 
2.5 References 54 

3 Influence of head position on the spatial representation of acoustic 
targets 57 
3.1 Introduction 57 
3.2 Methods 61 
3.3 Results 67 

3.3.1 Experiment I: Visual-auditory double-steps 67 
3.3.2 Experiment I I : Tone-evoked eye-head saccades 72 
3.3.3 Experiment I I I : Static head elevations 74 

3.4 Discussion 80 
3.5 References 86 



2 Contents 

4 Local feedback signals are not distorted by prior eye movements: 
Evidence from visually evoked double saccades 91 
4.1 Introduction 91 
4.2 Methods 93 
4.3 Results 95 
4.4 Discussion 98 
4.5 References 101 

5 Involvement of monkey superior colliculus in the generation of rapid 
double-step saccades. 103 
5.1 Introduction 103 
5.2 Methods 110 
5.3 Results 118 

5.3.1 Visually guided double-steps 118 
5.3.2 Postsaccadic microstimulation 123 
5.3.3 Microstimulation during visual double-steps 127 
5.3.4 Saccade-related activity 129 

5.4 Discussion 139 
5.5 References 146 

6 Saccade-blink interactions in monkey. I. Properties of blink-perturbed 
saccades 151 
6.1 Introduction 151 
6.2 Methods 153 
6.3 Results 156 
6.4 Discussion 169 
6.5 References 175 

7 Saccade-blink interactions in monkey. I I . Superior colliculus activity 
during blink-perturbed saccades 179 
7.1 Introduction 179 
7.2 Methods 181 
7.3 Results 183 
7.4 Discussion 200 
7.5 References 209 

8 Summary and Conclusions 213 

9 Samenvatting 219 

Publications 229 

Dankwoord 231 

Curriculum Vitae 233 







Chapter 1 

General introduction 

This thesis concerns the programming and generation of gaze orienting movements. 
Both behavioral and neurophysiological studies are described that were designed to 
gain further insight in the neural mechanisms underlying the control of eye and coor
dinated eye-head movements in two-dimensions (2-D). The main subsystem studied 
in these experiments is the saccadic system. 

Saccades, or saccadic gaze shifts, are rapid movements of the eye that are often 
combined with head movements. These movements are generally made to quickly and 
accurately redirect the line of sight towards stimuli that are of interest. As such, the 
saccadic system forms a natural orienting system that utilizes and integrates sensory 
input of several modalities. 

1.1 2-D vision 

The anatomic organization of the eye seems optimal to extract 2-D spatial information. 
It contains a sheet of densely packed photoreceptors and efferent neurons, the retina, 
which provides the central visual system with rather direct information about the 
spatial layout of the visual surround. When light enters the eye through the pupil, 
the lens projects an image of the external environment onto the retina. In this way, 
neighboring parts of the retina receive light originating from neighboring points in the 
visual field. Hence, there is a fixed, topographical relation between the position of a 
visual target relative to the eye and the position of the activated cells in the retina. 

However, the distribution of cells within the retina is not homogeneous. There 
is a small central area, the fovea, where the density of color-discriminative receptors 
is high. The optic nerve fibers transmitting information from this spot respond to 
incoming light from a region in space (referred to as the receptive field) that is 
minute, which allows for a high spatial resolution. Toward more eccentric locations, 
the receptor density decreases as a function of radial distance from the fovea. The 
receptive field sizes also increase, enabling low-threshold but coarse vision at the 
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periphery. Because of this radial symmetry, the fovea can be regarded as the center 
of origin of a polar coordinate system. 

The topographical organization with respect to the fovea is preserved in many 
visual centers, giving rise to neural maps of visual space. In these so-called retinotopic 
maps, the relatively large amount of detailed information emanating from the fovea 
is typically processed in an enlarged area of nervous tissue. 

To enable accurate vision in all directions, several types of eye movements are 
made, either with or without accompanying head and body movements. Gaze sac-
cades, for example, can be used to rapidly redirect the fovea towards new points in 
space over a wide range of amplitudes, while smooth pursuit movements can be used 
to track a moving target. To stabilize an image onto the retina during movements of 
the head, the eyes can also counter-rotate at an equal velocity through the action of 
the vestibulo-ocular reflex. 

Since the retina moves with the eyes, visual information is said to be represented, 
at least in its early stages, in an oculocentric frame of reference. 

1.2 2-D sound localization 

The auditory system, unlike the visual system, does not have a topographic represen
tation of auditory space at its receptor level. Instead, acoustic signals are decomposed 
into their frequency components at the cochlea. Due to the mechanics of the organ 
of Corti, cochlear hair cells at a specific location along the basilar membrane are ex
cited when sound waves of a particular frequency enter the inner ear. Consequently, 
the one-dimensional array of cochlear hair cells forms a topographic map of sound 
frequency, rather than sound location. 

This so-called tonotopic representation of sound is maintained in many subsequent 
stages of the auditory system. This property is illustrated in Fig. 1.1 for the central 
nucleus of the midbrain Inferior Colliculus (ICc). The data in this figure depict the 
responses of four neurons that were recorded during a single dorso-ventral electrode 
track through the ICc of an awake rhesus monkey. Each cell was encountered at a 
different electrode depth, and tested with a series of tone bursts of equal intensity. 
Note that the frequency for which each neuron showed the highest firing rate (i.e., 
the 'best frequency'), increased systematically as a function of depth. 

The direction of a sound stimulus, not explicitly present in this tonotopic code, has 
to be derived from implicit acoustic cues that are available in the incoming signals. The 
horizontal direction component (azimuth) of a sound is primarily derived from binaural 
difference cues, whereas its vertical direction component (elevation) is derived from 
monaural spectral cues. 

Interaural Intensity Differences (IIDs). Due to the acoustic shadow casted by the 
head, the sound intensity at the contralateral ear will be slightly lower than at the 
ipsilateral ear. These differences are most prominent in the higher frequency region 
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Figure 1.1 Tonotopic organization of the central nucleus of the midbrain Inferior Colliculus 
(ICc). Depicted are the frequency-tuning curves (right) of four neurons, recorded in the ICc 
of an awake rhesus monkey. Spike rasters (left) show the individual action potentials during a 
series of free-field tone stimuli of fixed intensity (60 dB SPL) presented straight-ahead of the 
animal. Each spike is represented by a dot and each row of dots corresponds to a separate 
trial. Note that the best frequency of the cells increased systematically with electrode depth 
in a single dorso-ventral track. The pre- and post-stimulus activity resulted from sounds made 
by the animal while consuming juice rewards. Data were collected by the author from one of 
the monkeys (PJ) that contributed also to the visuomotor studies described in this thesis. 

(in humans > 2 kHz) because the head, having a limited size, acts as an acoustic 
low-pass filter. 

Many neurons in the brainstem Lateral Superior Olive (LSO) appear to be sensitive 
to IIDs in a specific frequency band. This sensitivity is due to their excitatory inputs 
from the ipsilateral Cochlear Nucleus (CN) and their inhibitory inputs from the same 
frequency band in the contralateral CN, which is relayed through the Medial Trapezoid 
Body (e.g. Irvine 1986). 
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Interaural Timing Differences (ITDs). As a consequence of a finite sound velocity 
(~340 m/s), in combination with a longer pathway for sound waves to the contralat
eral ear, sound will reach the ¡psilateral ear slightly earlier than the contralateral ear. 
Due to the spectral decomposition at the cochlea, this difference in time of arrival 
results in specific interaural phase differences (IPDs) in each frequency band. 

Binaural neurons in the Medial Superior Olive (MSO) can detect these IPDs, pre
sumably through differential delays in their input from the ipsilateral and contralateral 
CN, respectively. IPDs in a single frequency band provide ambiguous information, par
ticularly in the high-frequency range (in humans >1.5 kHz). In principal, however, 
the absolute interaural time difference can be reconstructed at subsequent stages by 
combining the IPDs from multiple frequency bands (e.g. Irvine 1986). 

Monaural Spectral Cues. Unlike owls, which have a vertical asymmetry between 
their right and left ear, primates have lateral ears that are symmetrically positioned 
with respect to the median plane of the head. Consequently, stimulus positions along 
the vertical meridian do not give rise to interaural disparity cues. Nevertheless, human 
sound localization appears to be quite accurate, both horizontally and vertically (Frens 
and Van Opstal 1995; see also Blauert 1996, for extensive review). In fact, human 
sound localization rivals that of owls, which are often considered experts in directional 
hearing. 

To determine also sound-elevation, the auditory system relies on spectral shape 
information that is imprinted onto the sound signal before it arrives at the inner ear. 
This is due to geometry of the external ear, the pinna, which contains a number 
of complex-shaped convolutions. As a result of various physical phenomena (e.g., 
shadowing, interference, reflection, dispersion, diffraction, and resonance), these con
volutions gives rise to a characteristic, direction-dependent filtering of the incoming 
sound. 

This property is illustrated in Fig. 1.2 which shows an example of these so-called 
head-related transfer functions (HRTF) of an individual subject. Note that there 
are several peaks and notches (especially in the 4-10 kHz region), the frequency 
and amplitude of which depend strongly on the elevation angle. Thus, a specific 
'fingerprint' is superimposed on the amplitude spectrum of a sound from any direction. 
This spectral information can be discerned as long as the shape of the source spectrum 
is sufficiently different from any of the HRTFs (Hofman and Van Opstal 1998). It is 
also required, of course, that the source spectrum is sufficiently broadband (see also 
Chapter 3). 

So far, single-cell recordings have indicated that neurons in the cat Medial Genic
ulate Nucleus (MGN) of the Thalamus (Imig et al. 1997) and the cat Anterior 
Ectosylvian Sulcus area (known as multisensory field AES; Middlebrooks 1994) may 
be involved in the processing of these spectral cues. 

Hence, sound localization relies on a neural computational process, in which sound-
azimuth and sound-elevation are derived from different cues, and through different 
neural pathways. Spatial auditory information is therefore implicitly encoded in a 
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Figure 1.2 Top: Head-related transfer functions (HRTFs) measured at the eardrum of 
the author's right ear by presenting broadband sounds in the median plane of the head (zero 
azimuth) at six different elevations ([-25, -15, 0, 15, 30, 45] deg; symbolized by increasing 
curve thickness). Bottom: Contour plot of the same HRTFs. Gray levels represents the H RTF 
amplitude (in dB) as a function of both sound frequency and angle of incidence. Lowest and 
highest amplitudes are coded in black and white, respectively (0 dB is the value measured in 
the absence of the subject). Note the systematic change of peaks and notches for frequencies 
in the 4-10 kHz range. 

cartesian coordinate system. Since all sound cues are referenced with respect to 
the (in humans) head-fixed ears, this coordinate system is fixed relative to the head, 
yielding a craniocentric representation of the sound location. 

1.3 The primate superior colliculus 

Two chapters of this thesis describe neurophysiological experiments regarding the 
role of the monkey Superior Colliculus (SC) in the generation of saccades and its 
interaction with the blink subsystem. Also the behavioral studies in this thesis are 
concerned with closely related topics. 

The SC, which is located in the midbrain, is generally divided into two functional 
parts: the superficial visual layers and the intermediate and deep motor layers. The 
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superficial layers consist of neurons that respond to visual stimuli in a restricted 
region of the contralateral visual field (i.e., the receptive field of the cell). They 
are retinotopically organized, and no saccade-related activity is encountered in these 
layers. 

The intermediate and deep layers of the SC are an important sensorimotor in
terface for the control of saccadic eye movements. They receive afferent input from 
various sensory areas (e.g., Primary Visual Cortex, V I ; Primary Auditory Cortex, A l ; 
the Inferior Colliculus, 1С), areas that exhibit saccade-related activity (e.g., Frontal 
Eye Fields, FEF; Parietal Cortex), and other movement related regions such as the 
Substantia Nigra pars reticulata (SNr) of the Basal Ganglia (see e.g. Sparks and 
Hartwich-Young 1989; Moschovakis and Highstein 1994, for reviews). 

Many cells in the motor SC generate a vigorous burst of action potentials shortly 
preceding and tightly linked to the onset of a saccade toward the contralateral side (see 
Fig. 1.3, left). Different types of saccade-related burst neurons (SRBIMs) are encoun
tered in these layers: purely movement-related cells which lack a sensory evoked re
sponse, and sensorimotor cells, in which the saccade-related discharge ( "motor burst" ) 
is preceded by sensory evoked activity ("sensory burst") (see Sparks 1986, for review). 
Both cell types have so-called movement fields. This means that they are recruited 
for saccades of particular amplitude and direction (see Fig. 1.3, top right), regardless 
of the orbital position of the eyes, and regardless of target modality. Thus, SRBNs 
encode movements as a desired change in eye position (but, see also below). 

Since anatomically nearby cells have neighboring movement fields, the SC neu
rons are orderly arranged such as to form a topographic motor map (Robinson 1972; 
Mcllwain 1982; Ottes et al. 1986; Lee et al. 1988). Electrical microstimulation in 
this map elicits coordinated eye-head movements under head-free conditions (Cowie 
and Robinson 1994; Freedman et al. 1996). The motor, auditory and visual maps in 
the SC are organized in an oculocentric frame of reference (Mays and Sparks 1980a; 
Jay and Sparks 1984, 1987). 

Efferent projections of the SC reach several nuclei in the brainstem. The most 
important ones are the Paramedian Pontine Reticular Formation (PPRF) and the 
rostral nucleus of the Medial Longitudinal Fasciculus (riMLF). These nuclei are crucial 
for the generation of the horizontal component and vertical/torsional component of 
a saccade, respectively. Projections also reach the OmniPause Neuron (OPN) region, 
which is involved in the gating of saccades and blinks. 

1.4 Sensorimotor transformations 

All saccadic eye-head movements are produced by the same extraocular muscles and 
the same head-neck muscles, irrespective of the sensory modality of the target elic
iting the movement. However, as indicated in section 1.1 and 1.2, the location of 
visual and auditory stimuli are initially encoded in different sensory reference frames 
(oculocentric versus craniocentric, respectively) and in different formats (retinotopic 
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Figure 1.3 Activity of a typical saccade-related burst neuron (5RBN) in the monkey Supe
rior Colliculus (SC). Left: Eye position traces show saccades toward the center of the cell's 
movement field ([R, Φ]=[18,0]; top). Spike rasters (middle) and averaged spike density (bot
tom) show the discharge of the cell as a function of time. Right: Fitted movement field of 
the neuron (top) showing its response as a function of horizontal (dH) and vertical (dV) eye 
displacement. Note that the neuron is recruited for saccades toward a restricted region of the 
(contralateral) visual field. Phase plot of intrasaccadic spike density as a function of current 
motor error (bottom). Note the monotonie decline as function of decreasing motor error for 
saccades toward the center of the movement field. Data from the right SC of monkey Ρ J. 

versus tonotopic). 

The gaze orienting system must necessarily account for these differences, for two 

main reasons. First, to discern whether stimuli of different modalities originate from 

the same point in space, it must account for the orientation of the respective sensory 

organs with respect to each other. This process is also referred to as multisensory 

integration (see Stein and Meredith 1993, for extensive review). Second, to generate a 

goal-directed and coordinated eye-head movement, each of these sensory stimuli must 

be transformed in a format appropriate to drive the eye and head motor circuitry. How 

this must be done, is not immediately obvious since each motor subsystem is endowed 

with its own motor frame of reference. The latter is imposed by the anatomy of each 

subsystem, and ultimately by the pulling directions of the muscles. 

In general, the eyes will be in a certain eccentric orbital position, so that the eye-

and head-centered frames of reference are typically unaligned (eyes an head have dif

ferent orientations in space). Under such conditions, there is not only a misalignment 
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Figure 1.4 Relevant reference 
frames for 2-D eye-head coordination. 
Schematic outline of the relations be
tween the spatial, craniocentric and ocu-
locentric frames of reference for eye and 
head movements. From the scheme, the 
following vectorial transformations are 
obtained: G = E + H , T h = E + T e and 
T e = H + T h = Η + Ε + Τ β . Note that 
in this specific example eye and head are 
unaligned, since о and f do not coincide. 
Abbreviations: s, center of spatial (or 
body) frame; o, center of the oculomotor 
range (OMR);f, fixation point, fovea; G, 
gaze-in-space or eye-in-space; E, eye-in-
head; H, head-in-space; T , target posi
tion; Tg, target-in-space; T e , target-re-
eye or gaze motor-error; Th, target-re-
head or head motor-error. 

between the sensory and motor frames of reference, but also a misalignment between 

the two motor frames of reference. The sensorimotor transformations that underlie 

auditory and visually guided orienting behavior are therefore far from trivial. 

Fig. 1.4 illustrates some of the geometrical problems that arise in two-dimensions. 

Note that when eyes and head are initially unaligned: 

1. The craniocentric coordinates in which the location of an acoustic stimulus is 

initially expressed ( T h ) does not match the oculocentric motor-error coordinates 

of the eye movement (i.e., the desired eye displacement, T e ) ; 

2. The oculocentric coordinates in which the location of a visual target is expressed 

( T e ; or the retinal error) does not correspond to the craniocentric motor-error 

coordinates of the head movement (i.e., the desired head displacment, T h ) ; 

3. Regardless of the modality of the target, the motor-error coordinates for eye 

and head motor subsystems are different ( T e Φ T h ) . 

Neurophysiological data from monkey (Jay and Sparks 1984, 1987) and cat (Hart-

line et al. 1995; Peck et al. 1995) have shown that the deep layers of the Superior Col-

liculus incorporates the craniocentric to oculocentric transformation that is required 

to generate accurate eye movements towards auditory targets in darkness. Note that 

this transformation necessitates the use of an eye position signal ( T e = T h — E ) . 

So far, however, it is unknown where in the audiomotor system this transformation is 

implemented. 

A number of gaze control models (Galiana and Guitton 1992; Guitton et al. 1990) 

proposed that the eye and head are both controlled by the same oculocentric motor 

command {desired gaze displacement signal; T e ) , emanating from the deep layers 
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of the SC. A craniocentric-to-oculocentric sensorimotor transformation at this level 
could then suffice to control both eye and head motor systems during auditory evoked 
orienting. Recently, however, this / i t "common drive" theory has been questioned on 
the basis of behavioral data obtained from both human (Glenn and Vilis 1992; Tweed 
et al. 1995) and monkey studies (Phillips et al. 1995). Based on the loose coupling 
between eye and head latencies, and because of the differences in movement kinemat
ics, it was argued that the two motor systems are rather controlled by independent 
driving circuits. 

1.5 Maintenance of spatial accuracy 

At first glance, one might suspect that retinal signals are sufficient to program an 
eye movement toward a visual stimulus because the retinal-error and motor-error 
coordinates are identical. It appears, however, that the saccadic system combines 
retinal signals with extraretinal signals such as changes in eye position. This has been 
inferred from double-step experiments, which showed that accurate saccades can be 
made to the spatial location of a briefly flashed visual target, even when its retinal 
location and spatial location are dissociated due to an intervening eye movement 
(Hallett and Lightstone 1976; Mays and Sparks 1980b; Guthrie et al. 1983). 

These findings were consistent with the hypothesis (Robinson 1975) that the sac
cadic system programs eye movements based on a target representation in head-
centered coordinates. In Robinson's now classical model of the saccadic system 
(Fig. 1.5A), the retinotopic visual input (retinal error; RE) is first combined with the 
initial eye position (e¿) to compute a desired eye position command in head-centered 
coordinates (H)., This model accounts for the remarkable accuracy of saccades to 
visual targets under open-loop conditions (i.e. without visual feedback), as well as 
to sounds, through a continuous comparison between the desired and the current eye 
position (see section 1.6, for a more detailed description). 

However, a problem with that model was the lack of neurophysiological evidence 
for the desired eye position signal. More recently, however, eye-position dependent 
tuning properties of visual receptive fields in the primate Parietal Cortex (Zipser and 
Andersen 1988), the Primary Visual Cortex (Weyand and Malpeli 1993) and the 
Superior Colliculus (Van Opstal et al. 1995) have been interpreted as supporting 
evidence for this putative head-centered visuomotor programming stage. 

An alternative hypothesis holds, that the visuomotor system maintains a retino
topic representation of the saccadic goal, such that the target coordinates are always 
relative to the most recent eye position (Fig. 1.5B). According to this idea, informa
tion about intervening eye displacements (i.e., the change in eye position, rather than 
eye position per se) are taken into account (Jürgens et al. 1981). This model was 
supported by recordings from the monkey frontal eye field, demonstrating the presence 
of all relevant signals (i.e., both retinal error and saccadic displacement; Goldberg and 
Bruce 1990). 
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Figure 1.5 A: The classical Robinson model. In this scheme a target representation in head-
centered coordinates (H) is computed from the initial retinal error (RE) and the estimated 
initial eye position (et). During saccade generation, the target representation is continuously 
compared with current eye position (e) yielding a motor error signal (me) that drives a non
linear pulse (or burst) generator in the brainstem. The velocity pulse (è) is integrated (N1) 
to yield a position step. The pulse and step signals are summed and fed into the motoneu
rons. The motoneuron activity drives the oculomotor plant to generate the eye movement. 
Saccades are gated by the omnipause neurons (Pause). B: Retinocentric model adapted from 
Jürgens et al. (1981) and Goldburg and Bruce (1990). In this displacement model, the initial 
retinal error signal (RE) is updated by subtracting an intervening eye displacementАег). The 
saccade trajectory is controlled by comparing the desired eye displacement (AE) with the cur
rent eye displacement signal (Ae). The latter is derived from a resettable neural integrator, 
or eye displacement integrator (DI), that must be reset to zero after each saccade. 

The question as t o how the audiomotor system deals with dynamic changes of 
both sensory and motor frames of reference has not been addressed in the literature. 
Yet, the audiomotor system is an excellent system to study how the brain can generate 
spatially accurate saccades, because, for this system it is possible t o study the role of 
both eye position and head position signals. 
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1.6 Feedback models of the saccadic system 

As was briefly mentioned above, there are two classes of models of the saccadic 
system. So-called position models (Robinson 1975; Van Gisbergen et al. 1981) 
and displacement models (Jürgens et al. 1981; Scudder 1988). These models are 
different both in their saccade programming stage and in their saccade execution 
stage. Differences in the programming stage (i.e., the so-called slow- or outer-loop), 
which presumably resides mainly in higher (i.e., cortical) areas of the saccadic system, 
are briefly mentioned above. Differences in the execution stage mainly concern the 
design of the saccadic burst generator in the brainstem. 

Robinson's classical model of the saccadic burst generator (Robinson 1975; see 
Fig. 1.5A), is based on a local (i.e., as opposed to sensory) feedback scheme. In this 
model, a desired eye position (H) is compared with an internal representation of the 
current eye position that is derived from the oculomotor command (efference copy; 
e). The difference, dynamic motor error (me; me = H — e), is transformed into a 
velocity signal (e) by a nonlinear pulse generator. This velocity command (Pulse) is 
fed directly to the extraocular motoneurons, and transformed into a position signal 
(Step) in a parallel path. The latter is done by the neural eye position integrator 
(N1) through temporal integration of the eye velocity signal (è). The resulting signal, 
representing current eye position, is fed to the motoneurons and, in Robinson's model, 
used in the feedback loop. 

More recent displacement models (Jürgens et al. 1981; Scudder 1988; see 
Fig. 1.5B), however, assume that a desired eye displacement signal, presumably ema
nating from the SC, drives the hypothesized feedback loop. In these models, dynamic 
motor error is obtained by comparing this desired eye displacement (ΔΕ) with an 
efference copy of the actual eye displacement (Δε; me = Δ Ε - Δ ε ) . The latter signal 
is generated by an eye displacement integrator (DI). This so-called resettable integra
tor integrates eye velocity, just like the position integrator, but needs to be reset to 
zero after each saccade. Although these revised models solved one problem (i.e., they 
accommodate the SC), a new problem was created (i.e., lack of neurophysiological 
support for an eye displacement integrator). 

From these models, it can be understood that saccades remain accurate in the 
absence of visual feedback, despite considerable variability in their kinematics (Jürgens 
et al. 1981), and despite brief interruptions imposed by electrical stimulation of the 
OPNs (Keller and Edelman 1994) or of the rostral SC (Muñoz et al. 1996). 

While it is generally assumed that a local feedback circuit, one way or the other, 
controls saccades, there is considerable controversy on: (1) how this feedback is 
implemented (i.e., position versus velocity or displacement feedback), and (2) which 
neural structures are involved (i.e., feedback at, or downstream from the motor SC) 
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1.7 Properties of the local feedback loop 

In recent experiments (Nichols and Sparks 1995; Kustov and Robinson 1995), at
tempts were made to dissociate between position and displacement models of the 
saccadic burst generator. To that end, the monkey SC was stimulated immediately 
after a visually guided saccade. The idea was that the burst generator would be 
unable to accurately execute a collicular displacement command if the reset of the 
putative displacement integrator (see above, Fig. 1.5B) is still incomplete when this 
command arrives. This should be the case if the integrator resets gradually, rather 
than instantaneously (Jürgens et al. 1981). If so, the displacement model predicts 
that the amplitude and direction of stimulation-evoked saccades systematically depend 
on the postsaccade stimulation interval. Indeed, the results of these experiments were 
consistent with the hypothesis that efferent feedback comes from an eye-displacement 
integrator that is gradually reset with a time constant of about 45 ms ('Reset' signal 
in Fig. 1.5B). 

This 'gradual-reset' model predicts, however, that the second of two visually 
evoked saccades becomes inaccurate when the intersaccadic interval (ISI) is very 
brief. Yet, there are no reports in the oculomotor literature that indeed describe such 
time-dependent behavior under natural conditions. Rather, qualitative observations 
by Becker and Jürgens (1979) suggest that double-step saccades may remain accu
rate, irrespective of the time in between the two movements. Moreover, the SC seems 
to be similarly involved in the generation primary and secondary saccades by encoding 
the actual motor-error coordinates of each movement (Mays and Sparks 1980; Sparks 
and Porter 1983). 

1.8 Models of the superior colliculus 

In the current literature, controversy exists also regarding the collicular mechanisms 
underlying saccade generation. Until recently, it was generally held that the motor 
map encodes a fixed saccadic eye-displacement vector by the location of the active 
neural population, and has no relation to the kinematics and trajectory of the saccade 
(Fig. 1.6, top). However, since many SRBNs exhibit a monotonie relation with dy
namic motor error for saccades into their movement field (see Fig. 1.3, bottom right), 
Waitzman and colleagues proposed that the motor SC could be part the putative local 
feedback loop (Waitzman et al. 1991; see Fig. 1.6, bottom). 

Several specific hypotheses about how saccades might be controlled by neural 
feedback through the distributed activity of cells in the motor SC have since been 
advanced. One theory ("decaying hill"; Waitzman et al. 1991) proposes a purely 
temporal scheme in which the instantaneous discharge rate of SRBNs specifies the 
instantaneous difference between the desired eye displacement and the current eye 
displacement (i.e., radial motor error). A second theory suggests that a systematic 
movement in the spatial locus of collicular activity is used to carry out the computation 
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Figure 1.6 Top: Traditional 
models assume that the locus 
of activity in the SC motor map 
encodes desired eye displace
ment (E), and that the local 
feedback loop is closed through 
cells in the pontomedullary 
brainstem (Van Gisbergen et 
al. 1991). Bottom: Recent 
models (Waitzman et al. 1991; 
Wurtz and Optica η 1994) pro
pose that the local feedback 
loop is closed through the SC 
and that SRBNs encode dy
namic motor error (M). 

of radial motor error ("moving hi l l"; Lefèvre and Galiana 1992; Muñoz et al. 1991). 
More recently, a new theory has been put forward, which proposes that both control 
mechanisms are operative, but through two different subpopulations of SRBNs, the 
so-called burst and buildup neurons (Wurtz and Optican 1994) 

Experiments that aimed at testing these hypotheses have used intrasaccadic mi
crostimulation of the OPNs (Keller et al. 1994) and the rostral SC (Muñoz et al. 
1996) to transiently stop the saccade. These saccade interruption paradigms, how
ever, have so far yielded ambiguous results. For example, while the burst of an SRBN 
is resumed after the mid-flight interruption (as predicted by the decaying hill hypoth
esis, but not the moving hill theory), the firing rate during the resumed saccade does 
not fit the monotonie relation with motor error. A problem with the interpretation 
of these results is the rather stereotyped nature of saccades (under normal as well 
as interrupt conditions) so that the trial to trail variability of the motor responses is 
rather limited (e.g., all movements in the same direction). 

1.9 Topics of this thesis 

This thesis describes three main topics regarding gaze control. The first two chapters 
are concerned with the sensory and motor frames of reference that are used by the hu
man gaze-control system to program and execute rapid orienting eye-head movements 
toward auditory and visual stimuli. In the first part of Chapter 2, eye-head coordi
nation strategies for movements toward these stimuli were compared. In its second 
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part, new evidence was obtained that the eye and head motor systems are controlled 
by separate motor commands in different frames of reference. A quantitative model 
is presented that summarizes the results. Chapter 3 investigates whether and how 
the audiomotor system accounts for intervening eye-head movements. By testing the 
influence of head position under static conditions, it appeared that the audiomotor 
system uses an absolute head position signal, rather than a head displacement signal, 
to maintain spatial accuracy. The data are interpreted as evidence for a spatial or 
body-centered neural frame of reference for the representation of auditory targets. A 
conceptual model is presented that can explain the results in view of the tonotopic 
organization of the auditory system. 

Chapters 4 and 5 describe a series of behavioral double-step experiments con
ducted with humans and monkeys, as well as a series of electrical microstimulation 
and single-unit recording experiments in the monkey SC. Chapter 4 shows that the 
accuracy of visually evoked saccades are unaffected by preceding saccades, irrespective 
of the intersaccadic interval. These data from humans therefore contradict earlier mi
crostimulation experiments in the monkey SC, which were considered evidence for the 
presence of a gradual-reset integrator in the local-feedback pathway (see section 1.7). 
Apparently, there is a clear difference between and visually evoked and stimulation-
induced saccadic behavior. To further address this remarkable discrepancy, several 
alternative hypotheses were tested in the monkey. These neurophysio logy experi
ments are described in Chapter 5. 

Chapters 6 and 7 are concerned with saccade-blink interactions in the monkey. 
In these experiments, saccadic eye movements were perturbed by air-puff evoked re
flex blinks. In this way, natural saccade disturbances could be evoked, circumventing 
the problems associated with electrical microstimulation (see section 1.8). Chapter 6 
provides a quantitative description of the profound effect of blinks on the latency, 
kinematics and spatial trajectories of blink perturbed saccades. Despite severe per
turbations, saccade accuracy was hardly affected. These findings are discussed in 
view of current models of saccade generation and the site(s) of interactions with 
blinks. Chapter 7 investigates how the spatial-temporal perturbations of the saccade 
trajectory are reflected in the discharge properties of collicular SRBNs. A conceptual 
model is proposed that incorporates our findings, and which may give new impulses 
to further research regarding the mechanisms underlying saccade-blink interactions. 
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Chapter 2 

Human eye-head coordination in 
two dimensions under different 
sensorimotor conditions 

2.1 Introduction 

In this chapter, human gaze saccades (gaze = eye-in-space = eye-in-head + head-
in-space) are investigated in two dimensions (2-D), in order to obtain more insight 
into the signals controlling the eye and head motor systems. To that means, we 
have studied the influence of stimulus modality (visual compared with auditory) on 
the resulting eye-head movement strategies. In addition, eye-head coordination was 
investigated under conditions in which eye and head were not initially aligned. 

Sensorimotor transformations 

In 2-D, the sensorimotor transformations for the eye and head motor systems, asso
ciated with stimuli of different modalities, are highly non-trivial. In order to illustrate 
these problems, the different coordinate systems that play an important role in gaze 
control to auditory and visual stimuli have been schematically depicted in Fig. 2.1. 

For example, since in humans the ears are fixed with respect to the head, the 
position of an auditory target is initially encoded in a craniocentric frame of reference 
(Th). For that reason, the auditory spatial information does not necessarily corre
spond to the desired eye displacement vector (T e ) . When generating an accurate 
eye movement towards an acoustic stimulus, the oculomotor system must therefore 
take the initial position of the eyes in the orbit into account (T e =Th-E) . Behavioral 
(Frens and Van Opstal 1994; Whittington et al. 1981) as well as neurophysiolog-
ical data (Jay and Sparks 1984, 1987 (monkey); Hartline et al. 1995; Peck et al. 

Adapted from: Goossens and Van Opstal (1997) Exp. Brain Res., 144:542-560. 
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Figure 2.1 Relevant reference frames 
for eye-head coordination. Schematic 
outline of the relations between the 
spatial, craniocentric and oculocentric 
frames of reference for eye and head 
movements which are of interest in this 
study. From the scheme, the following 
vectorial transformations are obtained: 
G = E + H, T h = E + Τ β and 
Τ„ = Η + T h = Η + E + Τ β . Note 
that in this specific example eye and head 
are unaligned, since о and f do not coin
cide. Abbreviations: s, center of spatial 
(or body) frame; o, center of the ocu
lomotor range (OMR); f, fixation point, 
fovea; G, eye-in-space; E, eye-in-head; 
H, head-in-space; T , target position; 
T „ , target-in-space; T e , target-re-eye or 
gaze motor-error; T h , target-re-head or 
head motor-error. 

1995 (cat)) have shown that the oculomotor system indeed incorporates this required 
craniocentric to oculocentric transformation. 

If eye and head are both controlled by the same oculocentric motor command 
( T e ) , as put forward by a number of gaze control models (see below), this remapping 
of craniocentric into oculocentric coordinates would, in principal, be sufficient for 
accurate orienting gaze movements in a multimodal environment. 

Conversely, if the head motor system is to be controlled by an independent 
head motor-error command ( T h ) , as suggested by recent data, such craniocentric-
oculocentric transformation would be inappropriate for the head motor system in the 
case of auditory targets. Moreover, when orienting towards visual stimuli, the oculo
centric retinal error signal ( T e ) not necessarily equals the desired head displacement 
vector ( T h ) (see Fig. 2.1). Consequently, the retinal error signal needs to be remapped 
into the appropriate craniocentric head motor command by taking the initial eye po
sition into account ( T h = T e + E ) . This means that the head motor system may be 
subjected to comparable sensorimotor transformations as the oculomotor system. 

The problem of coordinate remapping has been mainly investigated under head-
fixed conditions and little is known about eye-head movements during visually and 
auditory-evoked orienting behavior when the two motor systems are initially unaligned. 
To our knowledge, only Whitt ington and colleagues (1981) have compared visually 
evoked and auditory-evoked gaze shifts under head-free conditions in the monkey, but 
for aligned conditions and horizontal movements only. 
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Eye-head coordination studies 

The nature of combined eye-head movements has been studied extensively in human 
(Barnes 1979; Gresty 1974; Guitton and Voile 1987; Laurutis and Robinson 1986; 
Pélisson et al. 1988; Zangemeister and Stark 1982a,b), cat (Blakemore and Donaghy 
1980; Fuller et al. 1983; Guitton et al. 1984, 1990) and monkey (Bizzi et al. 1971, 
1972; Morasso et al. 1973; Tomlinson and Bahra 1986a,b Whittington et al. 1981). 
Initially, Bizzi and colleagues (1971, 1972) proposed that head-free gaze saccade, 
like head-fixed gaze saccades, are programmed as an ocular saccade, independent of 
the occurrence and size of a concomitant head movement. According to this so-
called oculocentric hypothesis, the vestibulo-ocular reflex (VOR) would cancel any 
contribution of the head to the gaze shift by causing the eyes to counter-rotate by 
the same amount. 

However, several experiments have shown that the action of the VOR is actually 
suppressed during gaze saccades (Laurutis and Robinson 1986; Pélisson et al. 1988; 
Lefèvre et al. 1992 (human); Tomlinson and Bahra 1986b; Tomlinson 1990 (mon
key)). These and other observations (reviewed by Roucoux 1992) have led to the 
conclusion that in humans and monkeys the oculocentric hypothesis is strictly valid 
only for gaze shifts smaller than ~10 deg. 

It is well accepted in the oculomotor literature that, when the head is fixed, eye 
movements are guided by local feedback of either current eye position (Robinson, 
1975) or eye displacement (e.g. Jürgens et al. 1981). As an alternative for the ocu
locentric hypothesis, the conceptual oculomotor model was extended to gaze control 
in the head-free condition (Guitton and Voile, 1987; Laurutis and Robinson, 1986). 
According to this gaze feedback hypothesis, an internally created, instantaneous gaze 
motor-error is used to drive the oculomotor system. In this way, the accuracy of 
gaze saccades can be maintained, regardless of head movements, even if the VOR is 
suppressed during the movement. 

Note that the concept of gaze feedback by itself does not specify the head motor 
command. However, it was proposed on the basis of gaze control studies in the cat, 
that both the oculomotor system and the head are controlled by the same internally 
created gaze motor-error signal (Galiana and Guitton 1992; Guitton et al. 1990). 
Several behavioral and neurophysiological studies provide support for this so-called 
Common Gaze Model (reviewed by Guitton 1992). 

Recently, however, this common drive theory has been questioned because of 
behavioral data obtained from both human and monkey studies. For example, in 
humans, the direction and spatial trajectories of eye and head movements can be 
substantially different when very large (>70 deg) gaze movements are made (Glenn 
and Vilis 1992; Tweed et al. 1995). Moreover, in humans as well as in non-human 
primates, the latencies of eye and head movements are not as tightly coupled as in 
the cat (Phillips et al. 1995 (monkey); Tweed et al. 1995 (human)). And finally, 
whereas in cat several aspects of eye and head metrics and kinematics appear to be 
strongly correlated (Guitton et al. 1984, 1990), they are so to a much lesser extent in 
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monkeys (Phillips et al. 1995). Based on these data, it was thus argued that the two 
motor systems are rather controlled by independent driving circuits, each having their 
own feedback mechanism. According to these Independent Gaze Models, the eye 
and head motor system are driven by a gaze and head motor-error signal, respectively. 

Such an independent control could in principle explain the poorly correlated eye 
and head movement onsets. On the other hand, since human subjects are able to 
execute gaze shifts with and without head movements at will, there is an apparent 
need to incorporate at least independent initiation mechanisms for the eye and head 
movement in any human gaze control model. Indeed, Ron and Berthoz (1991) have 
applied the notion of independent eye-head gating in order to explain dissociated eye 
and head movements within the boundaries of the gaze feedback hypothesis. 

Head movement strategies 

In most studies concerning eye-head coordination, attention was focused on the control 
of eye movements and the role of the VOR during gaze shifts within and beyond the 
oculomotor range (OMR). In those studies, horizontal gaze shifts were typically elicited 
with the eyes starting near the center of the orbit. However, as was pointed out by 
Voile and Guitton (1993), this does not permit a clear identification of the input 
signal to the head motor system, since under these conditions the initial motor-errors 
for eye and head are identical. In their one dimensional study with human subjects, 
Voile and Guitton (1993) showed that when eyes and head are not initially aligned, 
the head movement amplitude is better related to the initial head motor-error (Th) 
than to the initial gaze error (T e ) . Conversely, Delreux et al. (1991) reported that 
the amplitude of head movements in a sequence of successive eye-head movements 
was better related to gaze motor error than to head motor error. 

Clearly, the question whether the head motor system is driven by a target-re-head 
or a target-re-eye related command, is difficult to answer based on movements in one 
dimension. However, this problem can be addressed more readily in two dimensions. 
For example, if both eye and head are driven by a common gaze-error command, 
it is predicted that the head movement will not be directed towards the stimulus 
when the initial positions are unaligned (Fig. 2.1). This follows from the fact that 
(in 2-D), the oculocentric gaze-error command (T e ) and the head motor-error (Th) 
may be different, both in amplitude and in direction. Alternatively, if guided by a 
craniocentric head motor-error command, head movements are expected to be goal-
directed, regardless of the initial eye position. 

A preliminary account of the experimental findings has been given in Goossens et 
al. (1995). 
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2.2 Methods 

Subjects 

Seven healthy human subjects (one female and six males) between 21 and 38 years old par
ticipated in the experiments. Subjects were without any known uncorrected visual, auditory 
or motor disorders, except for JO who is amblyopic in his right eye. Subjects BB, VC and PH 
were naive with regard to the purpose of this investigation. During the experiments, subjects 
were comfortably seated in a chair that provided good back support. Viewing was always 
binocular. 

Experimental setup 

All experiments were performed in a completely dark, sound attenuated room (3x3x3 m). 
Acoustic reflections of sound frequencies above 500 Hz were strongly reduced by covering walls, 
ceiling and floor as well as large objects, with black sound-absorbing foam. The background 
noise level was about 30 dB SPL. 

Auditory stimuli. Auditory stimuli (600 ms duration, 5 ms rise and fall time) consisted of 
band-pass filtered (150 Hz - 20 kHz, Krohn-Hite 3343) white noise, generated by a PC-80486 
equipped with a D/A converter (Data Translation DT2821). Such broadband noise stimuli are 
known to be well localizable in two dimensions (see Frens and Van Opstal 1995). All sound 
stimuli were amplified (Luxman 58A) to about 65 dB SPL at the position of the subject's 
head and delivered through a speaker (Philips AD44725, radius 43 mm) which was mounted 
on a two-joint robot arm. This robot arm, equipped with stepping motors (type VRDM5, 
Berger Lahr) which were also controlled by the PC-80486, could rapidly position the speaker 
anywhere on the surface of a virtual sphere (radius 0.90 m) centered at the subject's head. 
The speaker's frequency response was not corrected for, since deviations from a flat spectrum 
were within 10 dB. 

Visual stimuli. Visual targets (LEDs, 0.2 deg diameter as viewed by the subject, intensity 
0.15 c d m - 2 ) were mounted on an acoustically transparent wire frame shaped as a half-sphere 
just proximal to the working range of the robot. The distance between the LEDs and the 
subject was 0.85 m. 

Measurements. Rotations of both the right eye and the head (relative to space) were 
measured by means of the search coil technique (Collewijn et al. 1975). The head-coil was 
mounted on top of a lightweight helmet (150 g) worn by the subject. Two sets of large coils 
(3x3 m), attached along the edges of the room, generated the oscillating horizontal (40 kHz) 
and vertical (30 kHz) magnetic fields. These fields were homogeneous (<10%) within a 
cube of l x l x l m centered at the position of the subject's head, and were not affected by 
neither the movement of the robot arm nor of the speaker. In this way, the orientation of the 
eye and head could be measured without significant effects of eye and head-coil translations 
and without interference of the recording apparatus with the acoustic stimuli. The spatial 
resolution of this method for both eye and head orientation measurements was better than 
0.5 deg over the entire recording range (±45 deg). Throughout this chapter, the term position 
will be used in the sense of orientation. 

Timing of the stimulus events and data acquisition was controlled by a PC-80386, 
equipped with a data-acquisition board (Metrabyte DAS16) and a digital I/O card (Data 
Translation 2817). This computer communicated through its parallel port with the PC-80486 
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that controlled the auditory stimuli (see above). Both eye and head position signals were 
amplified, filtered (low-pass 150 Hz) and sampled at 500 Hz per channel. Sampling started 
400 ms prior to the presentation of the peripheral stimulus and continued for two seconds. 

Calibration procedure 

Eye-coil. Subjects were asked to keep their head in a comfortable, straight-ahead posi
tion, hereafter called the neutral position, and to fixate a series of LEDs. While fixating 
an LED, the subject pressed a button which triggered the recording of the eye-coil signals 
(500 ms duration). Fixation spots (iV=73) were presented at spherical polar coordinates R 
e [0,5,9,14,20,27,35] deg and Φ £ [0,30,60,.. .,330] deg, where Φ=0 deg corresponds to a 
rightward position and Φ=90 deg is upward. R is the eccentricity of the target relative to the 
central fixation spot. 

Head-coil. Calibration of a 2-D head-coil in vivo is not a straightforward procedure. First, 
subjects are unable to hold their head in a pre-defined position without artificial means. 
Second, there is no a priori knowledge regarding the geometric configuration of the axes of 
rotation of the head. In order to circumvent these problems, we employed a method in which 
static head positions can be measured by using calibrated eye-coil signals. 

A lightweight aluminum pointer (length 40 cm) with a small fixation spot at its far end 
was mounted on the subject's helmet. When subjects keep fixating this head-fixed point, the 
eye position re. to the head, E, remains fixed. Under this condition, the eye position in 
space, G (measured with the eye-coil), reflects the head position in space, H, apart from a 
constant offset, Go, which equals the eye position re. to the head ( G 0 = E). To measure 
Go (typically less than 10 deg in both dimensions), subjects were asked to assume the neutral 
head position and fixate the head-mounted fixation point. In this specific condition, H = 0 
so that Go = E = G. The neutral head position, which we regard as a behaviorally relevant 
reference position, was reproducible within about two degrees (500 ms, N=4). 

After recording the eye offset, a series of fixation spots (see above) was presented once 
more and subjects were asked to roughly direct the head-mounted pointer towards each subse
quent LED while fixating the head-mounted fixation point. In this way, we recorded a series 
of static head positions. 

Data calibration. Eye-coil signals were calibrated off-line on the basis of the fixation data 
obtained in the eye-coil calibration experiment (see above). The azimuth (A) and elevation 
(E) of the target position relative to the eye, are related to the spherical polar angles (η,Φ) 
by: 

A = arcsin(sin R • cos Ф) (2.1) 

E = arcsin(sin R • sin Ф) 

Both the {A,E) and the (І?,Ф) coordinate systems have their origin at the center LED, such 
that (0,0) corresponds to the straight-ahead fixation direction. In this way, the azimuth and 
elevation of target positions could be directly matched to the horizontal and vertical eye-coil 
signals. 

Two neural networks, one for each position component, were trained to fit the raw fixa
tion data to the target locations, using a back-propagation algorithm based on the gradient 
descent method of Levenberg-Marquardt (Matlab, the Mathworks Inc.). Each of the networks 
consisted of two input units (representing the raw horizontal and vertical signal), four hidden 
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units and one output unit (representing either the horizontal or vertical position signal). Raw 
eye-coil signals were subsequently calibrated by applying the resulting feedforward networks. 
This algorithm could adequately cope with minor cross talk between horizontal and verti
cal recording channels. Errors were 4% or less over the entire recording range (±45 deg). 
The result of this calibration procedure yielded the eye position in space (gaze, G; see also 
Fig. 2.1). 

Head-coil signals were calibrated off-line on the basis of the fixation data obtained in the 
head-coil calibration experiment (see above). First, static head positions were calculated from 
eye positions relative to space (recorded with the eye-coil) according to: 

H = G - G 0 (2.2) 

where H represents the position of the head in space, G the position of the eye in space 
(and fixed relative to the head) and G 0 the offset position of the eye in space when the 
head is in the neutral position. Two other neural networks, similar to the ones used for the 
eye-coil calibration, were subsequently trained to fit the head-coil data. Raw head-coil signals 
were calibrated by applying the resulting feedforward networks. The result of this calibration 
procedure yielded the head position in space (head, H; see Fig. 2.1). 

Finally, the position of the eye relative to the head (eye, E; see also Fig. 2.1) was obtained 
from eye position in space G and head position in space H according to: 

E = G - H (2.3) 

Because the axes of rotation of the eye and head do not coincide, the eye is translated when 
the head is rotated. Thus, when the eye fixates a target, with the head at an eccentric 
position, the direction of gaze can deviate slightly from the target direction when compared 
to the straight-ahead condition. Since the resulting deviations are small (up to about 3 deg for 
a 35 deg head eccentricity, see e.g. Collewijn et al. 1982), and because correction necessitates 
assumptions regarding the geometry of the axes of rotation in multiple dimensions, we have 
not attempted to correct for this minor translation effect. 

Experimental paradigms 

In all experiments, subjects were asked to make orienting responses towards peripheral targets 
as fast and as accurately as possible. Subjects were asked not to move their body, but no 
specific instructions were given with regard to the speed and accuracy of the head movements. 

Aligned experiments. In the first series of experiments (subjects NC, MF, JG, BB, PH and 
JO) head-free gaze movements toward auditory and visual targets were elicited. Subjects 
were instructed to align their eyes and head in a natural way with an initial LED at the 
straight-ahead position. After a random period of 800 to 1600 ms, this fixation spot extin
guished and, simultaneously, a randomly selected peripheral target was presented for 600 ms. 
Targets were presented at spherical polar coordinates R 6 [2,5,9,14,20,27,35] deg and Φ 
€ [0,30,60,.. .,330] deg. Thus, 84 visual and 84 auditory stimuli were presented randomly 
interleaved, yielding a total number of N=168 different targets at unpredictable locations. 

In between trials, and in complete darkness, the robot made two successive movements, 
even when the stimulus in the next trial was a visual target. These movements were such that 
the speaker was first moved to a random position, and subsequently to the new peripheral 
target position. This procedure denied the subject of prior knowledge about target modality 
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Figure 2.2 Target configurations 
in unaligned experiments. Initial 
fixation conditions and target loca
tions applied in the unaligned ex
periments (drawn to scale, with 
respect to a spatial coordinate 
system; see text). Filled dots 
indicate the gaze-fixation spots 
(R=20 deg), open squares are 
head-fixation spots (R—20 deg), 
and asterisks correspond to au
ditory or visual target locations 
(R=35 deg). Corresponding gaze 
and head-fixation spots used in un
aligned fixation conditions are con
nected by line segments. 

and excluded either visual or auditory cues regarding the new stimulus position. All subjects 
reported the impossibility of identifying the stimulus location purely based on the sounds 
produced by the robots' stepping motors. In an earlier study, this was tested quantitatively in 
control experiments with several subjects (Frens and Van Opstal 1995). 

Unaligned experiments. Auditory and visually evoked gaze shifts under aligned and un
aligned initial fixation conditions were measured in the second series of experiments (subjects 
MF, JG, BB, PH and VC). Subjects were asked to first align their eyes and head with an 
initial head-fixation spot. As soon as the head was aligned (±4 deg window, checked by the 
computer), the color of this LED changed from orange to red. This indicated that the head 
had to be kept in the current position. Subsequently, the head-fixation spot was extinguished 
and a green gaze-fixation spot was presented. Subjects were instructed to foveate this new 
LED by a gaze shift without a head movement. Thus, by refixating on this gaze-fixation 
spot, the eyes and head were no longer aligned. In the aligned fixation conditions, the color 
of the head-fixation spot simply changed from red to green. Then, after a random period 
of 800 to 1600 ms, the gaze-fixation spot extinguished. Simultaneously, a randomly selected 
peripheral target was presented for 600 ms. During the fast orienting response towards this 
target, subjects were allowed to move eyes and head. Aligned conditions were tested randomly 
interleaved with unaligned conditions. Auditory and visual stimuli, however, were presented 
in separate experimental sessions. 

Fig. 2.2 illustrates the target configurations used in the unaligned experiments. Head-
fixation spots were presented at: R=20 deg and Φ € [30, 120, 210, 300] deg. In this way 
potential effects of initial head position could be probed (see Results). In unaligned conditions 
the eyes were about 34 deg eccentric in the orbit, with the gaze-fixation spots at: ñ=20 deg 
and Φ £ [6O300. I5O30, 240i2o, 3302ю] deg, where the subscripts refer to the direction Φ 
of the head-fixation spots. For each of these starting conditions, targets were presented at: 
R=35 deg and Φ e [0, 90, 180, 270] deg re. straight-ahead. This configuration yielded a 
variety of initial gaze and head motor errors between 20 and 55 deg in several directions. A 
dissociation between craniocentric and oculocentric target coordinates, by means of direction, 
circumvents the problems involved in the interpretation of head-movement amplitude. In total, 
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there were N=32 different conditions, each of which was tested three to five times. After a 
few practice trials prior to the recording session, all subjects performed well in this task. Only 
on rare occasions subjects failed to keep their head fixed when refixating the gaze-fixation 
spot. Whenever this occurred, the trial was rejected. 

Data analysis 

Saccade detection. Saccades were detected off-line on the basis of the calibrated signals 
by a computer algorithm which applied separate velocity and mean acceleration criteria for 
saccade onset and offset. Gaze saccades, eye saccades and head saccades were separately 
detected, using different sets of criteria. Eye saccades were defined as the rapid movements 
of the eye relative to the head until the estimated onset of the VOR (see, e.g. Fig. 2.3). In 
this study, the onset of the VOR was considered to be the instant at which the eye starts 
counter-rotating in the head or temporarily stabilizes in the orbit (see, however, Lefèvre et al. 
1992 for a more elaborate, model-based analysis). 

All detection markings were visually checked by the experimenter and could be interactively 
changed, if necessary. This procedure was especially important in the case of head saccades, 
because the head, being a structure of considerable inertia, could start in a more gradual 
fashion with sometimes-low initial velocities. In all cases, the experimenter therefore judged 
the head-saccadic epochs on the basis of both position and velocity profiles. To gain confidence 
in the reliability of our detection criteria, a series of head movements (N=40) was repeatedly 
and independently detected by two experimenters (five times each). This procedure indicated 
that the uncertainty in head-detection markings, characterized by the mean standard deviation, 
was restricted to 8±5 ms for head onsets and 17±13 ms for head offsets. 

Movement parameters. Several parameters were extracted for each saccade vector (eye, 
head and gaze saccade): amplitude (R), direction (Φ), peak velocity (Vp), mean velocity 
(V m ) , duration (D) and latency re. stimulus onset (L). In order to describe spatial and 
temporal relations between eye and head saccades, additional movement parameters were 
defined: eye-head latency difference (AL = Lh — Le), relative eye contribution to the total 
gaze displacement (C e Ξ Re/Rg) and, similarly, relative head contribution (C/, = Rh/Rg). 
Because Ce and C/, are sensitive to noise for small gaze amplitudes, they were only calculated 
for Rg>5 deg. Note that usually Re + Rh φ Rg, because the eye and head saccades often 
end at different moments in time (see, e.g. Fig. 2.3). Thus, in general, Се + Снф 1. 

Statistics. Gaze movements with latencies exceeding 400 ms, as well as exceptionally inac
curate movements, were excluded from the analysis. The least-squares criterion was applied 
to determine the best data-fit in all fit procedures (see Results). The Monte-Carlo bootstrap 
method was used to estimate the confidence limits of the fit parameters (see e.g. Press et al. 
1992). In this method, one repeatedly performs the regression (e.g. 100 times) on randomly 
drawn samples (with replacement) of the original data set. The standard deviations are sub
sequently computed from the resulting set of parameters. In this way, estimates of standard 
deviations may be obtained without a priori assumptions regarding the underlying probability 
distributions of the data. 
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2.3 Results 

2.3.1 Aligned fixation conditions 

In this section, we will focus on eye-head coordination during auditory-evoked and 
visually evoked movements within the oculomotor range, which were recorded in the 
aligned experiments (see Methods). The aim of these experiments was to determine 
in what sense the coordination between eye and head depends on target modality. 

Response patterns 

Fig. 2.3 shows typical examples of a visually evoked and an auditory-evoked coordi
nated eye-head movement towards the same target location, (R, Φ)=(27,150) deg. 
The dotted lines in each subplot indicate the onsets and offsets of the primary saccadic 
movement epochs (see also Methods). In response to the visual stimulus (right-hand 
panels), gaze is initially displaced by a saccadic eye movement only. After a delay 
of about 50 ms, a saccadic head movement starts contributing to the movement as 
well. At the end of the gaze movement, the eye velocity drops and the eye starts 
to counter-rotate in the orbit at a velocity equal to that of the current head move
ment, due to the action of the VOR. The onset of the counter-rotation phase was 
usually quite abrupt, but frequently not synchronized for the horizontal and vertical 
eye-movement components (like in this case). 

The pattern of eye-head movements during auditory-evoked and visually evoked 
gaze saccades was comparable. As illustrated in the right-hand panels of Fig. 2.3, au
ditory gaze shifts were also accomplished with a large primary step during which both 
the eye and head move simultaneously and continuously toward the target. However, 
the movements displayed in Fig. 2.3 also illustrate some systematic differences that 
were found between auditory and visually evoked responses. First, one may notice 
that in the auditory movement, the head onset is less delayed with respect to the eye 
onset so that the head contributes already to the initial gaze displacement. Second, 
the amplitude of the auditory head movement is larger as compared to the visual head 
movement. 

Secondary gaze shifts, usually small ones, were frequently observed (e.g. Fig 2.3, 
left-hand columns). These corrective movements consisted of an ocular saccade that 
was often made while the primary head movement continued for a substantial pe
riod after the primary gaze saccade had ended. Occasionally, we observed a slight 
reacceleration of the ongoing head movement in association with these secondary oc
ular saccades (not shown). This reacceleration was best observed in auditory-evoked 
responses, possibly because secondary eye movements, although less present in this 
condition, tend to be slightly larger. We have not analyzed these features in quanti
tative detail. 

In Fig. 2.4, two-dimensional saccade trajectories of visually evoked (left-hand 
panel) and auditory-evoked (right-hand panel) primary gaze movements are plotted 
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Figure 2.3 Saccadic responses. Typical examples of a visually evoked (left-hand 
traces) and an auditory-evoked (right-hand traces) oblique gaze shift towards a target at 
(R, Φ)=(27,150) deg. Both eye and head were initially aligned with the straight-ahead fix
ation spot. These plots also illustrate the applied saccade detection criteria. The position 
(1st and 3rd column) and velocity (2nd and 4th column) traces are aligned with stimulus 
onset. Horizontal movement components (thin traces) are leftward and vertical movement 
components (bold traces) are upward. Saccade onsets and offsets are identified by the dotted 
lines. Note the different scale for head velocities. Note also that the head movement of the 
auditory gaze saccade is larger and starts earlier re. eye movement onset than in the visual 
gaze saccade. 

for a number of different target locations ( T ) . Note that the auditory gaze saccades 

(thin traces) end quite close to the targets. Comparing auditory and visually evoked 

head saccades (bold traces), it can be observed once more that the auditory head sac-

cades tend t o be larger, although the gaze saccades (thin traces) in these particular 

examples are larger too. Furthermore, notice the systematic undershoot of the visual 

gaze saccades (thin traces) whereas the auditory gaze shifts are neither systematically 

hypometric nor hypermetric. Also note that the directions of eye (dashed traces) and 

head (bold traces) saccades are very similar for all target directions. 

In summary, the basic pattern of eye-head coordination during auditory and visually 

evoked movements is qualitatively comparable, but certain systematic differences do 

exist. These differences will be quantified below. 
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Figure 2.4 Saccade trajectories. Two-dimensional saccade trajectories of visually evoked 
(left-hand panel) and auditory-evoked (nght-hand panel) saccades. Solid, dashed and bold 
lines represent the primary gaze, eye and head saccade, respectively. Target locations (T) 
were equal for auditory and visual movements. 

Modality dependence 

Differences in eye-head contributions. In Fig. 2.5, the amplitude of both visually 

evoked (circles) and auditory-evoked (crosses) eye (left-hand panel) and head (right-

hand panel) primary saccades are plotted as a function of gaze amplitude. As can 

be readily observed, there was a distinct difference between the amplitude of visual 

and auditory head movements. The amplitude gain (slope of the linear regression 

line) was higher for the auditory-evoked head saccades (see also Table 2.1). By 

contrast, the gain for auditory-evoked eye saccades was lower than for visually evoked 

eye saccades (see also Table 2.1). Note that this is not trivial, since the saccade-

like portion of the eye movement without including the VOR compensatory phase is 

plotted (see Methods). Note also that there is a substantial amount of variability in 

the head movements for both stimulus modalities (see also Discussion). For small 

gaze shifts ( Д < 1 5 deg) the amplitude of the eye saccade is almost identical to the 
gaze amplitude, indicating that the gaze shift is predominantly carried by an eye 
movement. Nevertheless, head movements were nearly always made, even for these 
small gaze shifts as can be observed in Fig. 2.5, right-hand panel. 

One may notice in Table 2.1 that the amplitude gain of head saccades can vary 
substantially from one subject t o another. In particular subject BB made large head 
movements (gain > 0.70) whereas subject PH made relatively small head movements 
(gain < 0.20). As is illustrated by the three data sets obtained from subject NC, 
the amplitude of head movements can also vary from one experiment to another. In 
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Gaze Amplitude (deg) Gaze Amplitude (deg) 

Figure 2.5 Eye and head saccade amplitude. Left: Eye-saccade amplitude as a function 
of gaze-saccade amplitude for visual (circles) and auditory (crosses) movements. Note that 
the eye movements are systematically larger in visual movements (gain: αυ=0.91±0.01, vs. 
αα=0.75±0.02, mean±SD). Right: Head-movement amplitude as a function of gaze saccade 
amplitude for visual and auditory movements. Note that the head saccades are systematically 
larger in auditory movements (gain: αυ=0.32±0.03, vs. αα=0.66±0.03). Data from subject 
NC, pooled for three experiments and all target locations. See also Table 2.1. 

all experiments, however, the amplitude gain was larger (P<0.001) for auditory head 

movements with respect to the visual head movements, except for subject JG. 

Timing differences. Fig. 2.6 (top panels, subject NC, pooled experiments) shows 

the relation between the latency of eye and head saccades for visual (left-hand panel) 

and auditory-evoked (right-hand panel) movements. It is interesting to see that the 

latencies of eye and head saccades are less correlated in visually elicited movements 

than in auditory-evoked responses. Also notice that the slope of the linear regression 

line for auditory saccades is closer to one, whereas the slope for visual saccades is 

much smaller. A slope of one would indicate that the head saccade starts at a fixed 

delay relative to the eye saccade. From Table 2.2 it can be derived that these t iming 

effects were present in all subjects, except for subject PH. In this subject, the slope 

was larger for visual movements. 

The bottom panels of Fig. 2.6 show histograms of the eye-head latency difference 

(AL = Lh — Le , positive when the head lags the eye) during visual (left-hand 

panel) and auditory-evoked (right-hand panel) movements (pooled for all subjects). 

These histograms clearly demonstrate that auditory head saccades tend to come earlier 

relative t o the onset of the eye movement than visual head saccades. Note that in a 

substantial number of gaze shifts the head leads the eye (AL<0). Although much 

more frequently observed in auditory movements ( iV=119), this was occasionally 
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Subject 

NC 
NC 
NC 
MF 
JG 
BB 
PH 
JO 
mean 

Eye 
Visual Auditory 

0.95 ± 0.01 
0.93 ± 0.01 
0.89 ± 0.02 
0.83 ± 0.02 
0.89 ± 0.02 
0.88 ± 0.02 
0.92 ± 0.01 
0.83 ± 0.03 
0.89 ± 0.05 

0.83 ± 0.02 
0.67 ± 0.03 
0.73 ± 0.01 
0.63 ± 0.03 
0.65 ± 0.04 
0.80 ± 0.03 
0.81 ± 0.03 
0.42 ± 0.04 
0.69 ± 0.13 

Head 
Visual 

0.18 ± 0.03 
0.41 ± 0.05 
0.42 ± 0.04 
0.46 ± 0.04 
0.57 ± 0.09 
0.73 ± 0.05 
0.14 ± 0.03 
0.53 ± 0.04 
0.43 ± 0.20 

Auditory 
0.62 ± 0.03 
0.79 ± 0.05 
0.61 ± 0.04 
0.60 ± 0.04 
0.53 ± 0.05 
0.76 ± 0.06 
0.19 ± 0.04 
0.63 ± 0.04 
0.59 ± 0.18 

Table 2.1 Amplitude gain of eye and head saccades in auditory and visually evoked primary 
gaze movements (data pooled for target direction). The listed gains (mean±SD) were ob
tained from a linear regression between the component's amplitude and the gaze amplitude 
(see Fig. 2.5). Note that the gain is always higher (P<0.001) for visual eye saccades, as 
compared to the auditory eye movements. By contrast, the gain for visual head saccades is 
lower (P<0.001, with the exception of subject JG) than for auditory head movements. The 
bottom row shows the mean (dtSD) gains. 

observed in visual movements as well (JV=11). 
Fig. 2.7 shows six examples (Fig. 2.7A-F, subject NC) of auditory-evoked saccades 

with different eye-head latency differences over a range of amplitudes. The top row 
(Fig. 2.7A-C) shows movements in which the head onset (identified by the dotted lines) 
clearly precedes the eye onset. Note that in these cases the eye initially counter-rotates 
in the orbit at a velocity equal to that of the head movement. This is indicative for an 
active VOR, because the fixation spot was no longer present. Examples such as these 
were never seen in visually evoked responses (see also Fig. 2.6). Fig. 2.7D-F shows 
movements where the head onset is synchronized (Fig. 2.7D) or delayed (Fig. 2.7E-F) 
with respect to the eye onset. Such behavior was most frequently observed, both in 
auditory-elicited and visually elicited movements (see also Fig. 2.6). 

Table 2.2 lists latency data for each subject, as well as the pooled results for all 
subjects. The difference between the eye-head latency difference in the two conditions, 
on average about 20-30 ms, is quite substantial since the duration of the recorded 
gaze saccades was in the range of 50 to 200 ms (quantitative data in Fig. 2.8). From 
the eye and head latency data presented in Table 2.2, but also from Fig. 2.6 (top 
panels), one may infer that the shift in eye-head latency difference is mainly due to 
shorter head latencies (P<0.0001) rather than to longer eye latencies. In all our 
subjects, the shift in latency difference was highly significant (P<0.0001) except for 
subject MF who displayed no significant shift (see Table 2.2). An extremely large 
shift in eye-head latency difference (on average 81 ms) was observed for subject JO. 

The frequently observed delay between head onset and eye onset has often been 
attributed to the fact that the head is a structure of considerable inertia. However, 
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Figure 2.6 Eye and head latency. Top: Head latency against eye latency for visual- (left) 
and auditory-evoked (right) movements. Data from subject NC, pooled for three experiments 
and all target locations. Note that the correlation coefficient (r) is significantly lower for visual 
responses (rv=0.61, vs. га=0.70), and that the slope of the regression line is closer to one 
in auditory responses (αυ=0.60±0.06, vs. αα=0.87±0.07, mean±SD). Bottom: Histograms 
of eye-head latency difference (AL, positive when the head lags the eye) for visual- (left) 
and auditory-evoked (right) movements. Data pooled for all subjects and target locations. 
Note that the head movement tends to come earlier with respect to the eye-saccade onset 
in auditory-evoked gaze shifts (ALV=63±36, vs. ALa=28±39, mean±SD) and that the 
head leads the eye (AL<0) much more frequently (N=119) as compared to visually evoked 
movements (N=11). Binwidth: 10 ms. See also Table 2.2. 

the observation that the head may also lead substantially (even for small movements, 

see Fig. 2.7A.B) suggests different, perhaps modality-dependent, saccade initiation 

mechanisms for eye and head. Alternatively, one could argue that the observed differ

ence in the t iming of eye and head movements might be attributed to a burst signal 

driving the head with a different gain for the two stimulus conditions. If true, one 

would expect different kinematic properties of the head movements. 
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Figure 2.7 Auditory-evoked responses. Six examples of auditory-evoked gaze shifts with 
eye-head latency differences spanning the observed range (subject NC). Note that although 
the head may start slowly, the onset of head motion (dotted lines) can be estimated with 
reasonable accuracy. Α-C: Head onset leads the eye onset. Such long head-lead times were 
never observed in visually evoked responses. Notice that the eye counter-rotates in the head, 
prior to the onset of the gaze saccade, indicating an active VOR. D-F: Head onset is synchro
nized (D) or lags (Ε-F) the eye onset. The observation that the head may substantially lead 
(even for small movements like in A and B) as well as lag the eye, suggests different saccade 
initiation mechanisms. For clarity of the figure, the sign of the horizontal and/or vertical 
movement components has been reversed in some of the responses and the traces have been 
vertically shifted relative to each other. Time scale is identical in all panels. 
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Subject 

NC 
NC 
NC 
MF 
JG 
BB 
PH 
JO 
mean 

Le (ms) 

235 ± 38 
217 ± 42 
230 ± 30 
186 ± 39 
171 ± 28 
224 ± 39 
230 ± 36 
197 ± 19 
212 ± 40 

Lh (ms) 

298 ± 38 
274 ± 29 
279 ± 29 
238 ± 28 
250 ± 38 
306 ± 35 
280 ± 32 
277 ± 31 
275 ± 37 

Visual 

Slope 

0.71 ± 0.10 
0.31 ± 0.12 
0.46 ± 0.07 
0.37 ± 0.10 
0.38 ± 0.13 
0.40 ± 0.08 
0.58 ± 0.11 
0.19 ± 0.21 
0.57 ± 0.04 

г 

0.73 
0.27 
0.50 
0.47 
0.28 
0.49 
0.65 
0.12 
0.59 

AL (ms) 

54 ± 28 
56 ± 3 3 
50 ± 30 
57 ± 33 
79 ± 41 
80 ± 39 
53 ± 29 
77 ± 3 4 
63 ± 36 

N 

161 
81 
82 
82 
82 
82 
82 
81 

734 

Subject 

NC 
NC 
NC 
MF 
JG 
BB 
PH 
JO 
mean 

Le (ms) 

234 ± 43 
217 ± 42 
204 ± 38 
192 ± 54 
195 ± 62 
244 ± 44 
155 ± 36 
213 ± 56 
207 ± 51 

Lh (ms) 

270 ± 46 
241 ± 48 
219 ± 45 
249 ± 69 
216 ± 50 
276 ± 51 
184 ± 28 
210 ± 51 
236 ± 57 

Auditory 

Slope 

0.72 ± 0.09 
0.88 ± 0.25 
0.86 ± 0.16 
0.97 ± 0.14 
0.59 ± 0.10 
0.94 ± 0.12 
0.45 ± 0.16 
0.72 ± 0.09 
0.82 ± 0.04 

г 

0.67 
0.64 
0.69 
0.77 
0.73 
0.74 
0.54 
0.80 
0.74 

AL (ms) 

36 ± 36 
28 ± 37 
18 ± 3 3 
59 ± 44 
23 ± 40 
37 ± 35 
30 ± 29 
-4 ± 34 
28 ± 39 

N 

155 
82 
84 
77 
78 
80 
80 
80 

716 

Table 2.2 Latency data of visual and auditory-evoked responses. The first two columns list 
the latency re. to stimulus onset of eye (Le) and head (Lh) saccades. The third and fourth 
column list the slope of the regression lines and correlation coefficient (τ) between onset of the 
eye and head saccade. The last two columns list the eye-head latency difference (AL) and the 
number of responses (N). The bottom row shows the values that were obtained by pooling 
the data from all experiments. Values are represented as means±SD. Note that in most 
subjects the slope and correlation coefficient is higher for auditory-evoked gaze movements. 
Generally, the slope differs from 1.0, indicating that there is no fixed delay between eye and 
head onsets. Also notice that the eye-head latency difference is higher (P<0.0001, with the 
exception of subject MF) for visual movements, which is mainly due to longer head latencies 
(ΡΚΟ.0001). 

Kinematics 

In Fig. 2.8, the main sequence relations for gaze, eye and head saccades are de

picted for visually evoked (circles) and auditory-evoked (crosses) movements (one 

representative experiment, subject NC). These plots illustrate that there were only 

minor differences in the saccade kinematics the two conditions. In auditory-evoked 

responses, the eye as well as the gaze saccades are slightly slower. Saccade duration is 

only occasionally longer for auditory-evoked movements. In this particular experiment, 

the differences were statistically significant ( P < 0 . 0 1 ) , but this was not consistent for 

all experiments. 
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Figure 2.8 Saccade kinematics. Duration and peak velocity as a function of amplitude for 
gaze (left), eye (center), and head (right) saccades during visual- (circles, solid fit lines) and 
auditory-evoked (crosses, dashed fit lines) movements. Notice the differences in scale. Note 
also that both eye and gaze saccades are only slightly slower under auditory conditions (in 
complete darkness). However, differences in the kinematics of head movements, that could 
potentially underlie changes in eye-head timing (see Fig. 2.6), were not observed. Data from 
subject NC (one experiment), pooled for all movement directions. Fit results: 

Gaze 

Dv = 3.3 Rg + 22 
Da =4.0Rg +30 
Vv =478(l-e-R°/ei) 
Va = 431 (1 - e-R*/100) 

Eye Head 

Dv =3.1 Re +23 
Da = 3.4 Re + 34 
Vv =473(l-e-R'l?e) 

425 (1 =.-Д«/9« 

Dv = 13.0 Rh + 228 
Da = 7.5 Rh + 290 
Vv = 3.9 Rh + 16 
Va = 4.0 Rh + 19 

The main sequence relations for auditory and visual head movements showed no 
systematic differences. However, they clearly differed from the main sequence relations 
of the eye (and gaze). For instance, the amplitude peak-velocity function for eye and 
gaze movements was well described by an exponential function, whereas a linear 
f it was more appropriate for the head movements (see also e.g. Guitton and Voile 
1987). Note also that there is a substantial amount of variability in the amplitude 
duration relationship, indicating that the head movements are less stereotyped, both 
in auditory-evoked and visually evoked gaze shifts. Wi th respect t o horizontal and 
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vertical head-movement components during oblique saccades we observed that the 
onsets and offsets of horizontal and vertical components were often synchronized (see 
qualitative examples in Fig. 2.3). 

Eye-head coupling 

In summary, the data described so far suggest a modulation of the eye-head coordi
nation strategy for auditory-evoked and visually evoked responses. Auditory-evoked 
gaze saccades tend to be endowed with larger head saccades, as well as smaller eye 
saccades, and the head movement onsets for auditory gaze saccades have shorter 
latencies than those for visual gaze saccades. Although these findings hint at the 
possibility of independent, task-related control strategies for eyes and head, they do 
not yet rule out the hypothesis of a common gaze controller (see Introduction). For 
example, it is conceivable that only the initiation of eye and head movements is con
trolled separately for both systems. If guided by a common gaze-error signal, it is then 
expected that the metrics of eye and head will remain coupled, despite uncorrected 
differences in initiation. Therefore, in order to investigate further whether eye and 
head share a common control mechanism, we studied the relative contribution of the 
eye and head saccades as a function of eye-head latency difference (see Methods, for 
definitions). 

In Fig. 2.9, the relative contributions of the eye (Fig. 2.9A) and head (Fig. 2.9B) 
saccades are plotted as a function of the eye-head latency difference for both auditory 
(crosses) and visual (circles) movements (data pooled for all target positions). As can 
be observed, the relative contribution of both eye and head saccades is related to the 
eye-head latency difference. With increasing latency difference the relative contribu
tion of the eye increases as the eye starts earlier with respect to the head. By contrast, 
the relative contribution of the head decreases with increasing latency difference. Note 
that the influence of the eye-head latency difference is substantially stronger for the 
relative contribution of the head (Fig. 2.9B) then for the eye (Fig. 2.9A). It was ver
ified that these influences did not emerge from differences in target eccentricity (no 
correlation between Rt and AL, г--0.07, P>0.1). 

We observed that the negative correlation between the relative head contribution 
and eye-head latency difference was consistent throughout all experiments. For most 
subjects (JV=4) this correlation was statistically significant (P<0.005, correlation г 
between -0.26 and -0.64) except for subjects JG (r=-0.06) and MF (r=-0.08). 
Similarly, the positive correlation between the relative eye contribution and eye-head 
latency difference were statistically significant (P<0.0001, г between 0.39 and 0.64) 
for all six subjects. In this analysis, the auditory and visual data sets were pooled. 
This seems justified since the influence of eye-head latency difference is comparable 
for both conditions, as may be observed in Fig. 2.9. 
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Figure 2.9 Eye-head cou
pling. Relative contributions of 
the eye (Ce; panel A) and head 
(Ch', panel B) as a function 
of the eye-head latency differ
ence (AL). Visual and audi
tory data are represented by cir
cles and crosses, respectively. 
Notice the difference in scale. 
Pooled data from three experi
ments with subject NC. It ap
pears that С h decreases as a 
function of AL (linear regres
sion, slope α h = -2.7±0.3 s - 1 , 
mean±SD, pooled auditory and 
visual data), whereas Ce in
creases with AL (ае=1.0±0.1 
s _ 1 j . Note that the influence 
is similar for auditory and visual 
conditions. 

2 . 3 . 2 U n a l i g n e d f ixation conditions 

So far, we have described the results of experiments in which the eyes and head were 
always initially aligned. Although there were clear differences between the auditory and 
visually elicited movements, a more detailed analysis of the response patterns suggests 
that these differences may perhaps not be attributed to an independent control of the 
eye and head motor systems (see Fig. 2.9). As explained before (see Introduction), it 
is difficult to assess the driving signals for eye and head motor systems when they are 
initially aligned, since under these conditions the motor errors for eye and head are 
identical. In this section, we will describe the results of the unaligned experiments. 
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Response patterns 

When the eye and head motor systems are driven by the same command, the directions 
of eye and head saccades should be similar. Under aligned initial conditions this is 
indeed the case (Fig. 2.4). The small differences in movement directions could be 
due, at least in principle, to differences in the motor plants. 

However, when the eyes and head are not initially aligned, single step gaze shifts 
can be elicited, during which the eye and head are simultaneously moving in clearly 
different directions. This is illustrated by Fig. 2.10, which shows a number of com
parable visually evoked (top panels) and auditory-evoked (bottom panels) responses. 
The left-hand panels in Fig. 2.10 show the two-dimensional trajectories of eye, head 
and gaze movements. One may notice, that apart from different movement direc
tions, neither the initial gaze nor the head movement is aimed straight at the target, 
but instead follow substantially curved trajectories. Nevertheless, the overall gaze 
movements as well as the overall head movements appear to be goal-directed. 

The right-hand panels in Fig. 2.10 show the horizontal and vertical eye-, head-, 
and gaze-displacement components as a function of time. The vertical displacement 
signals clearly show that the onset of the head movement preceded the downward-
directed eye rotation by about 100 ms. In between head onset and downward eye 
rotation, the eye is moving in an oblique upward direction, as may be verified from 
the spatial trajectories, while the direction of head motion is predominantly vertical. 
Since the upward motion component of the eye can not be attributed to the VOR (head 
moves upward too), this indicates that the eye and head are indeed simultaneously 
moving in different directions during the saccadic response phase of the eye. This was 
the case in the large majority (more than 80%) of responses for all subjects. 

One may also observe in Fig. 2.10 that the horizontal head velocity, although 
opposite to the horizontal eye velocity, remains low for the duration of the gaze 
saccade, as if this head movement component is temporarily suppressed. This behavior 
was typical for all movements in which either horizontal or vertical eye and head 
movement components were oppositely directed. 

Although subjects had the subjective impression that their responses were variable, 
the actual response patterns turned out to be surprisingly reproducible. In this respect, 
it is also important to compare the auditory and visually evoked responses. One 
may notice that these responses are quite similar, despite the fact that under visual 
conditions the sensory signal for target location (i.e. retinal error) corresponds to the 
gaze motor error, whereas under auditory conditions this code is related to the head 
motor error (see Introduction). 

Head displacement vectors 

Fig. 2.11 shows the head displacement components of visually evoked gaze shifts as 
a function of horizontal and vertical head motor error (target-re-head, left) and gaze 
motor error (target-re-eye, center). Aligned (circles) and unaligned (crosses) fixation 
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Figure 2.10 Unaligned eye-head movements. Superimposed examples of visually evoked 
(top) and auditory-evoked (bottom) movements, in which the eyes and head were not initially 
aligned. Data from subject JG. The left-hand panels show the trajectories of eye (thin trace), 
head (bold trace), and gaze movements (dashed trace). Initial positions of eye, head, and 
gaze saccades are identified by Eo, Ho and Go, respectively. The right-hand panels show 
the horizontal and vertical displacement components as a function of time. Note that both 
auditory and visually evoked responses consist of single-step gaze shifts in which the eye and 
head move simultaneously in different directions. Note also that the overall gaze and head 
movements are both goal-directed, although neither gaze, nor head movements are initially 
aimed straight at the target (T). 
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Figure 2.11 Head displacement. Horizontal and vertical head-displacement components as 
a function of horizontal and vertical initial head motor-error (target-re-head, left) and gaze 
motor-error (target-re-eye, center). The panels on the right show the results of the multiple 
linear regression analysis described in the results (Eqn. 2.4). Data from subject BB, visual 
responses only. Note that head displacement components are well related to head motor-error 
(coefficients a=0.91 and d=0.51) but hardly to gaze motor-error (coefficients b=0.05 and 
e=0.05). Also note that with respect to head motor-error, the horizontal gain (a=0.91) is 
substantially larger than the vertical gain (d—0.51). See also Table 2.3. 

conditions have been plotted together. It can be readily observed that the head dis
placement components are highly correlated with the head motor-error components. 
By contrast, the correlation with gaze motor error is low. Some caution is called for 
with regard t o the interpretation of these plots, because the head and gaze motor 
error components were not entirely uncorrelated (due to the spatial target configu
rations, see Fig. 2.2). In order t o quantify to what extent the head displacement 
( Δ Η ) is related to the initial head motor error ( T h ) and the initial gaze motor error 

( T e ) , we performed a multiple linear regression analysis on the horizontal and vertical 

displacement components: 

Δ # χ = а · ThìX + b • Te¡x + с 

АНу = d-Tk!y + e-Te>y + f 

(2.4) 

where the subscripts χ and у refer to horizontal and vertical components, respectively. 

The results of this analysis are illustrated in the right-hand panels of Fig. 2.11 where 
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Subject 

JG 
BB 
PH 
VC 
MF 

H 

α 

0.75 ± 0.02 
0.91 ± 0.03 
0.49 ± 0.04 
0.56 ± 0.02 
0.65 ± 0.04 

orizontal 

6 

0.08 ± 0.02" 
0.05 ± 0.02* 
0.02 ± 0.05 
0.01 ± 0.02 
0.07 ± 0.05 

г 

' 0.98 
0.98 
0.91 
0.96 
0.95 

d 

0.47 ± 0.03 
0.51 ± 0.03 
0.27 ± 0.02 
0.35 ± 0.02 
0.43 ± 0.04 

Vertical 

e 

0.17 ± 0.03** 
0.06 ± 0.03* 
0.00 ± 0.03 
0.02 ± 0.02 
0.12 ± 0.04** 

г 

' 0.96 
0.96 
0.85 
0.94 
0.95 

N 

119 
115 

83 
116 

80 

Auditory 
Subject Horizontal Vertical 

а Ь τ d e г Ν 

JG 0.83 ± 0.02 0.02 ± 0.02 CL99 0.66 ± 0.02 0.09 ± 0.02** 0.98 104 
ΒΒ 0.92 ± 0.02 -0.04 ± 0.02* 0.99 0.53 ± 0.04 0.06 ± 0.04 0.94 122 
ΡΗ 0.56 ± 0.03 0.00 ± 0.03 0.96 0.41 ± 0.03 0.00 ± 0.03 0.94 124 

Table 2.3 Horizontal and vertical head displacement components as a function of both 
initial head (TiJ and gaze motor-error (Tg). The listed values are the coefficients a, b, d 
and e (mean±SD) obtained in the multiple regression analysis of Eqn. 2.4. The offsets с and 
f are not tabulated since they were always close to zero. The correlation (r) between data 
and model is listed in each third column. N is the number of saccades (pooled aligned and 
unaligned conditions). Note that for all subjects the head displacement depends predominantly 
on the initial head motor-error (coefficients α and d, P<0.0001), and is hardly related to the 
initial gaze motor-error (coefficients b and e). Only in a few cases there is some influence of 
initial gaze motor-error (" P<0.001 and * P<0.05). 

the actual horizontal and vertical head displacement is plotted as a function of the 

corresponding head displacement components predicted by the model f i t (Eqn. 2.4). 

One may observe that there is a good correlation between data and model. In addition, 

the gains with respect to gaze motor error (ò and e in Eqn. 2.4) are small, when 
compared to the head motor error gains (a and d in Eqn. 2.4). This indicates that 
head movements are almost completely guided by a command related to head motor 
error, rather than by gaze motor error. 

Table 2.3 summarizes the results of all experiments. Note that the influence 
of gaze motor error is insignificant, except for a few cases. In subject JG, there 
is a detectable influence of vertical gaze motor-error, both for auditory and visual 
stimuli. It is also of interest to note that the horizontal head motor error gain (a) is 
systematically larger than the vertical gain (d). In agreement with the results of the 
aligned experiments, both head motor error gains (a and d) are larger for auditory-
evoked movements, when compared to visual saccades. 
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Figure 2.12 Final gaze and head positions. Final positions of gaze (left) and head (right) 
movements towards four different target locations (T). Auditory and visual responses are 
depicted in the top and bottom panels, respectively. Each symbol type indicates a different 
initial head position, bold symbols correspond to unaligned fixation conditions, thm symbols 
to aligned fixations (see also Fig. 2.2). Note, in the left-hand panels, that auditory gaze 
saccades in the dark remain accurate, regardless of the starting positions of eye and head. 
Notice also the clustering of the head endpoint data in the right-hand panels according to 
initial head position, indicating that head movements are not directed towards a fixed point 
in space. Data from subject BB. 

Movement end-points in space 

From Fig. 2.10 it may be inferred, that also under head-free conditions, the gaze 

control system takes changes in initial eye position into account when generating 

an auditory-evoked gaze saccade. This finding is further substantiated in the left-

hand panels of Fig. 2.12. These plots show the final gaze positions (defined as gaze 

at the end of the head movement) after visually (top panel) and auditory-evoked 

(bottom panel) gaze shifts for eight different initial fixation conditions, towards the 
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four different target locations (see Methods, Fig. 2.2). Observe that, regardless of 
the initial fixation condition, auditory-evoked gaze shifts remain accurate, although 
they are endowed with slightly more scatter than visually evoked gaze shifts. 

According to the results presented in Fig. 2.10-2.12 head movements are goal-
directed, regardless of target modality. Note that, in the case of visual stimuli, this 
property requires that the gaze control system must take eye position into account, 
since the oculocentric target representation (retinal error) has to be transformed into 
the appropriate craniocentric head motor error command (see Introduction). Although 
the results of Fig. 2.11 and Table 2.3 suggest that the head movement is indeed 
encoded as a (Cartesian) fraction of the initial head motor error (head displacement 
code), some caution is called for with regard to this interpretation. In principle, the 
head movement vector could also be specified with respect to the target in space 
(head end-position code, see e.g. Fig. 2.1). 

If head movements are encoded as desired end-points in space, they should end 
at the same location relative to the target, regardless of initial head position. As is 
shown in the right-hand panels of Fig. 2.12, however, this was not the case. Notice 
that the data are systematically clustered according to initial head position, both for 
the auditory and visual conditions. This indicates that head movements are rather 
encoded as a head displacement command. 

Head movement trajectories 

Despite the fact that the overall head displacement turns out to be poorly related to 
the gaze motor error (Fig. 2.11 and Table 2.3), we did observe a systematic influence 
of the initial eye fixation conditions on the head movement trajectories. This feature 
is illustrated in Fig. 2.13 for a number of representative examples obtained from three 
different subjects, under both auditory and visual conditions. Each of these plots shows 
the trajectories of two head and corresponding eye saccades towards the same target 
location in space (T), but from different initial eye positions (Eo). One may observe 
that the (initial) head movement direction in the unaligned conditions (solid traces) 
deviates in a systematic way from the movement direction in the aligned conditions 
(dashed traces). The effect appears to be in the direction of the concomitant eye-
displacement vector. This was observed both under auditory and visual conditions, 
which excludes a sensory-related phenomenon. 

2.4 Discussion 

The purpose of this study was twofold. The first objective was to quantify the differ
ences and similarities of eye-head coordination strategies for gaze saccades towards 
auditory and visual stimuli. The second objective was to test the predictions of current 
gaze control models (see Introduction) in 2-D under different sensorimotor conditions. 



Discussion 47 

20 

0 

-20 

"Si 
<υ 

TD -40 

о 
Q. 
"5 
О 

•с 

> 

вв 

НП т.т, 

Е о - ^ Τ 
• — ^ 

*г— 

Ео"""^ 

JG 

Л 
Ео 

Τ 

\ Но 
Ео 

40 

20 

0 

-20 

-40 

ВВ 

H o - * = r r r r 

Е о ^ т 

„у 

JG 

К 
Ео Ео 

Г 

Но 

— Aligned 

Unaligned 

-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 

Horizontal Position (deg) 

Figure 2.13 Oculomotor influence on head trajectories. Comparison between the two-
dimensional trajectories of head movements under aligned (dashed traces) and unaligned 
(solid traces) fixation conditions. Each panel displays the trajectories of two head saccades 
(bold traces), starting at the same position, as well as the trajectories of the corresponding 
eye saccades (thin traces), which start either at the center of the orbit, or eccentric. Initial 
positions of the eye and head are identified by Eo and Ho, respectively. The top panels 
show data obtained from three subjects under visual conditions and the bottom panels show 
comparable movements for each subject under auditory conditions. Note that when the eye 
starts eccentric in the orbit, the (initial) head-movement direction deviates from the direction 
under aligned fixation conditions. This deviation is typically in the direction of the concomitant 
eye saccade. 

Modality dependent coordination 

Because of differences in head movement strategy, the pattern of eye-head coordina
tion was systematically different for visual- and auditory-evoked orienting responses. 
Mainly due t o an overall reduction of head latency in auditory-evoked movements, 
the eye-head latency differences were shorter in auditory-evoked responses. In addi
t ion, the contribution of the eye saccade to the gaze displacement was systematically 
reduced, whereas the contribution of the head was increased. Note that the modality-
dependent differences in eye-head coordination strategy are present in a statistical 
sense, since both response types are endowed with a substantial amount of variability, 
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causing a large degree of overlap. 
In this respect, our data are in good agreement with earlier reports in the litera

ture, from which the picture emerges that the relative contributions of eye and head 
movements are quite variable, both within and across subjects. Moreover, the degree 
of eye-head coupling may depend on the task, as well as on experimental conditions 
(e.g. Barnes 1979; review in Fuller 1992; Guitton and Voile 1987; Zangemeister and 
Stark 1982a,b). These and our findings are consistent with the notion that humans 
(and non-human primates) have a large oculomotor range (±45 deg), providing a 
substantial amount of flexibility in response strategies when compared e.g. to cats 
(±20 deg). 

As noted in the Introduction, however, these apparent differences in movement 
strategy are not necessarily incompatible with the common drive hypothesis. Also our 
observation that the relative contributions of the eye and head saccades to the total 
gaze shift are systematically related to the eye-head latency difference is compatible 
with the common drive hypothesis. The observed relation, however, was endowed 
with a substantial amount of noise, suggesting that other factors may also contribute. 
Indeed, when considering additional movement parameters (mean velocities and am
plitudes of eye and head) in a multiple linear regression analysis, significantly better 
predictions for both the eye and head contributions were obtained for all subjects (data 
not shown). Although these findings indicate a certain degree of eye-head coupling, 
our unaligned experiments (see below), however, clearly show that the common gaze 
hypothesis is not tenable. 

Different eye and head motor commands 

According to the common drive hypothesis, the eye and head are both controlled 
by the same oculocentric gaze-error command (Galiana and Guitton 1992; Guitton 
et al. 1990). Thus, both motor systems are expected to move in similar directions 
throughout the gaze saccade. In the aligned experiments this was indeed observed 
(Fig. 2.4). However, the results of the unaligned experiments show that eye and head 
can also move in quite different directions (Fig. 2.10, Fig. 2.13), a finding that is 
incompatible with the common drive hypothesis. 

In addition, the data presented in Fig. 2.12 suggest that the end-points of head 
movements are not specified in a space- or body-fixed frame of reference. Instead, 
head movements were best characterized as displacement vectors in a craniocentric 
frame of reference, regardless of target modality (Fig. 2.11). 

These findings therefore corroborate the results of Voile and Guitton (1993) who 
tested horizontal gaze shifts in unaligned fixation conditions, but disagree with the 
findings of Delreux et al. (1991), who let their subjects make sequences of successive 
eye-head movements. As was briefly mentioned above, the kinematic properties of eye 
and head movements are both factors that contribute to their relative contributions 
in the gaze shift. It would therefore be of interest to know whether and how the 
kinematics of head movements associated with "natural" gaze shifts (Delreux et al. 
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1991) are different from those associated with "fast" gaze shifts (this study, Voile and 
Guitton 1993) since, apparently, different head-movement strategies may be involved. 

Glenn and Vilis (1992) reported for very large oblique gaze saccades (R >70 deg), 
that the head moves predominantly horizontal and the eye in a more vertical direction. 
In the aligned experiments, gaze shifts were elicited to targets within the oculomotor 
range. We noted that the directions of the eye and head movements were very similar 
(Fig. 2.4), even though the gains for the horizontal head movement components were 
found to be slightly higher than the gains for vertical head movements (analysis not 
shown). The segregation between horizontal and vertical head movement components 
was more apparent in the unaligned experiments, in which a larger range of ampli
tudes was employed (20<R<55 deg). In these experiments, we obtained consistently 
different gains with respect to horizontal and vertical head motor-error components 
(Fig. 2.11). This difference may relate to the fact that the maximum range for head 
movement is about 80 deg horizontal and 50 deg vertical. 

Similar to the findings reported by Tweed et al. (1995), we also observed move
ments in which the initial motion of neither eyes nor head was directed towards the 
target. However, the initial deviations of the eye movements were not always in the 
vertical direction, as reported by Tweed et al. (1995). Instead, deviations in the 
horizontal direction were observed as well (Fig. 2.10), depending on the target config
uration. It is conceivable that this discrepancy relates to motor constraints imposed 
by the mechanical properties of the eye and head motor systems, which the gaze con
trol system has to take into account. However, in the Tweed study, it is difficult to 
distinguish between motor constraints and volitional control strategies, because their 
subjects made gaze movements upon verbal instructions to known target locations. 
Using such a paradigm, it is not clear to what extent a remembered target position, 
the sensory stimulus, or both guide the movements. 

Despite the fact that the head movement vectors were best described within a 
Cartesian, craniocentric frame of reference with different gains for horizontal and 
vertical components (Fig. 2.11), we did observe clear and consistent influences of the 
oculomotor system on the head movement trajectories (Fig. 2.13). In head-restrained 
humans (Andre-Deshays et al. 1988), monkeys (Lestienne et al. 1984) and cat (Vidal 
et al. 1982), the tonic level of electromyographic (EMG) activity in dorsal neck 
muscles has been reported to depend systematically on the position of the eye in the 
orbit. These EMG data suggest that the head motor system is also influenced by a 
signal emanating from the oculomotor system. Such an innervation could explain why 
the (initial) movement direction of the head typically deviates in the direction of the 
concomitant eye movement (Fig. 2.13), but it does not explain why head movements 
are goal-directed in unaligned fixation conditions. Apparently, the head motor system 
compensates for the initial direction error, since we frequently obtained substantially 
curved head movement trajectories that were goal-directed (e.g. Fig. 2.13, subject 
JG). We consider this finding as an additional indication that the head motor system 
is, at least partly, controlled by an independent feedback loop. 
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Neurophysiology 

Behavioral (head-free: this study; head-fixed: Frens and Van Opstal 1994; Whitting-
ton et al. 1981) as well as neurophysiological data from monkey (Jay and Sparks 
1984. 1987) and cat (Hartline et al. 1995; Peck et al. 1995) have shown that the 
saccadic system incorporates the craniocentric to oculocentric transformation that is 
required to generate accurate eye movements towards auditory targets in darkness 
(see Introduction). This process has been shown to be almost complete at the level 
of the deep layers of the superior colliculus (SC). 

Note, however, that our behavioral data indicate that, apparently, the coordinate 
transformation from an oculocentric visual code into a craniocentric head motor-
command can be made too. This finding is difficult to interpret in terms of current 
neurophysiological hypotheses, because so far no evidence for a head-centered target 
representation feeding into the eye-head premotor system has been reported. Instead, 
the motor SC has been implicated in the coordination of eye-head movements by 
sending a common, oculocentric gaze-displacement command to both the eye and 
head motor systems. Indeed, it has been demonstrated that electrical stimulation in 
the SC of head-free cats (e.g. Roucoux et al. 1980) and monkeys (Cowie and Robinson 
1994; Segraves and Goldberg 1992; Freedman et al. 1996) yields coordinated eye-head 
movements. 

In agreement with the hypothesis that the SC encodes a desired gaze displace
ment, Paré et al. (1994) recently found that stimulation of the cat SC elicits fixed 
vector gaze shifts when the head is unrestrained, provided that appropriate stimulus 
parameters are used. When the head is restrained, however, stimulation at caudal 
sites yields eye movements toward a fixed region in the orbit (see also Roucoux et al. 
1980). This region was located near, but not at, the physical limits of the oculomo
tor range. Similar results have been recently reported for monkeys (Freedman et al., 
1996). These neurophysiological data are consistent with behavioral data from the 
cat (Guitton et al. 1990) and humans (Guitton and Volle 1987) which indicate that 
the actual command send to the oculomotor system is neurally limited, rather than 
that the eye movement is mechanically constrained. 

Therefore, Guitton et al. (1990) proposed that the saccadic system limits the dy
namic gaze motor-error signal prior to driving the eye premotor circuits. Alternatively, 
Phillips et al. (1995) suggested that the oculomotor system is independently driven 
by a saturated static gaze-displacement command. Either way, since the eye may start 
at different positions in the orbit, the limitation of an oculocentric gaze displacement 
command does not, in general, prevent the eye from running against the boundaries 
of the oculomotor range, unless the limits are appropriately adjusted by taking eye 
position into account as well. Note that the question of how appropriate limitations 
have to be set for the eye premotor system is not trivial in two dimensions. 

A relatively simple solution to this problem would be the assumption that the 
oculomotor system is controlled by a saturated target-re-head signal. This idea was 
originally proposed by Voile and Guitton (1987), but abandoned in later studies. 
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because of the lack of evidence for a craniocentric target representation. Whether eye 
movements are indeed controlled by a target in the head representation or a desired 
eye displacement signal, is still a matter of debate (see e.g. Van Opstal et al. 1995). 
However, our experiments strongly support the possibility that the head motor system 
is guided by a head motor-error signal, suggesting that the gaze control system may 
have access to a craniocentric target representation. 

Gaze control model 

To put our data in a coherent theoretical framework, Fig. 2.14 proposes a simple 2-D 
gaze control model. We adopted the basic outline of the conceptual gaze control 
schema presented by Voile and Guitton (1987), but introduced a number of changes 
to accommodate our new findings. For a detailed description of the model the reader 
is referred to the legend of Fig. 2.14. Several features of the model are particularly 
noteworthy. 

In the scheme of Voile and Guitton (1987), gaze shifts are specified as a desired 
gaze position in space ( T s ) , see Fig 2.1) and gaze accuracy is maintained by feedback 
of actual gaze position. By contrast, our schema proposes that a collicular desired 
displacement signal, A G j , drives the gaze control system, and that the eye and head 
motor systems share a common gaze displacement feedback signal Ag. 

To accommodate our finding that head movements are encoded in a craniocen
tric reference frame, regardless of target modality, we adopted the proposal of Voile 
and Guitton (1987), that the oculocentric gaze-error signal, m g , is converted into 
a head motor-error signal, т ь , by adding an efference copy of current eye position, 
e. Note that the gaze- and head motor-errors ( m g and т ь ) are initially identical 
to the oculocentric and craniocentric target coordinates ( T e and T h ; see Fig 2.1), 
respectively. 

Whereas the head-neck system is directly controlled by the dynamic head motor-
error, т ь , this signal is first limited (Sat) before it is fed into the oculomotor system 
as a desired eye position signal in the orbit, ed (see also Voile and Guitton 1987). 
This prevents the eye from running against its physical limits, regardless of the initial 
eye position (see discussion above). Subsequently, e¿ is compared with current eye 
position in a manner reminiscent to the classic oculomotor "local feedback" model 
proposed by Robinson (1975), except that the input to the brainstem burst generator 
is now a dynamic signal too. The output of the saturation element (ed) may therefore 
be conceived of as a dynamic desired eye position in the head. 

It is important to realize, that in this way the eye and head motor systems are 
equipped with functionally independent feedback loops that control their own trajec
tory and kinematics in different frames of reference. 

Another important feature of the model is that the initiation of eye and head 
movements is controlled by separate gating mechanisms. This provides an explanation 
for the poor time lock between the eye and head movement onsets, and for the 
observed differences between visual and auditory gaze saccades. Ron and Berthoz 
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Figure 2.14 2-D Gaze control model. Proposed 2-D gaze control scheme, based on feedback 
of current gaze displacement (modified after Voile and Guitton 1987). To yield a dynamic 
gaze error signal, m g , the desired gaze displacement, A G j , is compared with the current gaze 
displacement, A g . The latter is obtained by integration (N1, Laplace notation 1/s) of gaze 
velocity, g, by a resettable neural integrator which is reset to zero (rst) after each saccade. In 
this model, g is the sum of an eye velocity efference copy (è), and a head velocity signal (H) 
derived from the semicircular canals (5CC). Before driving the eye and head pulse generators 
(PGe and PGh, respectively), the dynamic gaze error, m g , is first converted into a dynamic 
head motor-error signal, m j , . A saturated version of this head centered motor-error signal, e¿, 
drives the oculomotor system in a manner similar to Robinson's local feedback model. The 
eye pulse generator is driven until the dynamic eye motor error, m e , is zero. Note, however, 
that in this model ed, is a dynamic signal too. As in the linear summation hypothesis, a 
neural estimate of head velocity, h*, interacts downstream from the eye pulse generator, with 
the saccadic eye velocity signal, es. Note, however, that h* is obtained by attenuation of the 
vestibularly generated head velocity signal, H , asa function of dynamic gaze error. In this way, 
the VOR is partially suppressed during the gaze movement, which allows the head to carry 
the eye towards the target. The head pulse generator is driven by both an attenuated version 
of m j , (where the gains are different for horizontal and vertical head-movement components) 
and a collateral input from the oculomotor system, eB. Partially independent control of the 
eye and head motor systems is thus achieved by functionally separated feedback loops and 
separate gating mechanisms. 

(1991) proposed a similar modification to explain dissociated eye and head movements 
(see Introduction). We speculate that the independent trigger mechanisms may be 
implemented by different subpopulations of omnipause neurons (Pe and Ph). 

Finally, note that the head-saccade generator (PGh) also receives a collateral input, 
éS l from the oculomotor system. This pathway constitutes a neural coupling between 
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Figure 2.15 Simulation re
sults. Top panels show sim
ulated eye (thin traces), head 
(bold traces) and gaze (dashed 
traces) trajectories for one of 
the unaligned fixation condi
tions. Note that the trajec
tories are very similar to the 
experimental data shown in 
Fig. 2.10. The bottom panels 
show the relative contributions 
of eye (left) and head (right) 
during a 20 deg oblique gaze 
shift as a function of the eye-
head latency difference. This 
was simulated by varying the 
timing of the triggers sent to 
the eye and head pause cells. 
Note that the relative contribu
tion of the head decreases as a 
function of latency difference, 
whereas the relative contribu
tion of the eye increases. 

eye and head that accounts for the observed influence of the oculomotor system on 

the head-neck motor-system (see above). As far as we know, little data exist on the 

nature of this eye-head coupling pathway. In line with an earlier proposal of Galiana 

and Guitton (1992), we assume that this collateral originates from the output of the 

oculomotor burst generator (PGe). 

Preliminary computer simulations with the model indicate that for unaligned initial 

conditions, the eye and head movements are both goal-directed, and are in different 

directions. The eye-head coupling induces curved head trajectories that are qualita

tively similar to the ones observed in our data. An example of a simulation with our 

model is given in the top panels of Fig. 2.15, for initial fixation conditions similar t o 

those shown in Fig 2.10. 

The bottom panels of Fig. 2.15 show the relative eye and head contributions t o 

the gaze saccade as a function of the eye-head latency difference. In our model, the 

change in head contributions is due to the neural eye-head coupling (è s ) , which exerts 
a stronger influence on the head movement at short onset differences. The change 
in eye contributions is due a combination of two effects that depend on the ongoing 
head movement: 1) modulation of the eye movement through the action of the VOR 
and 2) gaze displacement, being the sum of eye and head movement, is the controlled 
variable, not eye displacement. 
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Chapter 3 

Influence of head position on the 
spatial representation of acoustic 
targets 

3.1 Introduction 

The generation of a rapid eye movement (saccade) toward a visual target involves 
not only the use of retinotopic visual input, but also of extraretinal signals such as 
changes in eye position. This was demonstrated by Hallett and Lightstone (1976), 
using the now classical visual double-step paradigm. Their study showed that accu
rate saccades can be made to the spatial location of a briefly flashed visual target, 
even when the retinal and spatial location of this target are dissociated due to an 
intervening eye movement. In a subsequent study, Mays and Sparks (1980) showed 
that the saccadic system also compensates accurately for disturbances in eye position, 
induced by microstimulation of the monkey superior colliculus, just prior to a target
ing saccade. This compensation in darkness does not rely on proprioception from 
extraocular muscles but, rather, on an internal representation of the eye movement 
derived from the oculomotor command (efference copy) (Guthrie et al. 1983). 

These experiments seemed nicely in line with the that the saccadic system pro
grams eye movements based on a target representation in head-centered coordinates 
hypothesis (Robinson 1975). This model accounts for the remarkable accuracy of 
saccades to visual targets under open-loop conditions (i.e. without visual feedback), 
but also to sounds and somatosensory stimuli. Eye-position dependent tuning prop
erties of visual receptive fields in the primate parietal cortex (and, more recently, also 
in other areas, such as the primary visual cortex (Weyand and Malpeli 1993) and 
the superior colliculus (Van Opstal et al. 1995)) have been interpreted as supporting 
evidence for this putative head-centered visuomotor programming stage (Zipser and 

Adapted from: Goossens and Van Opstal (1998) J. Neurophysiol., revised version, submitted 
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Andersen 1988). 
An alternative hypothesis holds that the visuomotor system maintains a retinotopic 

representation of the saccadic goal, such that the target coordinates are always relative 
to the most recent eye position. According to this idea, information about intervening 
eye-displacements (i.e., the change in eye position, rather than eye position per se) 
is taken into account (Jürgens et al. 1981). This model was supported by recordings 
from the monkey frontal eye fields, demonstrating the presence of all relevant signals 
(i.e., both retinal error and saccadic displacement; Goldberg and Bruce 1990). 

We wondered in what frame of reference auditory targets are encoded, when used 
as a goal for rapid orienting eye-head movements, here referred to as gaze saccades 
(gaze = eye-in-space = eye-in-head + head-in-space). This is not a trivial problem, 
since the acoustic sensory input is tonotopically represented. Thus, in contrast to 
visual stimuli, the position of auditory stimuli is not represented by a place-code to 
begin with. Instead, sound localization relies entirely on implicit acoustic cues. Bin
aural difference cues, such as ¡nteraural level (ILDs) and timing (ITDs) differences, 
are used to extract sound-source azimuth, whereas elevation detection is based on the 
direction-dependent acoustic pinna filters (the so-called head-related transfer func
tions, or HRTFs) (Batteau 1967; Oldfield and Parker 1984; Wightman and Kistler 
1989; Middlebrooks 1992; Frens and Van Opstal 1995; see also Blauert 1996, for 
extensive review). 

Note, however, that these acoustic localization cues are all referenced with respect 
to the (in humans) head-fixed ears, and thus define a Cartesian head-centered coor
dinate system. Therefore, to program an accurate auditory-evoked eye movement in 
darkness, the auditory signal must be transformed into an oculocentric motor com
mand. For this, the audiomotor system needs to account for the absolute eye position 
in the orbit. It has now been shown, for different species, that auditory-evoked sac-
cades are indeed accurate, irrespective of initial eye position (Jay and Sparks, 1984 
(monkey); Frens and Van Opstal, 1994 (human); Hartline et al., 1995 (cat)). 

As likewise proposed for the visuomotor system (see above), the audiomotor sys
tem could represent targets in a supramodal, e.g. space-fixed, reference frame. How
ever, when all acoustic localization cues are available, it is not possible to dissociate 
head-centered from spatial coordinates. This problem is reminiscent of saccade con
trol when the visual target is continuously present: it is then impossible to determine 
whether saccades are programmed on the basis of oculocentric or craniocentric target 
coordinates. 

In the present chapter, we have studied this problem in two different ways. First, 
following the approach of Hallett and Lightstone (1976), we investigated whether the 
audiomotor system compensates, in complete darkness, for changes in eye and head 
position in the absence of new acoustic cues (i.e. without acoustic feedback). To that 
means, we tested the orienting behavior of human subjects in a visual-auditory double-
step paradigm, where the saccadic double-step response consisted of two subsequent 
eye-head movements. The rationale of this paradigm is explained in Fig. 3.1A. 
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After looking at a fixation spot (F), the subject makes a gaze saccade, M l , toward 
a flashed visual target (V). Just prior to this eye-head movement, a brief auditory noise 
burst (N) is presented at a different site. The subject is required to look also at the 
spatial location of the acoustic target, by making a second gaze shift. Due to the 
initial eye-head saccade, there is a dissonance between the spatial and head-centered 
coordinates of the acoustic target. Therefore, if the subject relies only on the initial, 
head-centered acoustic input (Th), the second response will be incorrect, as indicated 
by the dashed arrow, M2. However, when the second response is spatially accurate, 
as indicated by M2, the subject must have combined the acoustic input with both 
eye- and head-movement signals. 

The successful completion of this double-step task, however, does not necessarily 
require the use of a head position signal. Therefore, to further dissociate whether 
auditory-evoked orienting relies on a head position signal, rather than on a head dis
placement signal, we also studied the influence of static head orientation. Here, we 
exploited the unique property of the auditory system that sound elevation is indepen
dently extracted from monaural pinna-related spectral cues (see also above). 

For spectrally rich acoustic targets (e.g., broadband noise stimuli), localization 
responses (measured with eye movements only) are accurate in azimuth and elevation 
(Frens and Van Opstal 1995; Hofman and Van Opstal 1998). However, in the absence 
of spectral elevation cues (e.g., pure tone stimuli), localization is accurate in azimuth, 
but not in elevation (Middlebrooks 1992; Frens and Van Opstal 1995). Nevertheless, 
subjects appear to have a consistent spatial percept of pure-tone targets, although the 
perceived elevation results to be unrelated to the actual stimulus elevation. This is 
illustrated in Fig. 3.1B, where it is clearly observed that the tone stimuli (5 kHz) were 
localized at a fixed elevation. It has been proposed that this phenomenon may be un
derstood from particular resonances in the pinna transfer functions (e.g. Middlebrooks 
1992). 

We reasoned that, by presenting pure tones in combination with various head 
positions, it should be possible to determine whether this clear elevation percept is 
fixed relative to space, or to the head. In the latter case, it is expected that tone-
evoked eye movements end at a fixed elevation relative to the head, independent of 
the static head elevation. As illustrated in Fig. 3.1C, this would result in a horizontal 
line ('head-fixed') when the eye-in-head elevation of the saccade end-points is plotted 
as a function of the head-in-space elevation. On the other hand, if the acoustic signal 
is combined with head position information to obtain a space-fixed target representa
tion, subjects may compensate for variations in static head elevation. As depicted in 
Fig. 3.1C, the data would then scatter along a line with a slope o f -1 ('space-fixed'). 
In other words, the tone-evoked ocular saccades would end at a fixed elevation in 
space. 

Apart from static cues, the auditory system may also use dynamic cues that arise 
from specific changes in the acoustic input when the head moves relative to the sound 
source, or vice versa (Lambert 1974; Zakarouskas and Cynader 1991). Such dynamic 
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cues could be particularly useful when the auditory system were to combine them with 

head movement information. We wondered therefore whether head-free gaze shifts 

toward sounds would be more accurate than head-fixed movements. We reasoned that 

such an improvement might be most apparent for pure tone stimuli that, under head-

fixed conditions, cannot be localized in elevation at all (see Fig. 3.1B). To test for 

this possibility, we compared the accuracy of tone-evoked gaze shifts under head-fixed 

and head-free conditions. 

Our data indicate that a head-position signal is used for auditory-evoked orienting 

of eyes and head. This suggests that acoustic targets are represented in a spatial 

(or body-centered) frame of reference. Although head-movement signals, in principle, 

may also be used t o improve sound localization performance under head-free condi

tions, we observed no difference in the accuracy of rapid head-free and head-fixed 

orienting movements. 
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Figure 3.1 Rationale of experiments I and III in this study. A: Eye-head double-step 
experiment. The subject initially fixates the straight-ahead fixation target, F, with both eye 
and head. When this spot vanishes, two targets are briefly presented in rapid succession at 
randomly selected locations: a visual target, V, followed by a white-noise auditory target, N. 
The subject has to generate two successive eye-head movements in complete darkness. First 
to the site where the visual target was flashed, then to the site where the auditory target was 
presented. If the subject uses only the head-centered acoustic information, Th, to program 
the second eye-head saccade starting at V, this movement will be incorrect, as indicated by 
M2. To perform accurately, the subject must account for the intervening eye-head movement, 
Ml, to program the correct movement, M2. B: With the head in the straight-ahead position, 
auditory-evoked eye movements toward a pure tone have accurate azimuth components, but 
the elevation component of the saccade is unrelated to the real target elevation, due to the 
absence of adequate spectral cues (Middlebrooks, 1992; Frens and Van Opstal, 1995). The 
latter is illustrated for one of our subjects (JG; 5000 Hz tone). Regression line: slope, a=0.03; 
bias, b=9.2 deg; correlation coefficient, r=0.19 (n.s.). C: By presenting the tone at different 
spatial elevations, with the head kept in different vertical positions (eye and head aligned), 
two competing models can be tested: If sounds are represented in head-fixed coordinates (i.e. 
based only on head-centered acoustic cues), the saccade endpoints re. head will remain on 
the same horizontal line (here at elevation 9.2 deg), independent of static head elevation. If 
sounds are encoded in a space-fixed reference frame (i.e., when the acoustic input is combined 
with head position information), the saccade endpoints will compensate for the shift in static 
head position. In that case, the data will be aligned along a line with slope -1. 

3.2 Methods 

Subjects 

Ten human subjects (nine male, one female, and ages 22-52) participated in the experiments. 
None of the subjects suffered from an oculomotor, visual, or hearing problem, except JO 
(one of the authors), whose right eye is amblyopic. All subjects had participated in previous 
oculomotor and acoustic localization studies, but six of the subjects (JR, VG, AB, BB, PH 
and VC) were kept naive as to the purpose of the experiments. 

Experimental setup 

Experiments were performed in a completely dark, sound-attenuated room ( 3 x 3 x 3 m), in 
which the walls, ceiling, floor and large objects were all covered with black acoustic absorption 
foam (echoes were absent from 500 Hz and higher). The subject was comfortably seated in 
the center of the room. Vision was binocular, the head was free to move, and free-field 
listening was binaural. The ambient background noise level was 30 dB SPL (sound-pressure 
level; measured with a Briiel & Kjaer BK2601 sound amplifier). 

Visual stimuli (85 red/green light-emitting diodes, or LEDs, intensity 0.3 cd/m2) were 
mounted on an acoustically transparent thin-wire hemisphere, the center of which coin
cided with the recorded eye, and having a radius of 0.85 m. The subject's right eye was 
aligned with the central LED. The other LEDs were positioned at polar coordinates R e 
[2,5,9,14,20,27,35] deg, Φ € [0,30,· • -.330] deg, where Φ=0 deg is rightward from center and 
Φ=90 deg is upward. The entire hemisphere was braced with a thin black silk cloth that 
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completely blocked the view of the speaker, even under dim lighting conditions. 
Auditory stimuli were presented through a broad-range speaker (Philips AD-44725) at an 

intensity of 60 dB SPL, measured at the position of the subject's head. The speaker was 
mounted on a two-link robot, which consisted of a base with two nested L-shaped arms, each 
driven by a stepping motor (Berger-Lahr, VRDM5). The speaker could be quickly moved 
(within 3 seconds) to practically any point on a virtual frontal hemisphere, just distal from 
the LED hemisphere, at a radius of 0.90 m from the subject's eye. In earlier studies from our 
group, it was verified that the sounds produced by these stepping motors did not provide any 
consistent localization cues to the subject (Frens and Van Opstal 1995; Goossens and Van 
Opstal 1997; Chapter 2). 

Measurements and stimulus presentation 

The two-dimensional orientations (referred to as 'positions') of both the eye and the head 
were measured with the magnetic search-coil induction technique (Collewijn et al. 1975). To 
that end, subjects wore a scleral search-coil on their right eye, as well as a lightweight helmet 
(150 g) with a small head-coil attached to it. The horizontal (30 kHz) and vertical (40 kHz) 
magnetic fields that are required for this method, were generated by two orthogonal pairs of 
3x3 m square coils that were attached to the room's edges. 

Two PC's (80486) controlled the experiment. One PC-486 (the 'master') was equipped 
with the hardware for data acquisition (Metrabyte DAS16), stimulus timing (Data Translation 
DT2817), and digital control of the LEDs (Philips l2C). Horizontal and vertical components 
of eye and head position were detected by phase-lock amplifiers (PAR 128A and PAR120), 
low-pass filtered (150 Hz) and sampled at 500 Hz per channel. 

The other PC-486 ('slave') controlled the movements of the robot and generated the 
acoustic stimuli. This computer received its commands from the master PC through its 
parallel port. The acoustic stimulus (gaussian white noise, GWN, or a pure tone, digitally 
synthesized (Matlab, Mathworks Inc.) and stored on disk at a 50 kHz sampling rate) was 
loaded into the computer's RAM, passed through a DA-converter (Data Translation DT2821, 
output sampling rate 50 kHz), and via a band-pass filter (Krohn-Hite 3343, 0.2-20 kHz), 
and amplification (Luxman A-331), presented to the speaker (see also Chapter 2, for further 
details). All acoustic stimuli were multiplexed with a 5 ms sine-squared onset- and offset 
ramp. 

Tone stimuli (see below) were always measured, just prior to or immediately after each 
session, at the position of the subject's head. The microphone signals (Briiel & Kjaer BK4144) 
were amplified (Briiel & Kjaer BK2610), band-pass filtered (Krohn-Hite 3343, 0.2-20 kHz) and 
sampled at 50 kHz (Metrabyte DAS16). Power spectra were computed off-line to verify that 
these stimuli indeed consisted of only a very narrow spectral peak (width less than 1/12 
octave) without harmonic distortions. On two separate occasions (subjects JG and RV), we 
also measured the sound pressure evoked by the tone stimuli inside the ear canal. To that 
means, a small probe microphone (Knowles EA 1842) was connected to a flexible silicone tube 
(diameter 1 mm; length 5 cm) that ended within 1-2 mm from the eardrum. 

Experimental paradigms 

Standard protocol. An experimental session always started with two calibration experiments, 
in which the subject had to align the eye and head, respectively, with all 85 LED positions 
(see below). 



Methods 63 

In the subsequent control experiment, the subject's default sound localization performance 
was tested in the head-fixed (straight-ahead) condition (Frens and Van Opstal 1995; Goossens 
and Van Opstal 1997; Chapter 2). In this experiment, the subject first fixated the central LED, 
and when this stimulus vanished, an auditory stimulus (broadband white noise, 0.2-20 kHz, 
intensity 60 dB SPL, duration 500 ms ) was presented at a randomly chosen location (./V=48) 
within the two-dimensional oculomotor range (up to 35 deg eccentricity in all directions). The 
subject was instructed to generate a rapid and accurate ocular saccade toward the perceived 
auditory stimulus location without moving the head. 

After the calibration and control experiments were completed, either one of three test 
experiments was performed (see below). Subjects were always instructed to refixate the 
target(s) as accurately and as promptly as possible. The subjects received no feedback with 
regard to their response accuracy in any of these tasks (i.e. neither visual cues, nor verbal 
feedback), neither during the experiments nor in prior sessions. 

Experiment I. Gaze double-step paradigm to investigate whether changes in eye- and head 
position are accounted for when generating a saccadic gaze shift toward an auditory target 
(subjects JG, AB, BB, VC and PH). The rationale of this experiment is explained in more 
detail in the introduction (Fig. 3.1A). 

At the start of each double-step trial, the subject had to fixate the central LED with the 
head directed straight-ahead. Then, following 50 ms of darkness, two targets were briefly pre
sented at two, pseudo-randomly chosen locations: a visual stimulus (LED flashed for 50 ms), 
followed (100 ms later) by a white-noise burst (50 ms; 0.2-20 kHz; 60 dB SPL). The subject 
was instructed to first generate a horizontal eye-head saccade toward the extinguished visual 
target, followed by an accurate gaze shift to the auditory target. Subjects were encouraged 
to move their head rapidly for both gaze shifts, and were instructed to fixate the location of 
each target with both the eye and the head. 

Fig. 3.2A shows the different target configurations applied (top), together with the timing 
of the stimulus events (bottom). Following the presentation of a visual target on either the 
right or the left side, the auditory target was presented at one of six locations on the same side, 
yielding 24 different target configurations. A typical experiment consisted of 144 double-step 
trials. 

In subsequent single-step trials, the same brief white-noise burst was presented at the 
same ten locations, immediately after the central fixation LED extinguished. The subjects 
were instructed to generate an accurate eye-head saccade to this peripheral stimulus. Each 
target was randomly presented two or three times. 

Experiment I I . Gaze single-step paradigm, to test whether the accuracy of tone-evoked 
orienting responses benefits from the use of head movements (subjects MF, JG, NC). 

The subject initially aligned eye and head with the straight-ahead fixation light. When 
this LED extinguished, a pure-tone acoustic stimulus was presented for 800 ms at a randomly 
selected peripheral location (N=30 or N=45) within the two-dimensional oculomotor field. 
In the head-fixed condition, the subject was required to make an eye movement toward the 
perceived position of the tone, without moving the head. In the head-free condition, the 
subject was asked to make a rapid eye-head saccade toward the perceived target position. No 
specific instructions were given about the speed and accuracy of the head movements. None 
of the subjects was naive as to the purpose of this experiment. Applied frequencies: 750, 
1500, and 7500 Hz (randomly interleaved in each session). 

Experiment I I I . Static head-position paradigm, to study the effect of changes in static head 
positions on the elevation percept of pure tones (subjects JG, RV, JO, JR, VG), and broadband 
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Figure 3.2 Target configurations applied in the experiments. A: Experiment I. Upon 
extinguishing the fixation spot (F), either one of four peripheral visual stimuli (V) on the 
horizontal meridian (at -27, -14, +14, +27 deg eccentricity) was randomly selected and 
presented for 50 ms. This stimulus served as the first target. Subsequently, one of six possible 
auditory target positions (N) was randomly chosen within the same hemisphere as the visual 
target (Azimuth: 0, ±14, ±27 deg; Elevation: ±14 deg) and a sound (broadband white noise) 
was presented for 50 ms. Note that both targets are extinguished before or near the onset of 
the eye-head movement (open loop). B: Experiment III. Eye and head were aligned with one 
out of five LEDs (F) at elevations (0, ±14, ±27) deg. Then, a tone was presented for 500 ms 
at one out of 18 possible spatial positions (T), randomly selected: Azimuth (±10, ±20) deg, 
Elevation: (0, ±10, ±20, ±30, ±40) deg. The subject makes an ocular saccade toward the 
perceived target position without moving the head. 

noise (subjects JG, RV and JO) as a control. The rationale of this experiment is explained in 
more detail in the Introduction (Fig. 3.1B.C). 

First, a red visual fixation spot was presented at one of five different locations on the 
vertical meridian (at [-27,-14,0,14,27] deg), and the subject was instructed to align both eye 
and head with this LED. Then, after a random fixation interval (between 2-3 s), the fixation 
LED disappeared, and an auditory stimulus was presented for 500 ms at one out of 18 locations 
(randomly chosen; Azimuth in [-20,-10,10,20] deg; Elevation in [-40,-30,· ··,30,40] deg re. to 
straight-ahead). The subject was required to make an accurate ocular saccade to the perceived 
target position without moving the head. 
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There were 5x18=90 different fixation/target combinations which were randomly inter
leaved. Fig. 3.2B depicts the different fixation/target configurations (top), together with the 
timing of the stimulus events (bottom). The test stimulus was a pure tone burst (either 500, 
1000, 2000, 5000, or 7500 Hz; 60 dB SPL; the frequency was kept fixed for a given session). 
In a control experiment, the acoustic stimulus consisted of broadband white noise (0.2-20 kHz, 
60 dB SPL). 

Note that, in the case of pure tones, the randomization of stimulus azimuth ensured, 
irrespective of the head position influence, that the apparent target location was always un
predictable. This is easily understood if one recalls that localization of target azimuth relies on 
interaural level and timing differences, rather than on the spectral properties of the stimulus 
(see Introduction). 

In an earlier version of this paradigm, we randomly interleaved three different stimulus 
types. A trial thus contained either broadband noise, a 2 kHz tone, or a 5 kHz tone. Head posi
tion was fixed in each trial block at either one of three different elevations ([-14,0, +14] deg), 
and stimuli were presented randomly at 13 different positions relative to the head. The basic 
findings of those experiments (four subjects; data not shown) were very similar to the results 
reported in this chapter (similar regression parameters were obtained). However, due to the 
limited measurement time imposed by the scleral search-coil method, the number of trials per 
stimulus-type/head-position condition was rather restricted. To better quantify the effect of 
head position on pure tone localization, we therefore decided to keep the stimulus type (i.e. 
tone frequency) fixed during a recording session while increasing the number of different head 
positions. 

Data analysis 

Calibration. Eye position in space (gaze) was used to quantify the acoustic localization 
percept of the subjects. In two dimensions, gaze, Gs, is the vectorial sum of eye position in 
the head, E h , and head in space, Hs (see also Fig. 3.3). Specific details of the calibration 
procedures are provided in Chapter 2. Here, only a brief summary is presented. 

First, the eye coil was calibrated with the head in a fixed, comfortable straight-ahead 
position, by letting the subject fixate the 85 different LEDs. Then, the relationship between 
azimuth (A), elevation (E), and the horizontal/vertical components of the eye-position signals 
were determined off-line. This procedure yielded the eye position in space, or gaze Gs. The 
accuracy of this calibration method was better than 4% over the entire recording range (-45 
to +45 deg in all directions). 

Subsequently, the head-coil signals were calibrated by measuring various head positions in 
space using the results of the eye-coil calibration. To that means, the subject fixated a small 
spot at the end of a head-fixed lightweight aluminum rod (40 cm; mounted on the subject's 
helmet), while directing the head at the different LED positions. In this way, the raw head-in-
space signals could be mapped on the calibrated eye-in-space positions after subtraction of a 
constant offset (Hs = G s - G s 0 ) . This offset, Gs 0 , equals the fixed eye position in the head, 
and is measured when the head is straight-ahead (i.e., if Hs = 0 then Gs Ξ E h = Gs 0 ) . 
This procedure yielded head in space, Hs. 

In this chapter, 'eye position' designates the eye-in-head position, whereas head and gaze 
positions both refer to the spatial coordinate frame that is fixed to the laboratory room (see 
Fig. 3.3). 

Saccade detection and selection. Saccades were detected on the basis of the calibrated 
signals by a computer algorithm that applied separate velocity and mean-acceleration criteria 
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Figure 3.3 Relevant reference frames 
in this study. Schematic outline of the 
relations between the spatial ('space'), 
craniocentric ('head') and oculocentric 
('eye') frames of reference. The spatial 
(or body-centered) frame of reference is 
fixed to the laboratory room. From the 
scheme, the following vectorial transfor
mations are obtained: Gs = E h + Hs, 
T h = E h + Te and Ts = Hs + T h = 
Hs + E h + Te. Note that eye and head 
are unaligned in this particular example. 
If the eye and head were aligned with the 
straight-ahead fixation point, the origins 
of the three coordinate systems would 
coincide. Abbreviations: Gs, gaze-in-
space or eye-in-space; Eh, eye-in-head; 
Hs, head-in-space; Ts, target-in-space; 
Te, target-re-eye or gaze motor-error; 
T h , target-re-head or head motor-error. 

to saccade onset and offset, respectively. Markings were set independently for gaze-in-space 
and head-in-space signals. All detection markings were visually checked, and could be up
dated interactively by the experimenters. To ensure unbiased detection criteria, no stimulus 
information was provided to the experimenter. 

Saccades associated with blinks, or with anomalous, multi-peaked velocity profiles were 
discarded from the analysis. Also responses with first-saccade onset latencies below 80 ms, or 
exceeding 400 ms, were excluded from the Experiments I I and I I I data sets. For responses 
obtained in Experiment I sessions, markings were set at the beginning and end of the first and 
second gaze shift, which could each consist of more than one saccade (see Results). Responses 
with latencies (re. to the onset of the visual target) less that 150 ms were discarded. 

Statistics. The least-squares criterion was applied to determine the optimal fit parameters 
in all fit procedures (see Results). Confidence limits of fit parameters were estimated by the 
bootstrap method (Press et al. 1992; Van Opstal et al. 1995). 

Extracted parameters 

Experiment I. The initial (o) and final (e) positions of gaze-in-space and head-in-space were 
determined for each of the two gaze shifts. From these, the gaze and head displacement vectors 
( A G = Gse—Gs0 and Δ Η = Hse—Hs0) were calculated, as well as the eye-in-head positions 
(Eh = Gs — Hs) at onset and offset of each gaze shift. We also computed the gaze and 
head end-errors ( G E and H E ) with respect to the auditory target. These errors were defined 
as the difference between the target-in-space position, Ts, and the position of the eye-in-
space and head-in-space, respectively, at the end of the second gaze shift ( G E = Gse,2 - Ts 
and H E = Hse,2 — Ts). Gaze and head motor-errors ( G M and H M ) were calculated 
for the second response toward the auditory target. These motor-errors were defined as the 
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difference between the target-in-space position, and the position of the eye-in-space and head-
¡n-space, respectively, at the onset of the second gaze shift ( G M = Ts - Gs0j2 = Te0)2 and 
H M = Ts - Hs0,2 = Th0,2). Note, that these vectors indicate the gaze or head movement 
that is needed to fixate the target position with the eye or the head, respectively. Finally, 
the initial target-re-head position of the auditory stimulus was calculated from the head-in-
space position measured prior to the first movement and the known target-in-space location 
(Th¡n¡ = Ts - Hs0 , i ) . See, for illustration, Fig. 3.7 in Results. 

Experiment I I . Spatial end-points of primary gaze and head saccade vectors were determined, 
as well as the final gaze positions. The latter measure included possible secondary saccades 
occurring after the head movement. 

Experiment I I I . Spatial end-points of primary ocular saccades were determined, as well as the 
actual static head position. From these, the end-positions of the eye-re-head (Eh = G s - H s ) 
were computed. The target-re-head positions were computed from the measured head-in-
space positions and the known target-in-space locations ( T h = Ts — Hs). Note that, for 
broadband noise stimuli, it is physically impossible to generate an accurate ocular saccade 
when the target is presented outside the oculomotor range. Therefore, trials in which the 
actual target eccentricity re. to the head exceeded 40 deg, were excluded from the analysis. 

3.3 Results 

3 .3 .1 Exper iment I : Visual-auditory double-steps 

In this experiment, it was tested whether the audiomotor system uses eye-head move
ment information to maintain spatial accuracy. 

Fig. 3.4 shows two typical examples of gaze shifts in the double-step paradigm, 
together with the applied target configurations and associated stimulus timings. As 
explained before (see Introduction and Fig. 3.1), the subject (JG) had to orient eyes 
and head in turn to the two points in space where a visual target (V) and an auditory 
noise target (N) had been successively presented in total darkness. The first gaze shift 
toward the extinguished visual target results in a displacement of both the eye and the 
head, from the starting point (F) where the acoustic target was last heard at position 
N, to a new point in space (V). Were the subject using only the head-centered acoustic 
input, the second response would end at a wrong spatial location, as indicated by the 
dashed square. Note, however, that the second, auditory-evoked gaze shift appears 
to be quite accurate in both examples, although all movements were clearly executed 
under open-loop conditions. One may also observe that both the first and the second 
gaze shift could consist of more than one saccade (see multiple gaze steps in the 
traces of Fig. 3.4D). 

To document the accuracy of the eye-head movements in this paradigm, Fig. 3.5 
shows the spatial trajectories of gaze double-step responses to six different visual-
auditory target combinations for another subject. It is clearly shown that all second 
responses were aimed at the spatial location of the auditory target, rather than to 
the shifted head-centered position (dashed squares). In the two double-step responses 
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Figure 3.4 Two typical eye-head double-step responses from Experiment I. Α-B: Two-
dimensional trajectories of gaze (thin traces) and head (thick traces) movements in space. 
Positions of the fixation spot and the visual- and auditory targets are indicated by F, V and 
N, respectively. The auditory target consisted of broadband white noise. Note that the 
second, auditory-evoked gaze and head movements are directed toward the real location of 
the acoustic stimulus. If the second eye-head responses were programmed purely based on the 
head-centered acoustic input, the movements were expected to end near the dashed squares. 
C-D: Gaze (thin traces) and head (thick traces) position in space as a function of time. 
Timing of the different stimulus events is also shown. Note that the auditory stimulus is 
extinguished prior to or near the onset of the first movement. Subject JG. 

shown at the top Fig. 3.5A,D), for example, the head-centered target position shifts 

(approximately) to a spatial location where auditory stimuli were presented during 

other trials (like in Fig. 3.5B.E). Nevertheless, the subject's second eye-head move

ment is clearly directed toward the site where the noise-burst had actually been pre

sented prior to the first movement. 

The impression gained from the data in Fig. 3.4 and Fig. 3.5 is, that the intervening 

eye-head movement elicited by the visual target is taken into account in programming 

the second gaze shift toward the auditory stimulus. To further quantify this behavior, 

we analyzed the horizontal components of head and gaze movements in more detail 

(see also Fig. 3.7 for a schematic outline). Fig. 3.6 shows the results of this analysis 

for one of our subjects (subject BB; data pooled for all target configurations). One 

may clearly observe (Fig. 3.6A) that the second auditory-evoked gaze displacements 

in double-step trials (o) correlate well with the actual gaze motor-errors (i.e., the 

required gaze displacement to end on target). This indicates that these gaze shifts 
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Figure 3.5 Maintenance of spatial accuracy in the double-step paradigm. Α-C: Spatial 
trajectories of gaze (thin traces) and head (thick traces) double-step responses in the left 
hemisphere. Following a leftward response to the visual target (V), the subsequent auditory-
evoked movements end near the auditory noise target (N), presented at three different lo
cations in space. D-F: Three eye-head double-step responses in the right hemisphere. In 
all cases the second, auditory-evoked movements end closest to the sites where the acoustic 
stimuli were presented. Without compensation for the intervening eye-head saccades, the 
second movements would have ended at the wrong, head-centered target locations (dashed 
squares). Subject PH. 

were all goal-directed. A similar observation can be made for the concomitant head-

displacement components, although in this case the relation to head motor-error is 

less t ight (Fig. 3.6B). 

Fig. 3.6 also shows the horizontal head and gaze end-error (Fig. 3.6C.D) as a 

function of the initial visually evoked head displacement. If the first head displacement 

would not have been accounted for, the data would be aligned along the diagonal. 

This is clearly not what happens. Full compensation requires the data to scatter 

around the horizontal line (zero error). Although this does not occur precisely, the 

gaze end-errors obtained in double-step trails (Fig. 3.6B) were not very different from 

those measured in the single-step control condition ( · ) (plotted at zero initial head 

displacement). 

When the gaze end-errors were analyzed separately for movements toward targets 

in the left and right hemifield, small differences (mean < 5 deg; P < 0 . 0 1 ) between 

the two conditions were typically observed (see e.g. left and right data clusters in 
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Figure 3.6 Scatter plots of auditory-evoked head and gaze responses in Experiment I. A-B: 
Horizontal gaze and head displacement components plotted as a function of their respective 
motor-error components. Both single-step control responses (·) and second responses of the 
double-step (o) are indicated. Note the high correlation between gaze displacement and gaze 
motor-error, indicating that the second gaze shifts was goal-directed. The following correlation 
coefficients (τ), slopes (a) and biases (b) were obtained: Gaze: single-steps: r=0.98, a=0.97, 
b=2.6 deg, N=30; double-steps: r=0.98, a=l.ll, b=3.1 deg, N=84; Head: single-steps: 
r=0.97, a=0.47, b=6.8 deg; double-steps: r=0.73, a=0.62, 6=3.0 deg. C-D: Horizontal 
gaze and head end-errors with respect to the noise target are plotted as a function of the 
initial horizontal head displacement. Single-step controls are plotted at zero initial head 
displacement. If the head displacement is not accounted for, the data is expected to align 
with the diagonal line. The following errors (μ ± σ; positive when the movement ends to the 
right) were obtained for targets in left and right hemifields (i.e. left and right data clusters in 
С and D): Gaze: single-steps: GEL=3±4, GER=3±3; double-steps: GEL=6±3, GER=0±4; 
Head: single-steps: HEL=16±7, HER=-2±6; double-steps: HEL=9±5, HER=0±5; Subject 
BB. 
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Figure 3.7 Analysis of the double-
step responses. First and second gaze 
displacements ( A G i and AG2), ac
tual gaze motor-errors f G M J and gaze 
end-errors ( G E J were calculated. The 
same parameters were computed for the 
concomitant head movements (see also 
Methods). The second gaze shift CAG2>) 
was described as a function of the ini
tial target-re-head position f ThinJ, the 
eye-in-head position at the onset of the 
second gaze response (Eh^ ), and the 
initial head displacement ( A H i J (see 
Eqn. 3.1). No compensation for A G i 
would result a secondary gaze shift to site 
A. Compensation for eye position only 
would yield a response to site B. Full 
compensation, for both eye position and 
head displacement, would yield a spa
tially accurate movement to site С 

panel C). Roughly, the gaze end-points deviated slightly to the right (positive end-
errors) when the initial head displacement was to the left (negative values), and vice 
versa. 

As may be inferred from the data in Fig. 3.4 and Fig. 3.5, the position of the 
eye and head in space are different at the end of the first gaze movement. Hence, 
the eye and head are typically unaligned (i.e. the eye is not centered in the orbit) 
at the onset of the second movement. Therefore, to determine t o what extent the 
audiomotor system accounts for the movements of both eye and head, the second 
gaze shifts ( Д С г ) were described as a function of the initial target-re-head position 
(Thjni), the eye-in-head position at the onset of the second gaze response (Eb.0,2). 
and the initial head displacement ( Δ Η ι ) (see Fig. 3.7): 

AG£ = α · Thfn¡ + b • Eh*)2 + с · ΔΗ^ + d (3.1) 

where the superscript A refers to the azimuth component of each vector. Fit param

eters (a, b, c) are dimensionless gains, whereas d is a bias (in deg). 

Note that if the changes in neither eye nor head position are accounted for (i.e., 

response t o site A in Fig. 3.7), the gaze displacement would only correlate with 

the initial target-re-head position {ami, b=c=0). If subjects were t o account only 

for eye position (Jay and Sparks 1984; Hartline et al. 1995; Frens and Van Opstal 

1994), the movements would be directed to the head-centered location of the acoustic 

target (i.e., response to site В in Fig. 3.7). In this case, a negative correlation with 
eye position is expected, but no correlation with head displacement ( a « l , 6 « - l and 
c = 0 ) . However, when the movements of both eye and head are accounted for, that is, 

' ·> 

® - - • F 
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Ss 

JG 
AB 
PH 
VC 
BB 

Target 

α ± σ 

1.23 ± 0.04 
1.06 ± 0.03 
0.93 ± 0.03 
0.83 ± 0.05 
0.99 ± 0.04 

r(a) 

0.94 
0.96 
0.94 
0.85 
0.93 

Horizontal 
Eye 

6 ± σ 

-1.26 ± 0.08 
-1.25 ± 0.06 
-1.30 ± 0.10 
-1.11 ± 0.08 
-0.95 ± 0.06 

gaze di 

г(Ь) 

-0.81 
-0.88 
-0.73 
-0.77 
-0.86 

splacement 
Head 

с ± σ 

-1.17 ± 0.04 
-1.01 ± 0.09 
-0.96 ± 0.03 
-1.02 ± 0.04 
-1.25 ± 0.09 

г(с) 

-0.93 
-0.71 
-0.93 
-0.91 
-0.84 

Bias 

ά±σ 

-0.4 ± 0.4 
5.2 ± 0.4 

1.8 ± 0.4 
3.0 ± 0.6 
2.8 ± 0.4 

Ν 

141 
119 
150 
126 

84 

Table 3.1 Multiple regression results of Experiment I. The actual gaze displacements were 
fitted as a function of initial target-re-head position (Target), the eye-in-head position (Eye, 
measured at the beginning of the second gaze shift), and the initial head displacement (Head) 
(see Eqn. 3.1 and Fig. 3.7; horizontal components only). Listed are the regression coefficients 
(slopes: a, b and c; bias: d in deg) and the partial correlation coefficients (r(a),r(b) andr(c)). 
The overall correlation between data and model was > 0.96 in all subjects (not listed). Note 
that, for all subjects tested, there is negative dependency on the actual head displacement and 
eye position (P<0.0001). Note also that the coefficients b and с are close to -1, indicating 
that the actual movements of both eye and head are accounted for in programming the second 
auditory gaze shift (see Results). 

if the subject moves to the spatial target location (i.e., response to site С in Fig. 3.7), 
negative gains are expected for both eye position and head displacement, and the 
value of these coefficients (b and c) should be close to - 1 . As may be derived from 
Table 3.1 this is indeed what is observed. Thus, the data are succinctly described by: 
A G 2 = G M j n i — A G i , where GM¡ n ¡ is the gaze motor-error with respect to the noise 
target during initial straight-ahead fixation, and A G i the first gaze displacement. 

The value of the gains for both the eye and head components (6 and c) appeared 
to be slightly lower than - 1 , indicating that there was a small overcompensation. The 
latter explains the small deviations observed in the gaze end-errors (see above). We 
suspect that this feature is due to the fact that our subjects were encouraged to make 
fast head movements (see Methods). In this respect, it may be noted (Fig. 3.4 and 
Fig. 3.5) that also the first response typically ended beyond the position of the visual 
target (overshoots). 

3.3 .2 Exper iment I I : Tone-evoked eye-head saccades 

As was shown in a recent study by Frens and Van Opstal (1995), ocular saccades 
evoked by a pure tone have accurate azimuth components, but the elevation com
ponent is independent of the actual stimulus elevation. The latter is also illustrated 
for one of our subjects in Fig. 3.1B. It is conceivable that the localization of tone 
stimuli might improve appreciably under head-free conditions. As explained in the 
Introduction, the direction-dependent pinna filtering may give rise to specific changes 
in monaural sound intensity as a function of head position, resulting in otherwise ab-
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Figure 3.8 Localization of pure tone stimuli (1500 Hz) under head-fixed and head-free 
conditions. Α-D: Azimuth and elevation components of primary gaze end-points a function 
of the respective target components. Localization under head-fixed and head-free conditions 
is indistinguishable (see also Table 3.2). Obtained correlation coefficients (r), slopes (a) 
and biases (b) were: Azimuth: Head-fixed: r=0.93, a=0.75, b=-4.7 deg; Head-free: r=0.95, 
a=0.83, b=-2.2deg; Elevation: Head-fixed: r=0.05, a=0.04, b=15.6deg; Head-free: τ-0.09, 
b=0.02, b=14.4 deg. E: Spatial trajectories of gaze (thin traces) and head (thick traces) 
movements in the two-dimensional plane. Interestingly, both gaze and head tend to end at 
fixed, but different, elevations, despite the fact that tone stimuli (T) were presented at sixteen 
different locations. Subject MF. 

sent elevation cues. Therefore, it was tested whether head movements that are made 

during head-free gaze shifts would lead to an improvement of the subject's localization 

accuracy in the elevation domain. 

The results indicate that the use of such head movements did not lead to a better 

localization performance when compared to the head-fixed condition. This is shown 

in Fig. 3.8A-D, which depicts the azimuth and elevation components of the primary 

gaze end-points as function of the respective target components. One may clearly 

observe that the head-fixed (Fig. 3.8A,D) and head-free (Fig. 3.8B.D) responses were, 

instead, quite comparable. Similar results were obtained when final gaze end-points 

(i.e. after possible secondary saccades) were considered. Note, however, that our 

subjects were instructed to make rapid orienting movements; they were not allowed 

to make a variety of (slow) scanning head movements ('search strategy'). This is 

illustrated in Fig. 3.8E, showing examples of head and gaze trajectories obtained in 

the head-free condition. Interestingly, both the head and gaze trajectories tended to 

end at fixed, but different, elevations. 
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Gaze end-elevation Head end-elevation 

Freq 

750 

1500 

7500 

750 

1500 

7500 

750 

1500 

7500 

Slope 
α±σ 

-0.01 ± 0.12 
-0.06 ± 0.10 
0.01 ± 0.11 

-0.01 ± 0.08 
-0.16 ± 0.09 
-0.12 ± 0.06 

-0.01 ± 0.07 
0.29 ± 0.13 

-0.02 ± 0.04 
-0.02 ± 0.08 
-0.07 ± 0.07 
-0.08 ± 0.09 

0.05 ± 0.05 
0.05 ± 0.04 
0.04 ± 0.03 
0.02 ± 0.05 
0.02 ± 0.13 

-0.01 ± 0.12 

Bias 
6 ± σ 

-11.5 ± 2.0 
-7.6 ± 1.6 
-6.8 ± 1.9 
-3.3 ± 1.6 
19.7 ± 1.4 
11.6 ± 1.4 

-26.6 ± 1.5 
-20.2 ± 2.4 
-28.8 ± 1.6 
-30.8 ± 1.7 
20.0 ± 1.3 
13.6 ± 1.8 

14.6 ± 1.0 
14.5 ± 1.0 
15.6 ± 0.7 
14.4 ± 0.9 
-6.9 ± 2.4 
4.4 ± 2.0 

τ 

-0.02 
-0.08 
0.02 

-0.01 
-0.30 
-0.21 

-0.02 
0.32 

-0.04 
-0.04 
-0.13 
-0.13 

0.19 
0.19 
0.05 
0.09 
0.04 

-0.02 

Slope 
ο ± σ 

-0.01 ± 0.05 

0.00 ± 0.04 

-0.03 ± 0.04 

0.13 ± 0.06 

-0.03 ± 0.04 

-0.00 ± 0.04 

0.01 ± 0.02 

0.02 ± 0.02 

-0.01 ± 0.04 

Bias 
b±a 

-2.8 ± 0.8 

0.1 ± 0.9 

9.0 ± 0.8 

-8.2 ± 1.1 

-12.7 ± 0.9 

9.0 ± 0.9 

4.8 ± 0.5 

5.5 ± 0.4 

1.6 ± 0.7 

г 

-0.03 

0.01 

-0.08 

0.31 

-0.10 

-0.02 

0.04 

0.17 

-0.06 

N 

48 
62 
47 
62 
45 
60 

45 
45 
47 
46 
46 
45 

30 
30 
30 
29 
30 
30 

Table 3.2 Quantitative results of Experiment II. In all cases, the azimuth accuracy was 
indistinguishable from the broadband noise condition (not shown). Therefore, only the ele
vation component of the head and gaze shifts is presented. Linear regression yielded a slope 
(а), a bias (b, in deg), and a linear correlation coefficient (τ). The results obtained under 
head-fixed and head free conditions are listed on the first and second line of each entry. Note, 
in the gaze column, that the results are very similar for both conditions: slopes remain close 
to zero (no significant correlations) and the biases are approximately the same. Small biases 
for head elevation imply that head movements were mainly horizontal, rather than absent. 

To quantify the tone-evoked responses in the elevation domain, linear regression 

lines were fitted to the gaze ( G s E = α · T s E + b) and head data ( H s E = α · T s E + b), 

respectively, yielding slopes α (dimensionless) and biases b (in deg). Table 3.2 lists 

these coefficients together with the correlation coefficients for all three subjects and 

both experimental conditions. 

When the test stimulus consisted of broadband noise, instead of pure tones, gaze 

saccades with and without head movements were equally accurate in all directions 

(data not shown). This may not be too surprising since the localization performance 

under head-fixed conditions is already good for broadband stimuli (see below, and 

Frens and Van Opstal 1995). 
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Figure 3.9 Localization 
of broadband noise targets 
with different vertical head 
positions. End-point compo
nents of primary ocular sac-
cades relative to the head. In 
contrast to the tone data in 
Fig. 3.1B, localization perfor
mance is unaffected when the 
stimulus consists of broad
band noise (duration 500 ms), 
even when vertical head posi
tion is changed (see also Ta
ble 3.3A). Correlation coef
ficient r>0.95 in all panels. 
Subject JG. 

TARGET-RE-HEAD (deg) 

3.3.3 Experiment I I I : Static head elevations 

The results of Experiment I show that accurate auditory-evoked orienting also includes 
the use of eye- and head-motor information. In Experiment I I I , static head elevation 
was changed to investigate whether head position, rather than head displacement 
signals, may be involved in the programming of orienting movements toward acoustic 
stimuli. 

Previous experiments have shown that ocular saccades toward broadband noise 
targets, with the head in the straight-ahead position, are accurate in ail directions (e.g. 
Frens and Van Opstal 1995). Fig. 3.9 shows that eye movements toward broadband 
noise bursts (500 ms duration) were also accurate when evoked from different static 
vertical eye-head positions (see also Table 3.3A). Similar results were recently obtained 
under dynamic head-free conditions (Goossens and Van Opstal 1997; Chapter 2). 

These results may be expected since, for broadband noise stimuli, a change in 
static head elevation also results in a change of the head-centered spectral cues, 
revealing the actual target elevation relative to the head. Indeed, this experiment is 
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-40 -20 0 20 40 
EYE-IN-SPACE AZIMUTH (deg) 

Figure 3.10 Localization of 
500 Hz tone stimuli from different 
vertical head positions. A: Spa
tial trajectories of ocular saccades 
elicited from three different vertical 
positions, with the head approxi
mately aligned (within 10 deg) dur
ing initial fixation. Note clear de
pendence of saccade direction on 
head position. B: Saccade end-
point elevation in the head is re
lated to static head elevation. Cor
relation coefficient: r=-0.67; Re
gression: Slope=-0.36, Bias=1.4 
deg. Subject JG. 

1 -40 
-40 -20 0 20 40 
HEAD-IN-SPACE ELEVATION (deg) 

conceptually similar to a single-step visuomotor paradigm in which the retinal location 
of the target may change with eye position, but the actual retinal error will always 
equal the motor error needed to foveate the stimulus. However, when the acoustic 
target is a pure tone stimulus, changes in head position yield no reliable changes in 
the elevation cues. This is clearly shown in Experiment I I , were subjects were unable 
to extract sound elevation even when head movements were made (Fig. 3.8). 

When based only on the head-centered acoustic input, it is therefore expected that 
tone-evoked ocular saccades from different eye-head positions in space (eye and head 
initially aligned) end at a fixed elevation relative to the head (Fig. 3.1C). However, as 
illustrated in Fig. 3.10A for one of our subjects (JG), the gaze trajectories obtained 
in this experiment were neither parallel (which would indicate an independence of 
head position), nor directed toward a fixed elevation in space. The latter could be 
expected in case of a spatial code for the auditory target. Instead, the eye-movement 
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Figure 3.11 Tone localization with varying head elevation and different frequencies (1.0, 
2.0, 5.0 and 7.5 kHz). Similar results as in Fig. 3.10 are obtained for the other frequencies (see 
also Table 3.3B). Note, however, that the regression results depend on the applied frequency. 
No significant relation was found for the 2.0 kHz tone in this subject (P>0.01). Subject JG. 

trajectories appeared to be in a direction that is in between these two extremes. 
This feature is further quantified in the scatter plot (Fig. 3.10B), showing the eye-

in-head elevation of the first-saccade endpoints as a function of static head-in-space 
elevation. As was explained in the Introduction (Fig. 3.1C), a head-centered represen
tation of the target would yield data points that scatter around a horizontal line (i.e. 
fixed eye-in-head elevation; slope = zero). For a space-fixed representation, the data 
would have to align around the diagonal line with slope -1 (i.e. full compensation). 
Instead, it is found for this subject that the data points scatter around a line with a 
slope of-0.36. 

Fig. 3.11 shows responses of the same subject to the other tone stimuli applied 
(same format as Fig. 3.10B). Note that the slopes obtained for the eye-elevation vs. 
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head-elevation relation appear to depend on the frequency of the tone, albeit not in a 
simple systematic way (see below). This frequency-dependence was also found when 
different frequencies were randomly interleaved (see Methods). Changing the initial 
vertical eye position, with the head fixed at the straight-ahead position, yielded no 
significant changes in the perceived sound elevation (subjects JG and NC; 0.5, 2.0 
and 7.5 kHz; data not shown). In each tone localization experiment, we also verified 
the accuracy of the azimuth response component, which was comparable to that of 
responses to broadband noise (see e.g. Figs. 3.8 and 3.9; see also Frens and Van 
Opstal 1995, for quantitative details). 

To further evaluate the influence of head position, we described the measured 
eye-in-head elevation (Eh E ) of the saccade endpoints as a function of both the static 
head-in-space elevation (Hs E ) and the actual target-re-head elevation (Th E ) : 

EhE = a • HsE + b • ThE + с (3.2) 

with superscript E the elevation component of each vector, and (a,b,c) the fit pa
rameters of the multiple linear regression. A quantitative summary of the results for 
all subjects and experimental conditions is given in Table 3.3. 

Table 3.3A lists the results obtained with broadband noise stimuli. In contrast 
to the tone-evoked responses, the saccade elevation was mainly determined by the 
actual target-re-head position, while head elevation had little or no influence (b » a). 
Also the biases, c, were close to zero for all three subjects. In fact, the data sets 
obtained from subjects JG and RV were equally-well described when head position 
was excluded from the regression analysis (no significant difference between the two 
models; P>0.1). 

Table 3.3B lists the results when the test stimulus was a pure tone. Note that, for 
the far majority of these conditions, the head elevation yielded a significantly stronger 
contribution to the eye-in-head endpoints than the actual target-re-head elevation 
(a 3> b, and b ss 0). One may also observe a strong dependence of the bias, c, 
on the tone frequency. Typically, the high-frequency tones were perceived at higher 
elevations relative to the head than low-frequency tones (see also Table 3.2, and Frens 
and Van Opstal 1995, for the straight-ahead condition). Also the slopes a consistently 
depended on tone frequency, albeit not in a (simple) systematic way among subjects. 
In contrast to the noise-evoked responses, the tone-evoked responses were, in all 
cases, equally well described by a linear regression model without the target elevation 
(no significant difference; P>0.1). This indicates that there were indeed no physical 
elevation cues present in the stimulus, as was also verified by measurements of the 
sound spectra (see Methods). 
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Ss 
Eye-in-head saccade elevation: Noise 

Head Target 

α ± <r τ(α) 6 ± σ r(6) 

Bias 

c ± σ 

JG 
RV 
JO 

-0.06 ± 0.04 
-0.10 ± 0.03 
-0.25 ± 0.03 

-0.19 
-0.37 
-0.67 

1.05 ± 0.02 
0.74 ± 0.02 
0.92 ± 0.03 

0.98 
0.96 
0.96 

-1.7 ± 0.6 
-0.3 ± 0.5 
-0.7 ± 0.3 

71 
74 
88 

В 
Ss Freq 

Eye-in-head saccade elevation: Tones 
Head Target Bias 

JG 

RV 

JO 

JR 

VG 

500 
1000 
2000 
5000 
7500 

500 
1000 
2000 
5000 
7500 

500 
2000 
5000 

500 
2000 
5000 

500 
2000 
5000 

α ± σ 

-0.29 ± 0.05 

-0.87 ± 0.06 

-0.03 ± 0.02 

-0.35 ± 0.04 

-0.70 ± 0.06 

-0.36 ± 0.04 

-0.28 ± 0.03 

-0.08 ± 0.03 

-0.27 ± 0.03 

-0.53 ± 0.07 

-0.44 ± 0.03 

-0.47 ± 0.02 

-0.50 ± 0.02 

-0.81 ± 0.07 

-0.87 ± 0.09 

-0.22 ± 0.16 

-1.11 ± 0.09 

-1.03 ± 0.12 

-0.23 ± 0.06 

r(a) 

-0.51 

-0.82 

-0.14 

-0.65 

-0.80 

-0.72 

-0.76 

-0.27 

-0.76 

-0.64 

-0.89 

-0.90 

-0.93 

-0.73 

-0.75 

-0.16 

-0.83 

-0.67 

-0.36 

b±a 

0.05 ± 0.03 

0.06 ± 0.03 

0.01 ± 0.01 
0.03 ± 0.02 

0.00 ± 0.03 

0.02 ± 0.02 

0.00 ± 0.01 

0.01 ± 0.02 

-0.01 ± 0.01 
0.02 ± 0.03 

0.03 ± 0.02 

0.00 ± 0.01 

0.04 ± 0.01 

0.02 ± 0.02 

-0.01 ± 0.03 

0.15 ± 0.05 

-0.02 ± 0.04 

-0.09 ± 0.04 

0.03 ± 0.03 

r(b) 

0.20 

0.19 

0.08 

0.13 

0.01 

0.11 

0.01 
0.04 

-0.06 

0.07 

0.26 

0.02 

0.27 

0.06 

-0.03 

0.34 

-0.08 

-0.22 

0.11 

с ± σ 

1.65 ± 0.62 

-0.11 ± 0.71 

-2.10 ± 0.27 

10.61 ± 0.43 

17.88 ± 0.87 

0.48 ± 0.43 

-2.34 ± 0.40 

0.03 ± 0.41 

2.36 ± 0.38 

8.65 ± 0.78 

2.69 ± 0.60 

0.65 ± 0.27 

13.52 ± 0.39 

-12.62 ± 0.61 

-7.62 ± 0.69 

4.35 ± 1.20 

10.48 ± 0.85 

1.47 ± 1.12 

13.38 ± 0.74 

N 

88 
124 
170 
131 
85 

88 
84 
85 
85 
85 

49 
176 
88 

127 
82 
83 

69 
89 
89 

Table 3.3 Multiple regression results of Experiment III. The vertical component of eye 
position in the head was described as a function of both the vertical head position in space 
(Head) and the actual target elevation relative to the head (Target) (see Eqn. 3.2). Listed 
are the linear regression coefficients (slopes α and b, bias с in deg) as well as the partial 
correlation coefficients (r(a) and r(b)). A: When the test stimulus consisted of broadband 
white noise, the saccade vector was mainly determined by the actual target-re-head position 
(b » a). Only a small influence of head position was seen in subjects RV and JO (P<0.01). 
Thus, the spatial accuracy of noise-evoked saccades was almost independent from the vertical 
head position. B: When the test stimulus was a pure tone, the actual target position was not 
a relevant factor in determining the saccade vector. Instead, the vertical saccade amplitude 
varied significantly (P<0.01) with the vertical head position in almost all cases. The 1% 
significance level was not reached for the 2 kHz tone in subjects JG and RV, and for the 
5 kHz tone in subjects JR and VG. The sign of the gain was always negative, suggesting 
that head-centered acoustic information and head position signals are combined to yield a 
spatial representation of the acoustic target. Note, however, that the head-related gains were 
typically between -1 and 0, so a partial rather than full compensation for head position was 
found. Note also that the obtained gains varied with the stimulus frequency in an idiosyncratic 
manner, whereas the biases tend to increase with stimulus frequency. 
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3.4 Discussion 

The present study set out to investigate to what extent the auditory localization sys
tem accounts for intervening changes in eye and head orientation, when programming 
a goal-directed gaze shift. The results of the double-step experiments indicate that 
when the relevant acoustic cues have been provided, the change in eye and head posi
tion is fully taken into account (Figs 3.4-3.6; Table 3.1). In this way, the subsequent 
gaze shifts of both the eye and the head are toward the remembered acoustic target 
position. We therefore conclude that the auditory system does not maintain a static 
head-centered representation of acoustic targets, but instead uses accurate informa
tion about previous movements of both the eye and the head. Both signals are needed 
to ensure spatially accurate localization, especially under open-loop conditions. 

Competing models 

Although feedback about eye-head movements is clearly used by the audiomotor sys
tem, the double-step data do not unequivocally show that acoustic targets are rep
resented within a spatial frame of reference. Two possible interpretations may follow 
from these results. 

According to the spatial model (Fig. 3.12A), the auditory system computes a target 
position in space-fixed coordinates, Ts, by combining the head-centered acoustic cues 
(reflecting target-re-head, Th ) with head-position signals (Ts = T h + Hs; see e.g. 
Fig. 3.3). The latter may be derived from the vestibular system, from proprioception, 
or from an efference copy of the motor command. Regardless of intervening eye-head 
movements, the end-point of a movement is always specified by the space-fixed target 
representation. In a subsequent stage, the gaze control system uses information about 
the actual eye and head positions, to translate the desired gaze displacement, AG¿, 
into appropriate motor commands for both the eye and head motor systems. 

In the displacement model (Fig. 3.12B), however, the head-centered acoustic sig
nals are first mapped into an oculocentric reference frame by subtracting eye position 
(Te = T h - Eh ; see e.g. Jay and Sparks 1984, and Fig. 3.3). To compensate for 
intervening eye-head movements, each gaze displacement, A G , is subtracted from 
the oculocentric target coordinates, Te, yielding an updated target representation 
(TeneVv = T e - A G ; Goldberg and Bruce 1990). This latter oculocentric signal spec
ifies the desired gaze displacement, AGd (see legend Fig. 3.12 for further details). 

As outlined in the Introduction, comparable interpretations have been put forward 
in the oculomotor literature to explain the spatial accuracy of head-fixed double-step 
saccades toward extinguished visual targets (position model: Robinson 1975; Hallett 
and Lightstone 1976; Mays and Sparks 1980; displacement model: Jürgens et al. 
1981; Goldberg and Bruce 1990). It should be realized, however, that a model relying 
only on a gaze displacement signal (without accounting for the position of the eye in 
the orbit, and either the position or displacement of the head) cannot readily explain 
why head movements are goal-directed when the eye and head are not initially aligned 
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Figure 3.12 Two possible interpretations of the double-step results. A: Spatial model. 
Acoustic localization cues that reflect the head-centered target coordinates (Thj are com
bined with a head-position signal (Hs) to yield a spatial target representation (Tsj (see also 
Fig. 3.13 for more details on this stage). The downstream gaze control system uses the actual 
eye (Eh ) and head (Hs) positions to translate the spatial (or body-fixed) target coordinates 
into a motor command that specifies the desired gaze displacement ( A G ^ . B: Displacement 
model. The head-centered acoustic signals ("ThJ are transformed into an oculocentric target 
representation (Te), by subtracting eye position (Eh). Each time the eye moves, this ocu
locentric target representation must be updated by subtracting the gaze displacement (AG). 
The latter signal is derived from a so-called resettable neural integrator that integrates a gaze-
in-space velocity signal (Gs), equal to the vectorial sum of eye-in-head velocity (E\v) and 
head-in-space velocity (Hs), and must be reset to zero ('reset' signal) after each gaze shift. 
The updated retinotopic target representation specifies the desired gaze displacement (AG¿). 
Note, that this model does not use a representation of head position. In both schemes, the 
eye and head motor systems are driven by an oculocentric (AG) and craniocentric (AH) 
signal, respectively (see Goossens and Van Opstal 1997; Chapter 2). Both signals are derived 
from the desired gaze-displacement command ( A G ^ , that is assumed to arise from the deep 
layers of the superior colliculus (e.g. Freedman et al. 1996; Freedman and Sparks 1997). 
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(Goossens and Van Opstal 1997; Chapter 2). Under these conditions, the eye and head 
move simultaneously in different directions during single-step gaze saccades toward 
both visual and auditory targets. 

Strictly speaking, neither the position model, nor the displacement model can, 
in their present form, account for the data of Experiment I I I , where the observed 
head position gains were typically in between the two extremes predicted by these 
conceptual models. An important feature of the displacement model, however, is 
that it does not use a head position signal (see above, and Fig. 3.12B). Therefore, 
according to this model, gaze trajectories elicited by pure tones are always expected 
to be identical when evoked from different static eye-head positions. Yet, the data 
obtained in Experiment I I I clearly show that the eye-movement trajectories are not 
invariant for the different head elevations (Fig. 3.10A). Although the gains measured 
for the saccade elevation components were typically different from — 1 , they were 
always negative and, in the far majority of cases, significant (Fig. 3.10B, Fig. 3.11, 
Table 3.3B). These data therefore provide strong support for the idea that a signal 
about absolute head position, rather than head displacement, is used in planning 
goal-directed eye-head movements toward sound sources. However, to account for 
the low-gain results of the tone experiments, the position model of Fig. 3.12A has 
to be extended (see below, Fig. 3.13, where the dashed box of Fig. 3.12A is further 
detailed). 

Tone elevation cues 

Tone stimuli do not contain sufficient spectral information to reliably determine target 
elevation relative to the head. This leaves the auditory system with two potential 
alternative cues: 1) reflections from shoulders and trunk, and 2) changes in sound 
intensity (up to about 20 dB) due to the direction-dependent pinna filters (HRTFs). 
However, these cues are apparently of no use, since subjects clearly perceive a fixed 
target elevation when the head is kept in the straight-ahead position (Frens and Van 
Opstal 1995; see also Fig. 3.1B and Fig. 3.8), despite large elevation changes of the 
target (±35 deg). Indeed, reflections from shoulders and trunk are expected to be 
relevant only in the low-frequency range (< 250 Hz) and, without prior knowledge 
about the real source intensity and its distance to the head, there is no way the system 
can rely on intensity cues to detect target elevation under static conditions. 

When head movements are made, however, the resulting changes in sound inten
sity relate directly to the movement. Such dynamic cues could provide, at least in 
principle, new consistent information about the target elevation, especially when they 
are combined with signals from the head motor system. Since our subjects reported 
that the apparent loudness (perceived intensity) of a tone stimulus varied across trials, 
it is conceivable that the direction-dependent variations within the HRTFs would be 
sufficient to yield detectable cues when the head moves. Nevertheless, it appeared that 
subjects could not use this information either, since their tone localization responses 
did not improve under head-free conditions (Fig. 3.8). Instead, it was observed that 



Discussion 83 

the saccade endpoint elevations under head-free and head-fixed conditions were quite 
comparable (Table 3.2). 

For broadband noise, we obtained no improvement either (data not shown). These 
results are consistent with earlier findings reported by Whittington et al. (1981) for 
horizontal gaze saccades of the monkey. Nevertheless, previous studies (Noble 1981; 
Perrott et al. 1987; Thurlow and Runge 1967), have demonstrated that, in humans, 
head movements do contribute to improve sound localization performance. The head 
movements in the latter studies, however, were slow when compared to the saccadic 
head movements in the present experiments and in the Whittington et al. study. This 
suggests that acoustic feedback provided by slow head movements, in tasks other 
than rapid gaze orienting, may be useful for sufficiently long stimulus durations. 

Influence of static head position 

The results of the tone experiments demonstrate that a head position signal is used 
in the programming of auditory-evoked saccades. The question arises, however, why 
only a partial compensation for changes in static head position is found in these 
experiments (gains between —1 and 0, Figs. 3.10 - 3.11; Table 3.3B). 

A remarkable feature is that the gains depend consistently on the tone frequency, 
albeit not in a (simple) systematic way. One may realize, that this frequency-
dependence is not readily understood when the acoustic input were first mapped 
into a topographical representation of auditory space, and then, at a later stage, 
combined with a head-position signal. Rather, our findings may be more elegantly 
explained when the head-position signal interacts already within the auditory system, 
instead of in the spatially accurate gaze motor-system (see dashed box in Fig. 3.12A). 
Thus, we propose that (reafferent) motor input acts at a sensory level where sounds 
are still tonotopically, rather than topographically represented. 

Tonotopic representations are found throughout the auditory system (Irvine 1986; 
Popper and Fay 1992). A topographic map of auditory space has so far been shown 
to exist in the barn owl inferior colliculus (Knudsen and Konishi 1978), and in the 
superior colliculus of a number of mammalian species (cats: Middlebrooks and Knud
sen 1984; ferrets: King and Hutchings 1987 guinea pig: King and Palmer 1983). 
Superior colliculus neurons in monkey (Jay and Sparks 1984, 1987) and cat (Peck et 
al. 1995), change their auditory receptive fields with eye position, suggesting that the 
head-centered coordinates of the auditory target are transformed into oculocentric 
coordinates. Note, however, that the latter does not account for the spatial accuracy 
of auditory-evoked saccades, as demonstrated by the gaze double-step experiments. 
Up to now, it is not known whether an explicit auditory representation in spatial 
coordinates exists. 

For adequate two-dimensional sound localization, the human (and monkey) audi
tory system requires a broadband activation of many frequency channels to enable a 
reliable spectral analysis of the pinna-based cues. This is clearly the case for broad
band noise stimuli, which are indeed accurately localized under all conditions tested 
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Figure 3.13 Conceptual Model. Head-centered spectral elevation cues arise from the 
direction-dependent pinna filter functions (HRTFs), and are analyzed at a level where acoustic 
signals are tonotopically represented (Tonotopic Map). Head-position information is proposed 
to act at this acoustic level, and to modulate all frequency channels in a frequency-specific 
manner (indicated by the size of the arrows). The latter may be determined by the reliability of 
a given elevation cue in the HRTFs. The peak-firing rate of auditory neurons in the tonotopic 
array could be influenced by changes in initial head position in a similar way as has been 
found in the visuomotor pathway: Fpk(H) = F0 • (1 + a(/c) • H), with a(fc) a head-position 
gain that depends on the characteristic frequency of the particular cell, and Fo is the peak 
firing rate of the cell at its characteristic frequency when looking straight-ahead (H=0). The 
weighted output of the entire population of cells, rather than any single frequency band, 
contains spatially accurate information that is subsequently used to drive the eye and the 
head toward the acoustic stimulus position. When only one tone is presented, the effective 
population gain of head position will be lower than one. This model is thought to embody 
the dashed box in Fig. 3.12A. Indicated frequencies refer to the tone stimuli applied in this 
study, and the size of each arrow refers the data in Figs. 10 and 11. 

(Figs. 3.4-3.6 and 3.9; Table 3.1 and 3.3A). However, for tones, the spectral cues 

are incomplete and unrelated to the orientation of the head. When head-position is 

accounted for within the auditory system, it may therefore be less surprising that the 

compensation for head orientation is not optimal under these circumstances. The 

idiosyncratic frequency-dependence may also be less surprising if one considers the 

complexity of the HRTFs and their variability among subjects. 

Fig. 3.13 proposes how the tone localization data could be reconciled with the 

tonotopic organization of the auditory system. In this conceptual scheme, the head-

centered spectral cues are processed within the tonotopic auditory map, and head-

position information is assumed t o be distributed over the entire map. The activity 

of the narrow-band cells may be modulated by head position, where the gain of the 

modulation is related to stimulus frequency (represented by different arrow sizes). 

Such modulation could be embodied by a similar mechanism as has been reported 
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for various stages within the visuomotor system, where a cell's peak firing rate is 
modulated by changes in initial eye position (so-called 'gain fields'; e.g. in monkey 
posterior parietal cortex: Zipser and Andersen 1988; in monkey superior colliculus: 
Van Opstal et al. 1995). These cells have been hypothesized to embody the trans
formation of the visual target from an oculocentric (and retinotopic) reference frame 
into a head-centered representation. 

According to the proposal of Fig. 3.13, the spatial representation of the sound 
results from adequate weighting of the activity of the entire population of such audi
tory cells, rather than from any single frequency band. In case of a broadband noise 
stimulus, a large portion of the frequency map contributes to this weighting process, 
and responses are spatially accurate (i.e., full compensation in experiment I, and an 
overall head-position gain of —1 in experiment I I I ) . For tones, however, only a limited 
fraction of the cell population is recruited, resulting in a smaller overall head-position 
influence (i.e., a lower head-position gain, which is frequency dependent). In subject 
JG, for example, 2.0 kHz tones yielded a low head-position gain, which is symbolized 
here by a small synaptic efficacy of the head-position input (thin arrowhead). The 
7.5 kHz stimuli yielded a high gain in this subject, and therefore this frequency band 
receives a stronger head-position input (thick arrowhead). 

Note that this model does not need an explicit topographic neural map of auditory 
space. The spatial signal, implicitly present in the population activity, combined 
with the frequency-specific synaptic weighting patterns, could be directly used for 
controlling the downstream motor systems (see also Van Opstal and Hepp 1995). 

Influence of eye position 

Recently, Lewald and Ehrenstein (1996) reported a frequency-dependent effect of 
static eye position on auditory lateralization (i.e. left-right discrimination of dichotic 
stimuli). It was suggested that this effect could relate to a remapping of the acoustic 
input into oculocentric coordinates. In view of our present results, one should consider 
an alternative explanation. Several studies report that there is a relation between eye 
position in the orbit and neck-muscle activity (e.g. Andre-Deshays et al. 1988; 
Lestienne et al. 1984; Vidal et al. 1982). It is conceivable therefore, that eye 
position may systematically influence proprioceptive head-position information. Since 
a head position signal is clearly used by the auditory system, an effect of (initial) 
eye position on sound localization may come about in an indirect way. The idea 
that neck proprioception is indeed important in spatial perception is supported by 
studies showing that vibration of neck muscles affects the perceived "straight ahead" 
direction, as well as visual orienting behavior (e.g. Karnath et al. 1994; Roll et al. 
1991). 
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Spatial orienting and calibration 

In conclusion, our data suggest a possible role for head-position information in the 
spatial representation of auditory targets. Such a sensorimotor transformation could 
be of benefit when the acoustic signal is used for controlling orienting movements 
of not only the eye and head, but also of other motor systems, such as the body 
and limbs. If similar mechanisms would also apply to other sensorimotor systems, a 
unified spatial representation could greatly simplify navigation and orienting within 
multimodal environments. 

Another possible role for a head-position signal within the auditory system could 
be related to the need for an adequate and continuous calibration of the acoustic 
localization cues (both the spectral cues for sound elevation, as well as the binaural 
difference cues for azimuth detection). It has been shown that the visual system plays 
an important role in training the auditory localization system of young barn owls 
(Knudsen and Knudsen 1985), and in the formation of the collicular auditory space 
maps of neonate ferrets (King et al. 1988) and guinea pigs (Withington-Wray et 
al. 1990). At present, it is unknown which sensorimotor systems may be involved in 
calibrating the human auditory localization system. Indeed, for spectrally rich sounds 
and sufficiently long stimulus durations, head movements could also provide accurate 
spatial information about the target, which the auditory system could use to update 
its current internal representations. Such a mechanism may be particularly useful for 
the periphery (where visual spatial resolution is relatively poor) and for rear acoustic 
stimuli or in darkness (when vision is not possible). 
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Chapter 4 

Local feedback signals are not 
distorted by prior eye movements: 
Evidence from visually evoked 
double saccades 

4.1 Introduction 

It is commonly assumed that saccadic eye movements are driven by a neural feedback 
circuit in which a desired eye movement is compared with an internal representation 
(efference copy) of the actual movement. In this way, it can be readily understood 
that saccades remain accurate, in the absence of visual feedback, despite considerable 
variability in their kinematics (Jürgens et al. 1981). Controversy exists, however, on 
the nature of the involved signals. 

In Robinson's classical model of the saccadic burst generator (Robinson 1975)(see 
Fig. 4.1A), desired eye position (DP) is compared with an internal feedback signal 
that represents current eye position (efference copy; EP). This comparison yields a 
dynamic motor error signal (ME; ME=DP-EP) that drives the burst generator until 
the eyes reach the desired end position (ME=0). Current eye position is derived from 
the eye position integrator (N1) by temporal integration of eye velocity (E). The latter 
is produced by the brainstem saccadic burst generator. 

More recent displacement models (Jürgens et al. 1981; Scudder 1988; see 
Fig. 4.1B), however, assume that a desired eye displacement signal, presumably em
anating from the superior colliculus (SC), drives the hypothesized feedback loop. In 
these models, dynamic motor error is obtained by comparing this desired eye displace
ment (DD) with an efference copy of the actual eye displacement (ED; ME=DD-ED). 

Adapted from: Goossens and Van Opstal (1997) J. Neurophysiol., 78:533-538. 
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Figure 4.1 A: Simplified diagram of Robinson's eye position feedback model (Robinson 
1975). B: Displacement feedback model adapted from Jürgens et al. (1981). Symbols: NI, 
eye position integrator; DI, eye displacement integrator (with reset signal); DP, desired eye 
position (re. to the head); DD, desired eye displacement; EP, current eye position (efference 
copy); ED, current eye displacement (efference copy); ME, dynamic motor error; E, eye 
velocity. 

The latter signal is generated by a displacement integrator (DI). This so-called reset-
table integrator integrates eye velocity, just like the position integrator, but needs to 
be reset to zero after each saccade. 

So far, it has been difficult to experimentally dissociate the two classes of models. 
Recently, however, Nichols and Sparks (1995) noted that the existence of a neural 
displacement integrator in the feedback pathway may be revealed if it resets gradually 
(Jürgens et al. 1981), rather than instantaneously (Scudder 1988). In that case, it 
is predicted that saccades are influenced by preceding eye movements when there is 
insufficient time for a complete reset. Depending on its initial state, the DI would 
produce an erroneous feedback signal of current eye displacement, causing a mismatch 
between desired and actual eye displacement. If so, systematic changes in the resulting 
saccade metrics as a function of the intersaccadic interval (ISI) are expected. 

Indeed, when the monkey SC was electrically stimulated immediately after a visu
ally evoked saccade, the vector of the induced eye movements systematically deviated 
from the fixed-vector control saccade (Nichols and Sparks 1995; Kustov and Robin
son 1995). This behavior was consistent with the predictions of the displacement 
model, assuming a gradual resetting DI in the feedback loop (reset time constant 
~45 ms). It was argued that these findings refute Robinson's model, which predicts 
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no time-dependent interactions between two successive saccades. 
If the observed effects on saccades are truly caused by a gradual resetting DI, 

similar effects should be expected when subjects make naturally evoked sequential 
eye movements. After all, the DI is assumed to be part of the local feedback loop 
that controls the execution of saccadic eye movements, irrespective of how they are 
evoked. 

To our knowledge, there are no reports in the oculomotor literature which indeed 
describe such time-dependent behavior under natural conditions. In fact, observations 
by Becker and Jürgens (1979; humans subjects) suggest that the second saccade in 
a visual double-step paradigm remains quite accurate, even when the intersaccadic 
interval is very short. However, these data were not presented in a quantitative form, 
making it difficult to infer to what extent their results contrast with the aforementioned 
neurophysiological data. We therefore decided to investigate oculomotor performance 
of human subjects during short-interval saccade sequences in more detail. 

To that end, visual double-step stimuli were presented that frequently evoked two 
saccades in rapid succession. Saccades were also elicited by single, visual targets, 
randomly presented in the visuomotor field. A peculiar consequence of the "gradual-
reset" hypothesis is that correction saccades, often occurring in the latter paradigm, 
would not be corrective when made briefly after the primary saccade. 

The aim of the present experiments was to test the properties of the local feedback 
circuit rather than the programming of double-step saccades. Our goal thus contrasts 
with the seminal double-step experiments by Hallett and Lightstone (1976) and Mays 
and Sparks (1980). These experiments indicated that both retinal- and extra-retinal 
signals are used to make accurate saccades. How these signals are combined, and 
which extra-retinal signals are involved (eye position or eye displacement), is still a 
matter of debate (see e.g. Goldberg and Bruce 1990; Schlag et al. 1994). Neverthe
less, if there is indeed a time dependent flaw in the control of the burst generator, as 
proposed by the gradual reset hypothesis, it is expected that any saccade triggered 
briefly after a preceding saccade will be affected, regardless of how it was prepared. 

Note, however, that motor performance is quantified by measuring saccade accu
racy (see Methods). It was therefore necessary to assure that subjects could localize 
the targets very well. After all, if systematic errors are indeed encountered, they should 
result from properties of the proposed eye-displacement integrator, rather than from 
mechanisms involved in saccade preparation. For this reason, subjects were tested with 
stimuli in which the (final) target remained present throughout the entire response. 

4.2 Methods 

Setup 

Subjects (head fixed) faced a spherical LED screen (radius 85 cm) in an otherwise completely 
dark room. 2-D search coil signals were amplified, filtered (low-pass, 150 Hz), and sampled 
at 500 Hz per channel. 
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Subjects 

All subjects ( N = 5 ) were accustomed to wearing search coils and were informed about the 
purpose of this investigation. 

Double-step paradigm 

According to the gradual-reset hypothesis, the largest effects on saccade metrics are obtained 
at 1) the shortest ISIs in combination with 2) large primary saccades (see below, Eqn. 4.1). 
To elicit large primary saccades, an eccentric fixation spot (F) was initially presented for a 
random period of 800-1600 ms at 35 deg to the left of the center. Subsequently, two targets 
( T l and T2) were presented in rapid succession on the horizontal meridian. Subjects were 
required to follow both targets as fast as possible. 

Two different stimulus configurations were randomly offered in each session. The applied 
configurations ([F,T1,T2]) were either I) [-35,0,-1-9] deg and [-35,-1-5,-1-14] deg (i.e. second 
target jump Δ Τ = 9 deg), or I I) [-35Д+14] deg and [-35,+5,+20] deg ΔΤ«14 deg). In 
this way, a large number (N>300) of comparable responses could be elicited within a single 
recording session of about 35 min. 

To reduce saccade latencies, a gap was included between F-offset and Tl-onset (50-
100 ms) and between Tl-offset and T2-onset (50-80 ms). T l was flashed for 10-40 ms, 
whereas T2 remained visible for 600 ms. The intensity of the stimuli was 0.20 cd/m2. 

The precise timing of the stimulus events was adjusted to each subject's behavior. This 
was necessary, first, to ensure that T2 was present before the primary saccade started (by 
about 50-200 ms), and second, to minimize saccade averaging effects (Becker and Jürgens 
1979; Ottes et al. 1984). Note that T2 was still visible at the end of the second saccade. In 
this way, the saccadic system could use all possible information to prepare the second saccade 
toward T2 as accurately as possible (see Introduction). 

To probe for the occurrence of predictive responses, a small number (10%) of single-step 
catch trials were randomly interleaved with the double-step stimuli. In these catch trials, only 
one peripheral target was presented at either the location of T l or T2. 

To be able to compare the accuracy of the saccades in the double-step sequence with 
saccades to single targets presented in isolation, single-target control stimuli were presented 
in a separate block of trials. This block consisted of target steps from F to T l , F to T2, and 
T l to T2, respectively. 

Single-step paradigm 

Subjects were asked to make saccades from the straight-ahead fixation spot to a randomly 
selected peripheral target LED which was visible for 900 ms. Targets were presented at polar 
coordinates R e [2,5,9,14,20,27,35] deg, and Φ e [0,30,60. ..330] deg. Thus, the total 
set consisted of 84 different stimulus configurations. 

Data analysis 

Saccades were detected off-line with a computer algorithm that used separate velocity and 
mean acceleration criteria for saccade onsets and offsets. All saccade markings were visually 
inspected and corrected, if necessary. 

The initial and final eye positions were determined for each saccade vector. From these, 
the horizontal and vertical eye-displacement components were calculated. For each second 
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saccade, the difference between its end position and final target location (saccade error) 
was computed, as well as the difference between initial eye position and final target location 
(initial motor error). This procedure was performed separately for horizontal and vertical eye-
movement components. The intersaccadic interval (ISI) was defined as the time difference 
between the offset of the first saccade and onset of the second saccade. 

If the displacement integrator is reset gradually, it is predicted that the horizontal/vertical 
error remaining after the second saccade is a function of the horizontal/vertical displacement 
component of the primary saccade vector and the ISI according to (Nichols and Sparks 1995; 
Kustov and Robinson 1995): 

E2 = - S l - e x p ( - I S I / r ) (4.1) 

where E2 is the saccade error (E2<0: saccade ends leftward/downward from the target), SI 
is the displacement component of the primary saccade vector (right/up positive, left/down 
negative), and r (ms) is the reset time constant of the putative DI. In the model predictions, 
presented below, the value of the time constant was fixed at r = 40 ms, which is on the low 
end of the values determined in the SC stimulation experiments. 

4.3 Results 

Fig. 4.2 displays a number of superimposed double-step responses, aligned with the 

offset of the primary saccade. If the execution of saccades is indeed influenced by 

preceding eye movements (see Introduction), systematic, interval-dependent errors 

should occur in the second saccades. In our double-step paradigm, these saccades 

should become increasingly hypometric at short ISIs, and even reverse in direction at 

very short ISIs (i.e. about 50 ms or less, see Eqn. 4.1). 

Note, however, that the second saccade always ends near the second target, T2, 

even though the ISIs are short (40<ISI<150 ms), and the preceding eye movements 
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are large (34<S1<42 deg). Reversals in saccade direction were never observed in 
double-step trials. Notice also the systematic overshoots (in reference to T l ) of the 
primary saccades, which is presumably due to saccade averaging (Becker and Jürgens 
1979; Ottes et al. 1984). 

Fig. 4.3 depicts the results of a double-step experiment for two of our subjects. 
Panels A and В show the distributions of the observed intersaccadic intervals. Note, 
that both subjects made a substantial number of responses with very brief (<100 ms) 
ISIs. Of all subjects, JO was the only subject without such short-interval responses in 
the double-step paradigm. For this reason, the data from subject JO were excluded 
from the model-based analysis presented below. 

Fig. 4.3, С and D, show the measured error of second saccades as a function of 
ISI. The solid curves (labeled "model") represent the predicted influence of the mean 
primary saccade according to the gradual-reset hypothesis (see Methods, Eqn. 4.1). 
Note that there is a clear discrepancy between the measured errors and the predicted 
errors, and that the actual errors scatter around zero. The latter indicates that there 
are in fact no systematic errors as a function of ISI. One may observe, however, that 
there appeared to be a slight increase in the variability of the errors at short ISIs (see 
Discussion). 

In Fig. 4.3, E and F, the amplitude of second saccades is plotted versus their 
initial motor error. Notice the good correlation between amplitude and motor error, 
indicating that saccade accuracy was achieved by taking the variability in the primary 
saccade into account. 

Fig. 4.4, top, summarize the results of each of the two double-step series (A: 
Δ Τ = 9 deg and Β: ΔΤ=14 deg), by showing the pooled data of all subjects. In these 
plots, the difference between the measured and predicted errors (residue) is plotted as a 
function of ISI. So, correct predictions of the model should fall on the horizontal dotted 
line ('model·, zero residue). To account for the influence of the primary saccade, error 
predictions (Eqn. 4.1, r=40 ms) were made for each individual response. Notice that 
there is a substantial and systematic deviation between measured and predicted errors 
at short ISIs. 

To test whether the data presented above have a more general validity, we also 
analyzed the corrective responses elicited by single visual targets presented at 84 
random locations in the frontal plane (see Methods). We observed, that the delay 
between primary and corrective saccade can be very short (ISIs down to 20 ms were 
obtained), without affecting the accuracy of the correction saccade. This may be 
verified from Fig. 4.4 where the measured (o) horizontal (C) and vertical errors (D) 
of secondary eye movements are plotted versus ISI. 

To show that the gradual-reset hypothesis indeed predicts an influence on the 
saccade accuracy, the predicted errors according to Eqn. 4.1 are also indicated ( · ) . 
Note, that predicted errors scatter widely for ISIs below 100 ms, and do not follow 
a single curve. Both features are due to the substantial variation in amplitude and 
direction of the primary saccades (see Eqn. 4.1). 



Results 97 

Subject JG Subject PH 

-20 
0 50 100 150 200 
INTERSACCADIC INTERVAL (ms) 

0 5 10 15 
MOTOR-ERROR S2 (deg) 

0 50 100 150 200 
INTERSACCADIC INTERVAL (ms) 

0 5 10 15 
MOTOR-ERROR S2 (deg) 

Figure 4.3 Results of a representative double-step experiment for two different subjects 

([F,Tl,T2]=[-35,0,+9] deg). Α - B : Distribution of ISIs. The number of responses with short 

ISIs (<100 ms) was N=104 (20%) and N=47 (17%) in A and B, respectively. Binwidth 

5 ms. C - D : Horizontal error of secondary saccades (in relation to T2) as a function of ISI. 

Preceding eye movements varied between 30 and 45 deg. Solid curve: predicted error as a 

result of mean preceding saccade amplitude (40 deg in C; 38 deg in D), assuming an eye 

displacement integrator with a reset time constant of τ=40 ms. Dashed horizontal lines: 

μ ± σ of control saccades from Tl to T2. Ε-F: Horizontal component amplitude of 2nd 

saccades versus their initial horizontal motor error. Correlation coefficients were 0.91 and 

0.87 in E and F, respectively. 
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Figure 4.4 Top: Difference between actual and predicted horizontal error of second saccades 
(residue) as a function oflSI. Pooled data from all subjects, except JO. Α: Δ T=9 deg double-
step configurations (N=1524). B: AT=14 deg (N=1547). The mean residue, determined in 
5 ms bins, was different from zero (t-test, P<0.001) for ISIs up to 160 ms and 135 ms in A and 
B, respectively. Bottom: Errors of correction saccades after primary saccades to single-step 
visual targets. Pooled data of four experiments (subject JG). C: Actual (o) and predicted 
(·) horizontal component errors as a function of ISI (0.02±0.58 deg, μ ± σ, N=271). D: 
Vertical component errors (μ ± σ: 0.03±0.61 deg). Measured and predicted two-dimensional 
error distributions were significantly different (Kolmogorov-Smirnov test, P<0.001). Error 
predictions were made for each individual response (τ=40 ms, Eqn. 4.1). 

4.4 Discussion 

The results of our behavioral experiments demonstrate that the metrics of visually 

evoked saccades are not systematically affected by preceding eye movements, re

gardless of the intersaccadic interval. These results corroborate earlier qualitative 

observations by Becker and Jürgens (1979). 
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Our data are equally well predicted by Robinson's position feedback model (Robin
son 1975)(Fig. 4.1A) and more recent displacement models (Jürgens et al. 1981; 
Scudder 1988) (Fig. 4.1B), provided that the reset of the displacement integrator is 
close to instantaneous (estimated time constant <10 ms). They are inconsistent, 
however, with the gradual-reset hypothesis (Nichols and Sparks 1995; Kustov and 
Robinson 1995), which assumes that the putative DI is endowed with a considerable 
reset time constant. 

Although second saccades were quite accurate, they were not entirely invariant 
with regard to the intersaccadic interval. As may be observed in Figs. 4.3 and 4.4, С 
and D, the variability in the errors of second saccades was slightly larger at very short 
ISIs. 

A possible explanation for this may lie in properties of the visual system, rather 
than in the premotor system. In the double-step experiments, the initial retinal error 
of the second target varied between 44 and 55 deg. This initially imposes a sub
stantial uncertainty in target position, due to the relatively poor spatial resolution of 
the peripheral retina. This can affect the accuracy of second saccades if they are 
preprogrammed on the basis of this early visual input. 

Becker and Fuchs (1969) proposed that correction saccades might be part of a 
preprogrammed package of two movements, because they observed that the latencies 
of these saccades were far less (~130 ms) than the primary saccades (~230 ms). 
Indeed, such a strategy may well explain why very short ISIs could be obtained in 
both the single- and the double-step paradigm. 

Because of the predictability of saccade direction in the double-step jumps, sub
jects could also use a predictive strategy to generate two saccades in rapid succession. 
This strategy may offer an additional explanation for the slightly diminished accuracy 
at short ISIs. After all, a predictive response is not necessarily the correct, accurate 
response when there are two potential targets (see Methods). In a few experiments, it 
could be confirmed that prediction indeed occurred, because in catch trials the second 
saccade was occasionally directed in the wrong direction (i.e., away from the target; 
data not shown). 

Note, however, that it is of no concern to the interpretation of our results whether 
or not the responses were predictive. Even in the case that the saccadic system could 
fully pre-program the two responses, the gradual-reset hypothesis would still predict 
the same effects as in Eqn. 4.1. 

It is important to realize that the preprogramming of an accurate second saccade 
would be far from trivial if the properties of a gradual resetting DI have to be ac
counted for as well. In that case, the saccadic system would have to 1) anticipate 
the intersaccadic interval, 2) predict the state of the DI after the intended primary 
saccade, and then 3) pre-program a motor command for the second saccade which 
has to be substantially different from the actual required movement. In fact, even 
oppositely directed saccades should have to be preprogrammed under certain condi
tions. Although this possibility cannot be ruled out absolutely on the basis of the 
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present behavioral data, we consider the existence of such a mechanism to be highly 
unlikely. 

Indeed, when a complex strategy like this would be needed to compensate for 
the reset properties of the DI under natural conditions (e.g., to make correction sac-
cades), the functional significance of such an integrator in the feedback loop remains 
obscure. Nevertheless, such a mechanism could reconcile our data with the SC stim
ulation experiments. In the latter experiments, the second saccade is imposed by the 
experimenters, so that the saccadic system was unable to incorporate the time course 
of the reset. 

Behavioral double-step experiments by Dassonville et al. (1992) have shown that 
systematic localization errors may occur when targets are flashed near the onset of a 
saccade. It was suggested that a sluggish, low-pass-filtered internal representation of 
eye position (time constant ~50 ms) could underlie this phenomenon. Nichols and 
Sparks (1995) assumed that the SC encodes the desired eye displacement (DD in 
Fig. 4.IB). In a slightly extended Robinson model, however, this collicular displace
ment signal and a sluggish eye position signal could be summed to obtain the desired 
eye position (DP in Fig. 4.1A). This alternative hypothesis could equally well explain 
the neurophysiological data (Nichols and Sparks 1995; Kustov and Robinson 1995). 

Note, however, that this alternative model would also predict systematic ISI ef
fects in our experiments. After all, immediately after the first saccade the internal 
representation of current eye position would be lagging the actual eye position, caus
ing errors in the conversion of the second saccade vector into the desired eye position. 
Like in the gradual-reset model, it is not immediately obvious how pre-programming 
of the saccade vectors could avoid the errors introduced by the feedback dynamics. 

The remarkable discrepancy between our behavioral data and the electrical stim
ulation data is difficult to interpret when it is assumed that postsaccadic microstim
ulation imposes an activity pattern in the SC that is identical to the natural behavior 
(Nichols and Sparks 1995, 1996; Kustov and Robinson 1995). 

Interestingly, a similar discrepancy between SC stimulation data and behavioral 
data is observed in saccade adaptation paradigms. When the metrics of saccadic eye 
movements are adapted in a visual short-term adaptation paradigm, saccades subse
quently evoked by microstimulation in the SC remain unadapted (FitzGibbon et al. 
1986; Melis and van Gisbergen 1996). Nevertheless, during adaptation the SC activ
ity always conforms to the desired displacement vector, although the actual saccade 
vector changes continuously (Frens and Van Opstal 1997). It has been suggested 
that the involvement of the cerebellum, which is known to be important for saccade 
plasticity, may be different for the two paradigms (FitzGibbon et al. 1986). 

Apparently, both in the double-step paradigms (this chapter; Nichols and Sparks 
1995; Kustov and Robinson 1995) and in the adaptation paradigms (FitzGibbon et al. 
1986; Melis and van Gisbergen 1996) there is a distinct difference between saccades 
elicited by visual stimuli and those evoked by microstimulation in the SC. Perhaps 
the spatio-temporal activation patterns in the SC induced by microstimulation are 
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unsuitable to elicit appropriate cerebellar contributions to the brainstem saccadic burst 
generator. 

Another possibility is that microstimulation of the SC interferes with the natural 
processes that determine the initiation and termination of saccades (Muñoz and Wurtz 
1993) and that electrical stimulation is therefore unable to induce a timely reset of 
the displacement integrator. 

Of course, the role of the SC is an uncertain factor in our experiments. So far, 
however, there is no evidence indicating that the SC is not involved in the generation 
of both the first and the second saccade. Moreover, we noted that the kinematics 
of the second saccades belonged to the same main-sequence as the primary goal-
directed control saccades, irrespective of the ISI, which argues against the involvement 
of different subsystems during first and second saccade generation. Note, however, 
that for the present discussion it is of no concern which subsystems may actually be 
involved, as they all have to converge upon the final common pathway embodied by 
the saccadic burst generator. 

We conclude that the efference copy signals involved in the feedback control of 
the saccadic burst generator reflect eye position and/or eye displacement accurately, 
irrespective of preceding eye movements. 
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Chapter 5 

Involvement of monkey superior 
colliculus in the generation of 
rapid double-step saccades. 

5.1 Introduction 

Models of the saccadic oculomotor system propose that retinotopic visual informa
tion is combined with extraretinal feedback signals to program and execute spatially 
accurate saccades (e.g. Robinson 1975; Jürgens et al. 1981; Goldberg and Bruce 
1990). Indeed, changes in eye position are accounted for, in the absence of visual 
feedback, when saccades are made to flashed visual targets (Hallett and Lightstone 
1976; Mays and Sparks 1980b). Moreover, saccades remain accurate, despite consid
erable variability in their kinematics (Jürgens et al. 1981), or when briefly interrupted 
by electrical stimulation of the omnipause neuron (OPN) region (e.g. Keller and 
Edelman 1994). The latter observations are commonly considered as strong evidence 
for the idea that the saccade trajectory is controlled by error feedback from efferent 
sources. 

Models of the saccadic burst generator 

The theoretical concept of internal feedback in the saccadic system was first provided 
by Robinson (1975). In his classical model of the brainstem saccadic burst generator 
(Fig. 5.1A), a desired eye position command in orbital coordinates (H) is continuously 
compared with an internal representation of the current eye position (efference copy, 
e) (Robinson 1975; see legend Fig. 5.1 for further explanation). 

However, a problem with that model was the lack of neurophysiological evidence 
for the desired eye position signal. Furthermore, the deep layers of the superior collicu-

Adapted from: Goossens and Van Opstal (1998) In preparation. 
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В 

Figure 5.1 A: Robinson's classics! position-feedback model (1975). A desired eye position 
command in head-centered coordinates (H) is computed from the initial retinal error (RE) 
and an internal representation of the initial eye position (et). During saccade execution, this 
desired eye position is continuously compared with current eye-position (e) yielding a dynamic 
motor-error signal (me) that drives the saccadic burst generator until the eyes reach the 
target. Note that the eye-position signal, e, is derived from a neural position integrator (N1) 
that integrates the burst generator's eye velocity signal (è). Saccade initiation and termination 
is mediated via the omnipause neurons (Pause). B: Retinocentric model adapted from Jürgens 
et al. (1981) and Goldburg and Bruce (1990). In this model, the initial retinal error signal 
(RE) is updated by subtracting an intervening eye displacement (AeJ. The saccade trajectory 
is controlled by comparing the desired eye displacement command (ΔΕ), carried by the deep 
SC, with the current eye displacement signal (Ae). The latter is derived from a so-called 
resettable neural integrator, or eye displacement integrator (DI), which must be reset to zero 
after each saccade. 

lus (SC), which were known to provide a direct input to the burst generator, seemed 

to encode a desired eye displacement signal ("fixed-vector motor error command"), 

rather than a head-centered eye position command (Robinson 1972). Indeed, most 

stimulation- and recording studies (Robinson 1972; Mcllwain 1982; Mays and Sparks 

1980a; Ottes et al. 1986; Lee et al. 1988) have so far indicated that the deep SC 
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embodies a topographically organized motor map in which the population of cells 
that is recruited for a particular saccade is restricted to a specific location. A given 
locus in the motor map thus encodes the amplitude and direction of the ensuing eye 
movement, irrespective of the initial position of the eyes in the orbit. 

More recent displacement models have proposed, therefore, that a desired eye 
displacement command (ΔΕ), emanating from the SC, drives the hypothetical brain
stem feedback circuit (e.g. Jürgens et al. 1981; Scudder 1988; see also Fig. 5.IB). 
However, in order to work correctly, these displacement models must assume that 
the feedback pathway (now carrying a current eye displacement signal, Ae) contains 
a so-called resettable eye-displacement integrator (DI). This hypothetical integrator 
must be reset to zero after each saccade ('Reset' signal in Fig. 5.IB). 

Collicular microstimulation 

In an attempt to clarify the nature of the signal generated by the SC, Schlag and col
leagues electrically stimulated the SC during saccades (colliding saccade paradigm) 
(Schlag and Schlag-Rey 1987; Schlag-Rey et al. 1989; Schlag et al. 1989). They hy
pothesized that if a stimulation site carries a motor-error signal (ΔΕ in Fig. 5.IB), the 
evoked saccades should have a fixed amplitude and direction. In contrast, saccades 
evoked at a site encoding a retinal-error signal (RE in Fig. 5.1A.B) should compen
sate for the changes in eye position that occur during the latency period following the 
stimulation. Saccades of the latter type were obtained in the superficial and inter
mediate layers of the SC, while fixed-vector saccades were obtained exclusively in the 
deep layers (Schlag-Rey et al. 1989). 

More recently, Nichols and Sparks (1995), and Kustov and Robinson (1995) used 
a slightly different approach. In their experiments, the monkey SC was stimulated 
immediately after a visually guided saccade. It was argued that the burst generator 
would be unable to accurately execute a collicular displacement command if the reset 
of the putative displacement integrator (see above, Fig. 5.IB) is still incomplete when 
this command arrives. This should be the case if the integrator resets gradually, rather 
than instantaneously (Jürgens et al. 1981). If so, the displacement model predicts that 
the amplitude and direction of stimulation-evoked saccades systematically depend on 
the postsaccade stimulation interval. Indeed, the data of Nichols and Sparks (1995) 
and Kustov and Robinson (1995) were consistent with the hypothesis that efferent 
feedback comes from an eye-displacement integrator that is gradually reset with a 
time constant of about 45 ms ('Reset' signal in Fig. 5.IB). 

Double-step saccades: behavior 

We recently tested this hypothesis in human subjects by eliciting visual double-step 
saccades in rapid succession (Goossens and van Opstal 1997; Chapter 4). We reasoned 
that, if the stimulation effects are indeed due to the feedback dynamics of the burst 
generator (inner loop in Fig. 5.IB), visually evoked double-step saccades should be 
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affected likewise. That is, when the intersaccadic interval (ISI) is shorter than the 
integrator's reset period, the second saccade should become inaccurate due to an 
erroneous feedback signal. Moreover, the error should equal the value that was left on 
the integrator at the start of the second movement. According to the 'gradual-reset' 
model, one would therefore expect systematic, interval-dependent saccade errors. 

However, in contrast to the microstimulation experiments, the data showed that 
the accuracy of visually evoked saccades was not systematically affected by preceding 
eye movements, regardless of the ISI. Hence, there appears to be a remarkable dis
crepancy between the results of collicular microstimulation and behavioral double-step 
experiments. The present study is motivated by this discrepancy. 

Double-step saccades: cell recordings 

Important experiments that provided, in part, the rationale for the present study 
were undertaken by Mays and Sparks (1980a) and Sparks and Porter (1983). In 
their studies, activity of saccade-related burst neurons (SRBNs) in the intermediate 
and deep layers of the SC was recorded while monkeys performed a double-saccade 
task. In single-saccade tasks, these neurons are recruited with an intense burst of 
action potentials just prior to and during saccades that are directed toward a limited 
region of the visual field (the cell's movement field; for review, see e.g. Sparks 
and Hartwich-Young 1989). Using the double-saccade task, it was found that these 
neurons also discharged for a second saccade whenever this movement was into their 
movement field (MF), even though the stimulus that evoked the second saccade never 
appeared in their receptive field (RF) (Mays and Sparks 1980a; Sparks and Porter 
1983). Moreover, when the second target was flashed inside the RF, the neurons 
showed no response for the second saccade if it fell outside the MF (Mays and Sparks 
1980a). Hence, it appeared that these neurons encode the motor-error coordinates of 
the ensuing saccade. 

Based on these findings, we had implicitly assumed in our previous study (Goossens 
and Van Opstal 1997; Chapter 4) that the SC is similarly involved in the generation 
of both primary and secondary saccades by encoding the actual motor-error of each 
movement, regardless of the ISI. The difference between the stimulation- and be
havioral data is not readily understood, however, if it is assumed that postsaccadic 
stimulation elicits activation patterns in the SC that are identical to those under nat
ural conditions. As will be explained below, the two data sets could be reconciled 
when the saccadic program changes with a certain dynamics during visually guided 
double-steps. Therefore, to characterize the SC activity patterns in more detail than 
has been done so far, we set out to record single-unit activity of SRBNs in the monkey 
SC during rapid, visually-evoked double-step saccades. 
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Dynamic programming hypothesis 

In particular, we considered the interesting hypothesis that the programming stage of 
the visuomotor pathway (upstream from the deep SC) and the brainstem feedback 
loop (downstream from the SC) are endowed with similar dynamics (Nichols and 
Sparks, pers. commun.). 

According to the displacement models, the saccadic system combines the retinal 
input with the coordinates of an intervening saccade in order to program the next 
saccade of a sequence (see Fig. 5.IB, first summing junction). This mechanism has 
been postulated for the Frontal Eye Fields (FEF) (Goldberg and Bruce 1990) and 
the SC (Moschovakis et al. 1988). It is conceivable, however, that this visuomotor 
remapping process is endowed with a dynamics of its own. Dassonville et al. (1992a), 
for example, proposed that the involved feedback signal (Ae¿) may be a low-pass 
filtered representation of the actual eye displacement. If so, double steps with very 
short ISIs would become inaccurate (update must occur with each saccade), unless the 
brainstem feedback dynamics are precisely matched to the dynamics of the remapping 
process. In that case, visually evoked saccades would still be accurate, regardless of 
the ISI. Since microstimulation of the motor SC presumably bypasses the visuomotor 
programming stage, only the dynamics of the downstream feedback loop would be 
revealed. 

Thus, according to this 'dynamic' model (see Fig. 5.2), the saccadic program 
for the second movement would initially equal the retinal-error coordinates of the 
second target (RE), and it would gradually change during the decay period of the 
displacement integrator until it equals the oculocentric, motor-error coordinates of the 
desired second saccade (Δε). If true, the collicular motor command should change 
systematically as a function of ISI. More specifically, the SC output signal should 
always equal the sum of the desired second saccade and the postsaccadic value of 
the displacement integrator. In this way, the resulting second saccade always ends 
on target, simply because the remaining value on the integrator is again subtracted 
from the collicular command at the brainstem. Yet, depending on the ISI, different 
populations of SRBNs in the collicular motor map will be recruited. 

Fig. 5.2 exemplifies these predictions for the simple case of two consecutive 10 deg 
rightward saccades (SI and S2; Fig. 5.2A). As depicted in the right-hand scheme of 
Fig. 5.2C, the motor command equals the actual desired eye displacement (S2; 10 deg 
rightward) when the ISIs are long (i.e. reset completed). Therefore, cells at site I 
in the left SC should be recruited for both the first and the second saccade (Mays 
and Sparks 1980a; Sparks and Porter 1983). However, when the ISI is close to 
zero (left-hand scheme), the postsaccadic value of the displacement integrator (SI') 
still equals the first 10 deg rightward response (SI). Hence, to generate the second 
10 deg rightward saccade, the motor command should equal that of a 10+10=20 deg 
movement to the right. Therefore, neurons at site I I , which are normally recruited for 
a single 20 deg rightward saccade, should now be recruited. I.e., the motor command 
would equal that of the initial retinal-error coordinates of the second target. 
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From these two extremes, one may readily derive that the locus of maximal activity 

should gradually shift on the SC motor map as a function of ISI. Two predictions follow 

from this: 

1) Recordings from a neuron at site I should show a systematic change in their 
saccade-related activity as a function of ISI. 

2) Recordings from a neuron at site I I should reveal saccade-related activity for the 
second saccades at brief ISIs, even though the neuron would never be recruited 
for the same movement in single-saccade or long-interval conditions. 

In contrast, the 'static' model (Fig. 5.2B), assumes that the collicular motor 
command for the second saccade is independent from preceding eye movements, and 
always equals the actual motor-error coordinates of the second saccade. In this case, 
the SRBNs at site I should always be recruited for both saccades of the double step, 
whereas SRBNs at site I I should remain silent, regardless of the ISI. 
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Figure 5.2 A: Two subsequent rightward saccades (Si and S2) of 10 deg amplitude. Note 
that, due to the intervening first saccade, there is a dissonance between the retinal location of 
the second target (RE=T2=51+S2=20 deg) and the motor-error coordinates of the second 
saccade (ME=T2-S1=S2=10 deg). B: Static model of superior colliculus (SC) activation. 
This model assumes that a SC motor command is accurately executed by the burst generator 
(time constant of reset integrator close to zero), irrespective of preceding eye movements. 
This implies that the recruited population of saccade-related burst neurons (SRBNs) in the 
SC motor map always corresponds to the actual amplitude (R) and direction (Φ) of the 
ensuing saccade, independent of the ISI. Thus, each of the two 10 deg saccades in A will be 
generated by recruiting the same SRBNs at site I, regardless of the ISI. C: Dynamic model 
of SC activation. This model assumes that the SC motor command gradually changes as a 
function of ISI, due to the dynamics of the visuomotor programming stage. Initially, the second 
saccade is programmed in retinal-error coordinates (RE=Sl+S2; i.e. a movement toward the 
second target). Then, after the first saccade, the initial program is updated to yield, after 
a certain period, an oculocentric motor-error command (ME=S2). The resulting second 
saccade will remain accurate for all ISIs, because the reset dynamics of the integrator and the 
dynamics of the visuomotor update process are precisely matched. This implies, however, that 
the SRBN-population that is recruited for the second saccade shifts systematically on the SC 
motor map as a function of the ISI. Thus, when the ISI is close to zero (left-hand scheme), 
SRBNs at site II will be recruited for the second saccade in A, since the saccadic command still 
equals the initial retinal error of 20 deg to the right. The resulting movement is nevertheless a 
10 deg saccade to the right, because the value on the integrator (SI ') still represents the first 
10 deg saccade. At long intervals (right-hand scheme), the integrator is fully reset (S1'=0), 
and the remapping process is complete. Like in the static model (panel B), SRBNs at site I 
will be recruited, since the saccade program now equals the actual motor-error of 10 deg to 
the right. 

Objectives 

Our first objective was t o investigate, also in monkey, the accuracy of short-interval 

double saccades, and t o compare these data with the results obtained with postsac-

cadic microstimulation. 

We also explored the possibility that the reset properties (i.e. its time constant) of 

the feedback integrator might be task-dependent. For example, it is conceivable that 

the postsaccadic reset occurs immediately in case of visually programmed saccade 

sequences, but more gradual when only a single saccade had to be prepared. To test 

this idea, we also stimulated the SC during the ISI of visually evoked double-steps. 

The second objective was to determine whether SC cells are involved in the gen

eration of both saccades, even when the ISIs are very brief. We therefore tested 

whether SRBNs in the SC are recruited twice for two successive saccades into their 

MF. This should reveal whether or not double-steps with very short ISIs are generated 

via an alternative pathway that bypasses the SC (but not the burst generator). Such 

a putative pathway could, for example, embody a direct input from the FEFs to the 

brainstem (Schiller and Sandell 1983). 
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Finally, we tested the predictions of the static and dynamic models outlined in 
Fig. 5.2. To that means, we quantified the saccade-related activity as a function of 
ISI during two different double-step tasks. In the first task, the second saccade was 
always into the MF of the neuron under study. In the second task, the second target 
was presented at the neuron's optimum, but neither the first nor the second saccade 
belonged t o its MF. 

5.2 Methods 

Animal preparation and neurophysiologies! procedures 

Subjects. Two adult male rhesus monkeys {macaca mulatta, weighing 8-9 kg; referred to as 
PJ and ER) participated in these experiments. Both monkeys were trained to follow visual 
targets (LEDs) with saccadic eye movements against small liquid rewards. Records were kept 
of the monkeys' weight and health status and supplemental fruit and water were provided 
as needed. All experimental procedures were conducted in accordance with the European 
Communities Council Directive of November 24, 1986 (86/609/EEC), and were reviewed and 
approved by the local university ethics committee for the use of laboratory animals. 

Surgery. The animals were prepared for chronic neurophysiology experiments in three 
separate operations. Surgery was performed under sterile conditions while the animal was 
under intubation anesthesia with N2O/O2 and ethrane. Heart rate, respiratory rate, and 
body temperature were monitored, and the end-tidal CO2 level was maintained at about 4%. 
First, a head holder was tightly fixed to the skull by embedding eight titanium bone screws 
and four stainless-steel bolts in dental cement. In a second session, a thin gold-plated copper 
ring (diameter about 18 mm; Bour et al. 1984) was implanted underneath the conjunctiva, 
following a method described by Judge et al. (1980). Finally, a stainless steel recording 
chamber (11 mm inner diameter) was stereotaxically implanted over a trepane hole, centered 
over the midline between the two colliculi. In this way, both colliculi could be reached by the 
microelectrodes. 

Single-unit recordings. The activity of single cells in the SC was recorded with glass-coated 
tungsten microelectrodes (0.2-1.2 ΜΩ). The electrode was placed inside a stainless steel guide 
tube and moved downward by a hydraulic stepping motor (Trent Wells). The electrode signal 
was amplified (Bak Electronics, Model A-l), low pass filtered (15 kHz) and monitored on an 
oscilloscope. Action potentials of single units were detected by means of a level detector, 
and discriminated based on their waveform using a real-time decomposition of the first four 
principal components (e.g. Epping and Eggermont 1987). The accepted spike events were 
subsequently fed into a 4-bit counter, and its D.C. output was sampled at a rate of 1 kHz. 
In this way, an accurate spike count is obtained even when the instantaneous firing rate 
transiently exceeds the sampling rate. For some collicular neurons, this occasionally occurs 
during a vigorous burst of saccade-related activity. 

SC localization. Since the monkeys are still engaged in ongoing experiments, histology of 
the penetrations is not available. Yet, we are quite confident that our recordings were from 
neurons in the intermediate and deep layers of the SC. The localization of the SC is based 
on the following criteria: 1) The stereotaxic coordinates of the recording sites corresponded 
closely to the coordinates of the SC as given by Snider and Lee (1961). The size of the area 
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with visual- and saccade-related activity was also in accordance with this atlas. 2) A region 
without action potentials, corresponding to the superior cistern, was often passed before the 
electrode entered the superficial layers of the SC. Usually the upper boundary of the SC was 
readily recognized by the activity of visual neurons with limited RFs and response latencies of 
approximately 70 ms. 3) At deeper locations, clear saccade-related activity was encountered. 
In these layers, electrical stimulation (see below) at low current strengths evoked reproducible 
saccades that corresponded well with the MFs of recorded single units. 4) The topographic 
motor map of the SC (Robinson 1972) could reliably account for the optimal saccade vector in 
subsequent penetrations. 5) After further lowering of the electrode, sustained auditory-evoked 
responses with short latencies, indicative for the inferior colliculus, were often encountered. 

Electrical microstimulation. Sites in the visual and motor layers of the SC of one of the 
monkeys (PJ) were electrically stimulated with trains of negative pulses (Bak Electronics, 
Model BPG-1). Each train lasted 50 ms and had a pulse frequency of 500 Hz. The duration 
of each pulse was 0.5 ms. At each site, the threshold for evoking saccades in darkness was 
determined by gradually increasing the current strength. Once the threshold was determined 
(in motor layers, typically 5-15 μΑ), the current strength was set to a fixed value of 50 μΑ 
(motor layers) or to a value of three times the threshold (visual layers). A saccade was 
considered to be electrically evoked if it started between 14 and 40 ms after the onset of the 
electrical stimulation train. 

Sixteen sites were stimulated. Thirteen sites were located in the motor layers of the left 
(n=7) and the right (n=6) SC. Three sites were located in the superficial visual layers of 
the right SC. The distinction between visual and motor layers was based on the response 
characteristics of single- or multi-units recorded prior to stimulation at the same electrode 
position. 

Setup and experimental procedures 

Experimental conditions. All experiments were performed in a completely dark room. The 
head-restrained monkeys were seated in a primate chair facing an array of 85 LEDs at spherical 
polar coordinates, R e [0,2,5,9,14,20,27,35] deg, and Φ 6 [0,30,60 330] deg. R is the 
eccentricity relative to the straight-ahead viewing direction. Φ=0 deg corresponds to a right-
ward position and Φ=90 deg is upward. The LEDs were mounted on a spherical wire frame 
such that each LED (diameter: 0.2 deg, intensity: 0.3 cd-m - 2 ) was at a viewing distance of 
85 cm. 

Eye position recording. Horizontal and vertical components of the left eye position were 
recorded with the double-magnetic induction technique as described in detail in earlier papers 
from our laboratory (Bour et al. 1984; Ottes et al. 1986). In short, two orthogonal oscillating 
magnetic fields (horizontal 40 kHz and vertical 30 kHz) were generated by large coils attached 
to the walls, ceiling and floor of the room. These fields induced eye-position dependent elec
trical currents in the eye ring, which in turn induced a secondary current in a sensitive pick-up 
coil, placed directly in front of the monkey's eye. An anti-coil, placed at a relatively large dis
tance from the eye («20 cm), electronically cancelled the primary (eye-position independent) 
signal component induced by the magnetic fields. The resulting coil signal was pre-amplified 
and demodulated into horizontal and vertical D.C. eye-position components by two lock-in 
amplifiers (PAR 128A). The resolution of this recording technique was approximately 0.2 deg 
in all directions. 
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Data acquisition and stimulus presentation. Timing of the stimulus events as well as data 
acquisition were controlled by a PC-80486, equipped with a data-acquisition board (Metrabyte 
DAS16) and a digital I/O card (Data Translation 2817). Horizontal and vertical eye position 
signals were amplified, low-pass filtered (150 Hz) and sampled at a rate of 500 Hz per channel. 
Sampling started 400 ms prior to the offset of the initial fixation point and continued for 1.5 s. 

In the stimulation experiments (see below), the SC was stimulated after visually evoked 
saccades. The onset and offset of these saccades were detected by means of an on-line 
saccade-detection algorithm, which calculated the instantaneous eye velocity from an on-line 
calibrated eye position signal. Saccade onsets and offsets were detected when the eye velocity 
first exceeded or dropped below 75 deg/s, respectively. 

Behavioral paradigms 

Standard saccade paradigms. At the beginning of each recording session the MF charac
teristics of an isolated neuron were determined by presenting a series of targets inside and 
neighboring the neuron's response field ('movement field scan'; typically n>100). In each trial, 
an initial fixation spot was presented for a random period of 800-600 ms, immediately followed 
by a pseudo-randomly selected peripheral target which remained lit for another 900 ms. The 
monkeys were rewarded when fixating this target for more than 300 ms. Like in all subsequent 
paradigms, a trial was aborted when the monkey was not looking at the fixation point for the 
required period. 

Two variations of this standard saccade paradigm were used when it was required to obtain 
a better dissociation between visual- and saccade-related activity. In the overlap paradigm, 
the target appeared 100 ms prior to the offset of the fixation point, thereby typically increasing 
saccadic latencies with respect to the target onset (Fischer and Weber 1993). In the flashed 
target paradigm, the peripheral target was only briefly turned on (typical duration 50-100 ms) 
when the fixation point was turned off. In this case, all visual stimuli were extinguished about 
50 ms before the typical saccade onset time (normally 120-180 ms after target appearance). 

Visual double-step paradigms. Once a neuron had been adequately characterized, its ac
tivity was further studied while the monkey performed a double-step task. In this task, the 
animal initially looked at a fixation point (FP). Immediately after two visual targets ( T l and 
T2) had appeared in rapid succession, the monkey was required to look at the position of 
both targets in the same order with two saccadic eye movements (SI and S2). We employed 
two different versions of the double-step paradigm, which are both illustrated in Fig. 5.3. 
The rationale for target configurations in these paradigms is explained in more detail in the 
Introduction (Fig. 5.2). 

In the first version (Fig. 5.ЗА), the two target jumps, FP-T1 and T1-T2, were such that 
the second saccade, S2 (but often both the first and the second saccade), was into the cell's 
MF (shaded area, as derived from single-saccade responses). The second saccade, typically 
from a central LED to an eccentric LED, closely matched the cell's optimal movement vector 
(ME). The directions of the two target jumps in this paradigm usually differed by 30-60 deg 
because this configuration seemed to have a reasonably high probability of eliciting responses 
with short ISIs. Note, that the vectorial sum of the two saccades, S 1 + S 2 Ä R E , falls outside 
the MF. 

In the second version (see Fig. 5.3B), the second target (T2)appeared near the cell's 
optimal location (RE), but neither the first nor the second saccade was appropriate to recruit 
the cell. Moreover, the second target jump was selected such that the second movement was 
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Figure 5.3 Visual double-step 
paradigms. FP, Tl and T2 de
note fixation point, first and sec
ond target, respectively. Solid 
arrows Si and S2 indicate first 
and second saccades. Shaded 
area in A and В represents the 
movement field (MF). A: Double-
saccade task where S2, or both SI 
and S2 were into the cell's MF. 
В: Double-saccade task where T2 
appeared near the optimum of the 
cell but neither SI nor S2 was into 
the cell's MF. С: Stimulus timing 
in both tasks. FP appeared for a 
random period, and when it ex
tinguished, Tl and T2 were pre
sented in rapid succession. Note 
that both Tl and T2 appeared 
prior to the onset of SI. Gap du
rations and stimulus presentation 
times were adjusted to the mon
key's behavior (see Methods for 
details). The intersaccadic inter
val (ISI) was defined as indicated. 

only just outside the cell's MF boundary. In this case, however, the vectorial sum, S 1 + S 2 Ä ; R E , 
coincides with the center of the MF. 

Fig. 5.3C illustrates the timing of the stimulus events. First, the monkey looked at the FP 
for a variable interval of 600-1200 ms after which the FP disappeared. Then, after a period of 
complete darkness ('gap'; 50-100 ms), T l was briefly flashed (10-50 ms), and after a second 
gap (5-100 ms), T2 appeared for an interval of 50-600 ms. Both gaps were introduced in 
order to reduce the saccadic latencies. The animals were also encouraged to follow the two 
stimuli as quickly as possible by immediately rewarding them for looking at each target. 

The precise timing of the stimulus events was adjusted to the monkey's behavior in each 
particular session. This was necessary to minimize saccade averaging effects (see e.g. Ottes 
et al. 1984), and to ensure that T2 was present before the primary saccade started (typically 
by about 50-200 ms). The latter condition was required because possible systematic saccade 
errors should result from the proposed feedback dynamics (see Introduction), rather than from 
a delay in the retinal signals (see also Goossens and Van Opstal 1997; Chapter 4). Adjustment 
of the timing parameters was also needed to increase the probability for short ISIs. Optimal 
timing parameters appeared to differ from session to session, and depended on the spatial 
target configuration (see Results). Note, however, that the latter was primarily dictated by 
the MF characteristics of the neuron under study. A free selection of the target configuration 
was possible only in purely behavioral experiments. 

Single-step controls. In this paradigm, single-unit activity was recorded while the monkeys 
made saccades to single visual targets used in the double saccade task. Immediately after 
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FP offset, a visual target Τ was presented (500 ms), and the monkey was rewarded for rapid 
refixation of this target. Saccades were made from FP to T l , FP to T2, and from T l to T2, 
respectively. Cell responses evoked in the standard saccade tests also served as controls. 

Microstimulation paradigms 

Control stimulation. This paradigm was used to test the reproducibility of saccades evoked 
by microstimulation at the beginning and end of each stimulation experiment. The animal 
fixated a FP for 600-1200 ms. Fifty milliseconds after the FP was switched off, but before 
a spontaneous eye movement would occur, the SC was electrically stimulated to induce a 
saccade. After the stimulation saccade, a visual target appeared at a random location, and 
the monkey was rewarded for refixating this target. The stimulation saccades evoked in this 
paradigm will be referred to as 'fixed-vector control saccades'. 

Postsaccadic stimulation. The postsaccade stimulation paradigm, in which the SC is stimu
lated briefly after a visually guided saccade, has recently been described by Nichols and Sparks 
(1995), and Kustov and Robinson (1995). In short, the monkey made an initial saccade from 
an eccentric FP to the briefly flashed (50 ms) center LED and the SC was subsequently 
stimulated near the offset of this visual saccade (see Fig. 5.4A). The stimulation onset was 
triggered by the onset or offset of the visual saccade so that stimulation could be applied 
shortly before and after the end of the first saccade. For the sake of simplicity, we refer to 
these conditions as postsaccadic stimulation although the stimulation train could start during 
the visual saccade. 

In two separate trial blocks, either the postsaccade stimulation interval ('temporal series') 
or the eccentricity of the initial FP ('amplitude series') was randomly varied. In both series, 
the initial visually guided saccades were purely horizontal (left and right) and purely vertical 
(up and down). 

Inter-step stimulation. In this paradigm, the monkey made visually evoked double-step sac-
cades, like in the visual double-step paradigm. In one third of the trials, however, microstim
ulation was applied at different moments briefly after the primary saccade. The spatial target 
configurations were selected such that the stimulation saccade would bring the eye close to 
T2, provided it would be unaffected by the preceding visually-guided saccade (see Fig. 5.4B). 
Note that the stimulation train could potentially overlap with the visually programmed second 
saccade. 

Data analysis 

Calibration of eye position. At the beginning of each experiment, the eye position signals 
were calibrated on the basis of the 85 LED fixation positions (see above). 

Because the double-magnetic induction method is endowed with a smooth direction-
dependent nonlinearity (Bour et al. 1984), two neural networks, one for each eye-position 
component, were trained to map the raw eye position signals onto the known target locations. 
Each of the networks consisted of two input units (representing the raw horizontal and vertical 
signal), five hidden units and one output unit (representing either the horizontal or vertical 
eye-position signal). 

A back-propagation algorithm, based on the gradient descent method of Levenberg-
Marquardt (Matlab 4.1 and 5.0, the Mathworks Inc.), was used to train both networks on a 
training set which contained all reliable target fixations. Less than 500 iterations (for each 
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Figure 5.4 Microstimulation paradigms. A: Postsaccadic stimulation in darkness (adapted 
from Nichols and Sparks 1995). Shortly after a visual-evoked saccade (V), a second saccade 
(E) was evoked by stimulating the SC. The visual saccade was made from an eccentric fixation 
point (FP) toward the briefly flashed center target (T).Amplitude and direction of the visual 
saccade varied as well as the postsaccade stimulation interval (see Methods for details). B: 
Stimulation during the ISI of double-step saccades. In each trial the monkey was required 
to make saccades from the fixation point (FP) to the two successively presented targets (Tl 
and T2). T1-T2 was selected such that stimulation in darkness after fixation of Tl yielded 
saccades ending at T2 (control vector). Stimulation was applied in one third of the trials at 
variable moments after the first visually evoked saccade (V). Note that T2 remained visible 
throughout the entire response. 

network) were usually sufficient to provide an accurate calibration (within 4%) over the en
tire recording range ( ± 35 deg in all directions). Raw eye-position signals were subsequently 
calibrated by applying the resulting feedforward networks, and low-pass filtered at 80 Hz 
(FIR-filter, Matlab). 

Saccade detection. Saccades were detected off-line on the basis of the calibrated eye-
position signals by a custom-made computer program that applied separate velocity and mean-
acceleration criteria for saccade onset and offset, respectively. All detection markings were 
visually checked, and corrected if needed. Saccades with atypical, multiple-peaked velocity 
profiles, usually associated with blinks, were discarded from the analysis. To ensure unbiased 
detection criteria, no stimulus information was provided to the experimenter during saccade 
detection. 

Movement parameters. Several parameters were extracted for each saccade vector (S): 
amplitude (R), direction (Ф), peak velocity (Vp), duration (£>), horizontal and vertical dis
placement components (S/! and S„), and latency re. stimulus onset (L). Saccade error (E) 
and initial motor error (ME) were computed for each saccade. E was defined as the difference 
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between saccade end position (Pe) and final target location, Τ (Ë = Pe - T). ME was the 
difference between saccade starting position (Ps) and final target location (ME = f - Ps). 
The intersaccadic interval (IS!) was defined as the time difference between the offset of the 
first saccade and onset of the second saccade (see also Fig. 5.3). 

Saccade errors. The gradual-reset hypothesis predicts that the horizontal/vertical error 
remaining after the second saccade, E2, is a function of the horizontal/vertical displacement 
component of the primary saccade vector, SI , and the ISI according to (Nichols and Sparks 
1995; Kustov and Robinson 1995): 

E2 = -S l -exp( - ISI / r ) (5.1) 

(E2<0: saccade ends leftward/downward from the target; SI : right/up is taken positive, 
left/down negative). In this equation, τ (in ms) is the reset time constant of the feedback 
displacement integrator (Fig. 5.IB). In the model predictions presented in the Results, the 
time constant was fixed at r = 40 ms, which is a conservative estimate of the value reported in 
previous SC stimulation experiments (Nichols and Sparks 1995; Kustov and Robinson 1995). 

Stimulation saccades. The horizontal/vertical component of stimulation saccades obtained 
in the temporal series of the postsaccade and inter-step stimulation experiments was described 
in two different ways: 
1) as a function of ISI (Nichols and Sparks 1995): 

S2 = ¿ ! - SI-exp(( /3i - ISO/n) (5.2) 

2) as a function of the stimulation delay relative to the onset of the first saccade (SD; Kustov 
and Robinson 1995): 

S2 = A2 - SI • exp((/?2 - SD)/r2) (5.3) 

In both equations, S2 is the displacement component of the stimulation saccade (right/up 
positive, left/down negative) and SI is the displacement component of the preceding visual 
saccade. 

The three parameters Λ ι , 2 (in deg), τ ι , 2 (in ms) and ßii2 (in ms) were allowed to vary 
freely. Л12 is the asymptotic amplitude, which is reached when either the ISI or SD is very 
long. Note that the value of this parameter should be equal or very close to the control 
stimulation component. τ 1 ι 2 is the integrator's time constant, and /?i i2 represents a lead (if 
<0) or lag (if >0) time. Note that in temporal series, SI had an approximately fixed value (see 
above), yet we included SI as a free variable to test whether the data yielded a meaningful 
value for parameter β. With regard to the gradual-reset hypothesis, β indicates the moment 
relative to the first-saccade offset (Eqn. 5.2) or onset (Eqn. 5.3) at which the integrator starts 
resetting. E.g. in Eqn. 5.2 a negative value for β\ would indicate that this moment leads the 
offset of the preceding saccade. 

Note that the maximal effect of postsaccadic stimulation is obtained at ISI=/?i (or at 
SD=j92) ms. In that case, the predicted component of the stimulation saccade reaches a 
value of (see also Fig. 5.9): 

S2max = A i - SI (5.4) 

If the decay of the hypothesized integrator is temporally linked to the end of the preced
ing visual saccade, as proposed in Eqn. 5.2, the horizontal/vertical component of postsac-
cade stimulation saccades should depend linearly on the amplitude of the preceding horizon
tal/vertical saccade when the postsaccade stimulation interval is fixed (Nichols and Sparks 
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1995). The component amplitude of stimulation saccades obtained in the amplitude series 
(postsaccade stimulation experiments only) were therefore fitted by linear regression: 

S2 = a + 6· SI (5.5) 

were a is an offset (in deg) and b is the (dimensionless) slope. Note that α represents the 
amplitude obtained when there is no preceding saccade (i.e. the control condition; S1=0). 
Also note that the slope b can be predicted from the temporal series data. Using Eqn. 5.2, 
we computed this prediction according to: 

6pred = -exp((/?i-ISIamp)/Ti) (5.6) 

where ISIamp is the fixed value of the actual ISI in each amplitude series. No predictions were 
computed when the correlation between data and fit for either the temporal series (Eqn. 5.2) 
or for the amplitude series (Eqn. 5.5) fell below 0.5. 

Quantification of SC activity. The activity of a neuron for a saccade into its MF was quan
tified in terms of the number of spikes, Ns, counted over a dynamic time window extending 
from 20 ms before saccade onset to saccade offset. 

As outlined in the Introduction, one of the main goals of our recording study is to test for 
the presence or absence of saccadic interval-dependent effects on a cell's activity in the case 
of rapid double-step saccade sequences (see Fig. 5.2). As will be explained in the Results, 
this goal requires a precise description of the cell's MF, based on which a cell's activity may 
be predicted accurately for any saccade amplitude and direction (see below, e.g. Fig. 5.15) 

To determine the MF of an SRBN for single-target control saccades, a quantitative model 
description was used that takes into account the logarithmic nature of the collicular motor map 
(for illustration, see Fig. 5.2; see also Ottes et al. 1986, for extensive details). The activity 
of an SRBN is often well described by assuming a two-dimensional gaussian activation profile 
within this motor map (Ottes et al. 1986; Van Opstal et al. 1990, 1995): 

ЛГ5(Д,Ф) = No.exp{J
U-U°î2+}V-v°î2

) + Nb (5.7) 

where N0 (in # spikes) is a measure for the cell's peak activity associated with the optimal 
saccade vector. Parameters [ω0,υ0] (¡η mm) are the cartesian collicular coordinates of the 
center of the gaussian that correspond to the polar coordinates [R0, Φ0] (in deg) of the cell's 
optimal saccade vector. Finally, σ0 (in mm) denotes the tuning width of the cell's MF in 
collicular coordinates, and Nb represents a constant background activity (typically close to 
zero). 

Variables [u,v] (in mm) are the collicular motor map coordinates of a particular saccade 
vector [R, Φ] (in deg), and are obtained by the following transformation: 

[ и = ±BU ln(y/R2 + 2AR • | cosФ| + Α2/Α) , ς я 1 

\ ν = Bva.Tcta.n({Rsm<î>)/{R-\cos<ï>\ + A)) ( ' 

where the fixed parameters BU=1A mm, #„=1.8 mm/rad, and А=Ъ.О deg are the optimal fit 
to Robinson's (1972) stimulation map (see Ottes et al. 1986 and Van Opstal et al. 1990b for 
details). Negative values of и denote locations in the right colliculus and therefore correspond 
to leftward saccades. 
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Comparable quantitative descriptions of saccade-related activity have also been used by 
other researchers (Bruce and Goldberg 1985; Munoz and Wurtz 1995; Stanford and Sparks 
1994). 

Spike density. Smooth representations of the instantaneous firing rate of a cell were ob
tained by constructing spike-density functions. To that means, all spike events in a trial were 
substituted by gaussian pulses of height 1.0 and temporal width σ=4 ms (time from peak 
to \/\/e), and summed to produce a continuous function in time (MacPherson and Aldridge 
1979; Richmond and Optican 1987). Large values represent a higher probability of spike 
occurrence, and the peak of the function represents the peak discharge of the cell. 

Statistics. The least-squares criterion was applied to determine the optimal fit parameters 
in all fit procedures (see Results). Confidence limits of fit parameters were estimated by the 
bootstrap method (Press et al. 1992; Efron and Tibshirani 1991). 

5.3 Results 

5 . 3 . 1 Visually guided double-steps 

The first objective of our experiments was to test whether also monkeys can generate 

accurate double-step saccades with very short ISIs. To that means a behavioral series 

of visual double-step experiments was performed. 

Saccade metrics. Fig. 5.5 illustrates the results of a typical double-step experiment 

with each of the two monkeys. Figs. 5.5A.C and 5.5E.G show the two-dimensional 

trajectories of visually guided double-step saccades. Depicted are all responses in 

which the second saccade was triggered within 50 ms after the primary saccade. 

The filled symbols ( · ) indicate their endpoints. Fig. 5.5B.D and Fig. 5.5F.H show 

the corresponding horizontal and vertical eye position signals as a function of time, 

aligned with respect t o the offset of the first saccade. It is clear that most second 

saccades ended close t o the second target position, T2, although the ISIs were very 

short. For comparison, the open symbols (o) indicate the endpoints predicted by the 

gradual-reset model (see Methods, Eqn. 5.1; r = 4 0 ms). It appears that there is a 

clear discrepancy between the actual and predicted endpoint distributions. Note that 

the endpoints of primary saccades often had a small bias in the direction of the second 

target (see e.g. Fig. 5.5 A,E and G). This is presumably due to saccade averaging 

(Becker and Jürgens 1979; Ottes et al. 1984). Depending on the stimulus parameters, 
curved primary saccades were sometimes obtained (see e.g. Fig. 5.5 E and G; see also 
Minken et al. 1993). Second saccades, however, were typically straight and appeared 
to have normal kinematics. We provide quantitative support for the latter point below. 

Fig. 5.6 summarizes, for both monkeys, the results of a representative double-step 
experiment in which a series of short ISIs was obtained. The second saccades in both 
of these experiments were purely horizontal movements. Fig. 5.6, A and B, show 
histograms of the observed ISIs. Fig. 5.6, С and D, depict the measured horizon
tal error of second saccades as a function of ISI (filled symbols). The solid curves 
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Monkey PJ Monkey ER 

Figure 5.5 Typical visually guided double-step responses of both monkeys with 151s below 
50 ms. A,C,E,G: Two-dimensional saccade trajectories. Time between each dot is 2 ms. 
Filled symbols (·) show the endpoints of second saccades. Open symbols (o) show the 
predicted endpoints according to the "gradual-reset" model (τ =40 ms; see Eqn. 5.1). Crosses 
(+) indicate the location of first and second target (Tl and T2). B,D,F,H: Horizontal (Hor) 
and vertical (Ver) eye position components as a function of time. Traces are aligned with the 
offset of the first saccade. 

('model') represent the predicted influence of the mean primary saccade according to 

the gradual-reset model (see Methods, Eqn. 5.1). Note that the saccade errors do 

not systematically depend on the ISI but instead scatter around zero. Fig. 5.6, E and 

F, illustrate that the amplitude of the second saccades correlate well with the initial 

motor error, even for the shortest ISIs ( < 100 ms; indicated by open symbols). This 

indicates that the substantial scatter in the actual endpoint of the first movement is 

fully taken into account by the saccadic system. 

Saccade kinematics. We next considered the possibility that the extremely short-

interval saccades actually resulted from one large saccade toward T2, that was some

how briefly interrupted in mid-flight. Especially in trials where both movements were 

almost in the same direction, this could have been the case. 

To address this point at the behavioral level, we looked at the saccade kinematics. 

It has recently been shown that saccades, interrupted by stimulation of the SC rostral 

pole, have altered kinematics (Muñoz et al. 1996). The preinterruption part of the 
movements has peak velocities matching those of larger amplitude control movements. 
The kinematics of the postinterruption movement, however, were appropriate for its 
actual amplitude. We therefore investigated whether visually evoked double saccades 
would be endowed with similar properties. 

It appeared, however, that the peak velocities of both the first saccades and the 
second saccades did not differ from single-step control saccades of the same amplitude. 
This is shown in Fig. 5.7 for both monkeys, using the data sets from Fig. 5.6. Even 
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Figure 5.6 Results of a representative visual double-step experiment for each monkey. 
Second saccades were horizontal movements. A,B: Distributions of ISIs. Bin width 5 ms. 
The number of double-step responses with short ISIs (<100 ms) in A and В was n=52 (19%) 
and n=67 (39%), respectively. C,D: Horizontal errors of second saccades (re. to T2) as a 
function of the ISI. Mean errors (μ ± σ) were E2=-0.20±1.0 and E2=0.08±1.6 in С and D, 
respectively. The mean horizontal amplitude of the first saccades was Sl=16±6 and Sl=-
14±2 in С and D, respectively. Solid curves indicate the predicted error due to the mean 
preceding saccade, assuming an eye-displacement integrator with a reset time constant of 
т=40 ms (see Eqn. 5.1). E,F: Horizontal amplitudes of the second saccades as a function of 
their initial horizontal motor-errors. Filled symbols (·): ISI > 100 ms. Open symbols (o): 
ISI < 100 ms. Correlation coefficients were 0.93 and 0.80 in E and F, respectively (for ISIs 
<100 ms). 
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Figure 5.7 Main sequence of double-step saccades for both monkeys. Plots of peak velocity 
versus saccade amplitude for single-step control saccades (+), as well as first (o; ·) and second 
saccades (О; ш) of double-step responses. The solid line represents an exponential function 
fit to the control data. Note the differences in scale. Filled symbols represent double-step 
responses with brief ISIs (·, u; ISI<100 ms), while open symbols represent responses with 
longer ISIs (o, • ; ISI>100 ms). Note that also for brief I5ls the peak velocities of both first 
and second saccades fell within the normal range. Same data sets as in Fig. 5.6. 

when the ISIs were brief (ISI<100ms; filled symbols), the peak velocities of the first 
(•) and the second ( · ) saccades fell typically within in the normal range, indicated by 
the control responses ( + ) . 

Target predictability. In most double-step experiments, the second target jump was 
quite predictable. To test whether this predictability was crucial to elicit responses 
with short ISIs, we also used multiple target configurations in a number of experiments. 

Fig. 5.8 shows an example of the results for one of these experiments. In this 
particular paradigm (monkey PJ; four sessions) the FP was either 14 deg to the left 
or to the right of T l (center LED), and T2 was flashed (50 ms) either 9 deg above 
or below T l . This yielded four different target configurations that were randomly 
interleaved. It appeared that the monkey made no mistakes in these experiments, 
since the second movement was always goal directed, even when the latencies and 
the ISIs were brief 
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Figure 5.8 Response bias with regard to target configuration. Same layout as Fig. 5.5. 
Plotted are all responses with ISIs less than 100 ms that were obtained for two double-step 
configurations in an experiment with randomized target jumps (see Results for details). Note 
that the number of responses in top (n=2) and bottom (n=18) panels are different although 
the timing of the stimulus events was identical. Note also the remarkable accuracy of all 
movements. Data from monkey PJ. 

Fig. 5.8, A and C, show the eye movement trajectories of all responses with ISIs 
below 100 ms for two of these configurations (data from one session). Fig. 5.8, В and 
D, show the corresponding horizontal and vertical components as a function of time. 
One may readily observe that all movements were quite accurate. Note, however, 
that the number of short-interval responses in Fig. 5.8A.B versus Fig. 5.8C.D is very 
different ( n = 2 versus n = 1 8 , respectively). This illustrates that the target configura
tion was an important factor in the occurrence of short ISIs, perhaps even more than 
the exact t iming or predictability of the stimulus events. A similar response bias has 
previously been reported also in double-target experiments (Ottes et al. 1984). In 
the trials shown here, the latencies of the first saccades were such that the second 
target appeared shortly prior to the onset of the first saccade (range: 8-100 ms; mean: 
36 ± 22 ms). This is presumably the reason why there was no saccade averaging in 
these cases (Becker and Jürgens 1979; Ottes et al. 1984). 
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5.3.2 Postsaccadic microstimulation 

Since no systematic saccade errors as a function of the ISI were obtained in the visual 
double-step paradigms, we felt it was necessary to compare these data in more detail 
to the effects of postsaccadic microstimulation (Nichols and Sparks 1995; Kustov and 
Robinson 1995). To that means, we performed a comparable series of stimulation 
experiments in monkey PJ (see Methods). 

Saccade deviation. As an example, Fig. 5.9 shows a number of representative 
saccade trajectories obtained in a typical microstimulation experiment. Saccades were 
evoked at different moments after visually guided saccades of fixed amplitude (14 deg) 
toward the central target, T, by stimulating the right motor SC (intensity 50 μΑ). In 
all panels, the solid line corresponds to the average of the stimulation control saccades 
('fixed-vector response', see Methods). Responses having the shortest and longest ISIs 
are identified by the corresponding values of the ISI. 

In contrast to visually evoked saccades (see above), the stimulation-induced move
ments depended on the direction of the preceding saccade vector as well as on the 
postsaccade stimulation interval. When the preceding movements were horizontal, 
the horizontal component of the stimulation saccade either increased (overshoots; 
Fig. 5.9A) or decreased (truncation; Fig. 5.9B). The vertical component either in
creased (overshoots; Fig. 5.9C) or decreased (truncations; Fig. 5.9D) when the pre
ceding saccades were vertical. Unlike at most other sites, a few saccades with small 
reversed horizontal (Fig. 5.9B) or vertical (Fig. 5.9D) components could be evoked in 
this particular experiment. 

If these effects are due to a postsaccadic reset mechanism, one would expect that 
stimulation saccades which are triggered immediately after the visual saccade (i.e. 
within 10 ms) deviate from the control vector by an amount that is approximately 
equal to the amplitude of the preceding visual saccade. Open symbols (o; 'max') 
indicate the expected endpoints for these responses (Eqn. 5.4, see Methods). One 
may clearly observe, however, that the maximum deviation under all four conditions 
was far less than predicted. Note that this is not readily explained by assuming that 
the reset starts prior to the offset of the visual saccade (/3i<0) since the primary 
movement was always accurate (see also Discussion). In addition, one may notice 
that the stimulation saccades also deviated slightly in the direction orthogonal to the 
visual saccade. For example, in Fig. 5.9A, the vertical components of the stimulation 
saccades become smaller for shorter ISIs after a horizontal saccade. Although small 
in magnitude, this cross talk was found at several sites. 

Fig. 5.10 and Fig. 5.11 compare the data obtained from two nearby sites in the 
right motor SC (see legend Fig. 5.10 for further details). The two data sets are 
identified by different symbols. 

Temporal series. Fig. 5.10 shows the results when stimulation was applied at various 
moments after visually guided saccades of similar amplitudes (22 deg). The horizontal 
(Fig. 5.10, A and B) and vertical (Fig. 5.10, С and D) component amplitude of the 
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Figure 5.9 Typical example of a postsaccade microstimulation experiment (temporal series). 
Data from monkey PJ (site pj9301). Stimulation was applied in the right SC, 1.6 mm below 
the collicular surface, at the site of a saccade-related burst neuron. Solid traces: mean of 20 
fixed-vector control saccades, evoked by stimulation in darkness shortly after periods of fixa
tion. Dotted traces: saccade trajectories obtained when stimulation was applied at different 
moments after a visually guided saccade from FP toward the central target T. Responses with 
the shortest and longest ISIs are identified by the respective values of the ISI Open symbols 
represent the predicted endpoints of stimulation saccades when the ISI is zero (Eqn. 5 2). A: 
Overshooting horizontal components (n=8). B: Truncated (n=8) and reversed (n=2) hori
zontal components. C: Overshooting vertical components (n=5). D: Truncated (n=10) and 
reversed (n=l) vertical components. Note also small, but systematic cross coupling effects 
on saccade components. 

stimulation saccade is plotted as a function of the ISI. One may clearly observe that 
the metrics of the stimulation saccades were systematically dependent on the ISI and 
that the effect indeed decays exponentially. Note, however, that the time course 
also depended on the direction of the preceding saccade. Moreover, comparing the 
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Figure 5.10 Temporal series data obtained at two nearby sites in the right motor SC 
Horizontal and vertical amplitude of the stimulation saccades as a function of the ISI. The 
direction of the first visually guided saccade was A: to the right, B: to the left, C: upward, and 
D: downward. The mean amplitude (μ±σ) of the preceding visual saccades was 21.9±1.5 deg. 
Horizontal (Sh) and vertical (Sv) components of the fixed-vector control saccade were: filled 
symbols (·) : Sh=-16.2±0.7 and Sv=0.2±0.4 deg (site pjl2601, 0.6 mm below the SC 
surface); open symbols (o) ; Sh=-12.1±0.5 and Sv=1.6±0.2 deg (site pjl2702, 1.2 mm 
below the SC surface, new penetration at the same stereotaxic coordinates). The solid curves 
represent exponential fits to the data sets (Eqn. 5.2). Time constant τ (in ms) and lead/lag 
time β (in ms; negative if the 'reset' leads the offset of the first saccade) are indicated for each 
curve. Note that the component amplitudes depend differently on the ISI for each direction 
of the visual saccade. Note also that the two data sets scatter around curves that are not 
parallel, indicating that the stimulation effect also depended on the site of stimulation. 

data from the two sites, it is observed that substantially different t ime courses were 

obtained in the case of horizontal visual saccades (Fig. 5.10, A and B), whereas 

approximately parallel curves (like in Fig. 5.IOC) were to be expected. One may 

also notice that stimulation immediately after leftward movements (Fig. 5.10B) could 

not elicit saccades at all (no data points for ISIs < 5 0 ms), and that the horizontal 

component did not reverse (no positive values). 
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Figure 5.11 Amplitude series data (same stimulation sites as in Fig. 5.10). Horizontal and 
vertical amplitude of the stimulation saccades as a function of the amplitude of the preceding 
horizontal and vertical visual saccades. Filled symbols (·): site pjl2601. Open symbols (o): 
site PJ12702. Open squares (O) indicate the component amplitudes of a series of control 
stimulation saccades (n=20). The mean (μ±σ) ISIs in top and bottom panels were 32±2 ms 
(·; panel A,B) and 27±3 (o; panel C,D), respectively. Note the different slopes b of the linear 
regression lines. 

A m p l i t u d e series. Fig. 5.11 shows the data when the amplitude of the preceding 

visual saccade was systematically varied while stimulation was applied at a fixed ( и 
10 ms) moment after this movement has ended. Fig. 5.ПА,С and Fig. 5.11B.D 
depict the horizontal and vertical component amplitude of the stimulation saccade as a 
function of the horizontal and vertical amplitude of the preceding saccade, respectively. 
Open squares (D) indicate control stimulations. As previously reported by Nichols 
and Sparks (1995), the stimulation saccade also depended on the amplitude of the 
preceding visual saccade (Eqn. 5.6). However, as already expected from the temporal 
series data (Fig. 5.10), also this amplitude effect depended on the direction of the 
initial saccades. As may be observed, the amplitude effect was approximately linear, 
but in some cases, linearity was questionable. In Fig. 5.11D (left regression line), 
for example, the amount of overshoot rather saturates for larger amplitudes of the 
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preceding downward saccade. Nichols and Sparks (1995) reported similar effects, but 
only under reversal conditions. 

Fit parameters. Fig. 5.12 summarizes the results of the stimulation experiments. The 
results from sites in the visual and motor layers were pooled because these data sets 
displayed qualitatively similar interval- and amplitude dependencies. Open symbols 
denote truncation/reversal conditions (o, horizontal; D, vertical), while filled symbols 
denote overshoot conditions ( · , horizontal; ш, vertical). 

Fig. 5.12A shows the reconstructed stimulation sites in a model-based drawing 
of the collicular motor map (Eqn. 5.8). These reconstructions were based on the 
control vectors obtained at each stimulation site (see Methods; Eqn. 5.8). The fitted 
asymptotic amplitude, A, in Eqns. 5.2 and 5.3 was always close to the corresponding 
component amplitude of the fixed-vector saccade (as it should be), and is therefore 
not shown. Fig. 5.12B depicts the results of the amplitude series by comparing the 
slopes (6) of the linear regression lines (Eqn. 5.5; see e.g. Fig. 5.11) to the slopes 
(òprecj) predicted from the temporal series data (Eqn. 5.6; see Methods). It appeared 
that the nominal values of the fitted slopes were often lower than predicted from the 
temporal series data, especially under truncation/reversal conditions (open symbols). 
Figs. 5.12C and 5.12D show the results of the temporal series by comparing the 
estimated time constants т\ and т^, and lead/lag times ß\ and /З2 obtained with the 
two different fit procedures (see Methods). т\ and ß\ were obtained when the data 
were analyzed as a function of the ISI (Eqn. 5.2; see e.g. Fig. 5.10). τ-ι and /З2 were 
derived from the data as a function of the stimulation delay relative to primary-saccade 
onset (Eqn. 5.3). 

One may readily observe in Fig. 5.12C that a wide variety of time constants was ob
tained, both under overshoot conditions (filled symbols) and under truncation/reversal 
conditions (open symbols). This result appeared to be independent from the applied 
analysis method since the data points scatter around the unity line, indicating that 
both fit procedures yielded consistent time constants (r i=52±18 and Τ2=53±20). 
Comparing the values of β\ and /?2 in Fig. 5.12D, it is observed that β\ tends to 
be negative (/?i=-16±27), whereas /?2 scatters around zero (/?2=3±27). One could 
argue that the stimulation effect might be temporally linked to the onset, rather than 
to the offset of the preceding visual saccade. Note, however, that β\ is positive for 
quite a number of horizontal truncation conditions (o) (n=10; see also Fig. 5.10). 
Moreover, in that case, one would also expect to find less dispersed values for /?2 as 
compared to β\. One may observe, however, that both parameters were endowed 
with a substantial and comparable amount of scatter (σ=27 ms). 

5.3.3 Microstimulation during visual double-steps 

An obvious difference between the microstimulation paradigms and the visual double-
step experiments is both the absence or presence of a visual target, as well as the active 
planning of either one or two saccades, respectively. To test whether these factors 
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Figure 5.12 Summary of fit parameters obtained in the postsaccade stimulation experiments. 
Open symbols denote truncation/reversal conditions (o, horizontal; O, vertical), while filled 
symbols denote overshoot conditions (·, horizontal; m, vertical). A: Fixed-vector control 
saccades of all 16 stimulation sites mapped onto the left collicular motor-map. B: Slopes (b) 
of the linear regression lines fitted to the amplitude series data (Eqn. 5.5; see e.g. Fig. 5.11) 
as a function of the slopes predicted by the temporal series data (Eqn. 5.6). Predictions 
were made for each direction of the preceding visual saccades, yielding more data points than 
sites. Note that the influence of saccade amplitude was often lower than predicted from the 
temporal series data. The mean correlation between data and fit (Eqn. 5.5) wasr=0.91±0.07. 
Five subsets yielded atypically low (<0.5) correlation coefficients (not plotted and excluded 
from the mean). C,D: Comparison between the estimated time constants TÍ¡2 and lead/lag 
times Pi¡2 using the two different fit procedures (see Methods), τχ and βι were obtained 
when the data were analyzed as a function of the ISI (Eqn. 5.2). r2 and ß2 were obtain when 
the data were analyzed as a function of the stimulation delay re. to primary-saccade onset 
(Eqn. 5.3). Note that a wide range of values was obtained for both τίι2 ¿nd / J l i 2 . Also note 
that ß2 scatters around zero, while ß2 tends to be negative. The mean values (μ ± σ) were: 
n=52±18 and τ2=53±20; β2=3±27 and β1=-16±27. The mean correlation between data 
and fit was: ri=0.90±0.10 and r2=0.92±0.09. Three subsets yielded atypically low (<0.5) 
correlation coefficients (not plotted and excluded from the means). 
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could underlie the discrepancy between the two types of experiments, postsaccadic 
stimulation was also applied while the monkey was performing in the visual double-
step paradigm (see also Methods). In randomly selected trials, stimulation was applied 
shortly after the first saccade. The target configurations were such that the control 
stimulation would drive the eye from the location of the first to the second target 
(see Fig. 5.4B). Two sites in the visual layers and three sites in the motor layers were 
tested in this way, all yielding very similar results. 

Fig. 5.13 shows the results of a representative session. Fig. 5.13A depicts the 
saccadic trajectories of purely visual-evoked responses, and Fig. 5.13B depicts the 
responses when stimulation was applied at different moments after the first saccade. 
The mean control saccade evoked by stimulation in darkness is also indicated (solid 
line). Comparing these two trial types, it is clear that the stimulation-triggered move
ments were variable-vector saccades, while the visually guided saccades accurately 
captured the second target, even though the ISIs were in the same range (8-120 ms). 

Fig. 5.13C shows the whole data set as a function of ISI. The horizontal deviation 
from the mean fixed-vector saccade is depicted for stimulation saccades. The open 
symbols (o) denote stimulation responses obtained when the monkey was required to 
make visually guided double steps. The asterisks (*) denote the control responses 
obtained by stimulation in darkness after only a visual saccade to T l . For purely 
visual-evoked responses, represented by the filled symbols ( · ) , the horizontal errors 
with respect to T2 are plotted. One may readily note that with or without a second 
visual target, stimulation-triggered saccades were always strongly dependent on the 
ISI. A small systematic difference between the two experimental conditions may be 
observed, but this difference cannot account for the accuracy of the visually evoked 
second saccades. 

5.3.4 Saccade-related activity 

The data presented so far indicate that there remains a marked difference between the 
properties of rapid visually evoked double-step saccades and postsaccade stimulation 
movements. This difference persisted even when stimulation was applied during the 
preparation stage of a second, visual-evoked saccade (Fig. 5.13). 

As explained in the Introduction (Fig. 5.2), this discrepancy may be understood 
if one assumes that the saccadic motor command for the second movement (S2) 
gradually shifts from retinal- (RE=T2) to motor-error coordinates (ME=T2-S1), with 
a time constant that is comparable to the decay of the stimulation effect (the dynamic 
model). In contrast, the static model assumes that the motor command for the second 
saccade always equals the actual movement made by the monkey, irrespective of the 
ISI. 

In an attempt to clarify this issue, we set out to study the actual activation patterns 
of collicular SRBNs while the monkey made visually guided double-step saccades. A 
total of 29 SRBNs remained isolated long enough to be tested in one of the two double-
step paradigms used to test the predictions of the dynamic model (see Methods, 
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Figure 5.13 Effects of microstimulation during the ISI of visually evoked double-step sac-
cades. A: Two-dimensional trajectories of visually guided double-step saccades with ISIs 
ranging from 8 to 118 ms, as indicated by the values. No stimulation was applied here. B: 
Saccade trajectories obtained with stimulation (right motor SC; site pj9601) after the primary 
saccade in visual double-step trials. Stimulation evoked saccades at different moments after 
the first response. Shortest and longest ISIs are indicated. The two targets were arranged 
such that control stimulation after fixation of Tl resulted in saccades ending near T2 (solid 
trajectory). Note that, even though T2 remained present throughout the response, the stim
ulation saccade shifted away from this target at short ISIs. C: Comparison between three 
different trial types. Filled symbols (·) represent visual double-step trials (see also panel 
A). Open symbols (o) represent stimulation trials in which the first saccade was part of a 
visual double-step response (see also panel B). The solid line represents the corresponding 
fit-curve Eqn. 5.2; τ=58 ms, ß=ll ms). Asterisks (*) represent stimulation trials in which 
the first saccade was evoked by only a single target (Tl). The dashed line represents the 
corresponding fit-curve (Eqn. 5.2; т=55 ms, ß=6 ms). For stimulation-triggered saccades, 
the deviations from the fixed-vector saccade are plotted. For visual-evoked second saccades, 
the saccade errors with respect to T2 are plotted. Note that there is only a small difference 
between the two types of stimulation trials, which cannot account for the observed accuracy 
in purely visual trials. 
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Figure 5.14 Responses of an isolated collicular burst neuron (erllOl) during three double-
step movements with ISIs less than 50 ms. Both saccades of the double step were into the 
cell's MF. Top traces show eye position (Eh, horizontal component; Ev, vertical component) 
and eye velocity (E) signals. Bottom traces show spike-density functions (SpDen) obtained 
in each trial (see Methods), and representations of the individual action potentials (vertical 
lines). Note that the neuron shows an intense burst discharge for all movements, even at the 
shortest ISI. 

Fig. 5.3). All cells could be classified as visual-motor neurons. 

Burst intensity test. The first prediction of the dynamic model (see Introduction) is 
that systematic, interval-dependent changes in the saccade-related activity should be 
observed. We therefore tested 17 SRBNs while the monkey made either the second 
or both saccades into the cell's MF (see Methods, Fig. 5.ЗА). 

Fig. 5.14 illustrates the response of one of these neurons (ER1101) during a 
number of such double-step responses. Each panel shows plots of eye position and eye 
velocity in a single tr ial. The neuron's discharge during the same trial is plotted below 
these traces by means of raw spike trains and corresponding spike-density functions 
(see Methods). Clearly, the neuron showed a saccade-related burst for both saccades 
of the double step, even though the ISIs were very short ( < 5 0 ms). Therefore, at a 
qualitative level, this finding may readily reject the idea that the SC would not at all 
be involved in the generation of two subsequent movements for very brief ISIs. 

At a quantitative level, however, it is not immediately obvious whether the actual 
discharge of the neuron is, or is not, systematically influenced by the t iming, direction 
and amplitude of the previous saccade. Hence, a more elaborate analysis was required, 
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to predict how the activity would have to depend on the previous eye movement 
according to the dynamic model. 

Fig. 5.15 illustrates the procedure that was followed to make quantitative predic
tions for the dynamic model (see also Introduction, Fig. 5.2). These model predictions 
indicate how the neuron's saccade-related activity should change as a function of the 
ISI, if the motor command were to reflect the hypothesized reset behavior of the dis
placement integrator. First, the neuron's MF parameters ({N0,R0,Φ0,σσ,Nb}) were 
estimated from a large number of single-saccade responses (see Methods). Then, 
assuming a gradual reset of the integrator after the first saccade, we computed the 
hypothetical motor command required to yield the actually measured second saccade 
(S2). The initial state of the feedback integrator was taken to be equal to the mea
sured first saccade vector (SI). Finally, based on the neuron's MF description, the 
expected magnitude of the neuron's discharge was computed for the hypothetical mo
tor command. The static model, of course, predicts no changes in the activity as a 
function of the ISI. Therefore, the SRBN should always reflect the activity associated 
with the actually measured saccade. 

Fig. 5.16 shows the results of this analysis for the same neuron as in Fig. 5.14. 
The activity of this neuron during four different trial types is depicted in Fig. 5.16A-D. 
Fig. 5.16A shows the data obtained in double-step trials, whereas Fig. 5.16B-D show 
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Figure 5.15 Method used to predict single-cell responses according to the dynamic model 
(see Introduction). Plots illustrate the case of two subsequent 10 deg saccades to the right 
(as in Fig. 5.2). The neural activity represents the response of an imaginary neuron with its 
optimum at 10 deg to the right. A: Hypothetical saccade programs were computed from the 
measured first and second saccade vectors (SI and S2). The change in saccade program as 
a function of ISI was assumed to equal the decay of an eye-displacement integrator that is 
gradually reset after the first saccade (fixed time constant, τ=40 ms; delay re. saccade offset, 
ß=0 ms). В: The neuron's MF was estimated from a large number of single-saccade responses 
of different amplitudes and directions (see Methods). Assuming that the saccade program and 
the actual movement are equivalent in a single-saccade response, the MF description (Eqn. 5.7) 
can be used to predict the neuron's saccade-related activity for any saccade program. C: Based 
on the neuron's MF description, the expected magnitude of the neuron's burst discharge was 
computed for each hypothetical saccade program. This yielded the predicted activity as a 
function of ISI. 

data from the different single-step control trials (see Methods). Figs. 5.16B and 
5.16C present the neuron's activity during control saccades that closely matched the 
primary and secondary saccade responses of Fig. 5.16A. Fig. 5.16D depicts control 
responses that correspond to the net movement of Fig. 5.16A (i.e. the sum vector, 
S1+S2). 

At the top of each section, horizontal and vertical eye-position traces are shown 
for a representative tr ial. The neuron's discharge during the same trial is represented 
in a spike density plot below these traces. The third row depicts the cell's activity 
during a series of matched responses as spike rasters in which each dot represents a 
spike and each row of dots corresponds to a single tr ial. Tickmarks denote saccade 
onsets and offsets in each trial. The histogram underneath each raster shows the 
mean spike activity as a function of time relative to saccade onset (time 0 ms). The 
histogram on the right-hand side of each raster depicts the number of spikes counted 
from 20 ms before saccade onset (time -20 ms) to saccade offset, and reflects the 
saccade-related burst discharge in each trial. The top and bottom rasters in Fig. 5.16A 
show the same data, but note that the responses were aligned with the onset of the 
first (top raster) and the second saccade (bottom raster), respectively. Also, note 
that these responses were ranked according to the ISI, with the briefest interval at the 
bottom of the rasters. Therefore, in Fig. 5.16A, the right-hand histograms depict the 
saccade-related activity of the cell during first and second saccade, respectively, as a 
function of ISI. 

The first ( S I ) and second (S2) saccade vectors of Fig. 5.16A, as well as their 
vectorial sum (S1-I-S2), are depicted in Fig. 5.16E. This panel also shows a plot of 
the cell's MF, as determined from the single-step movement-field scan (see Meth
ods). Note that both the first and second saccade vectors of the double-step were 
located near the cell's optimum ([R0, Ф 0 ] = [ 9 . 4 , 159] deg), while the sum vector was 
located near the edge of the cell's MF. Indeed, as illustrated in Fig. 5.16B-D, the 
cell discharged vigorously for control movements matching both the first (5.16B) and 
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the second (5.16C) saccade of the double step, but was hardly recruited for the sum 
saccade (5.16D). 

The neuron's discharge during double-step trials clearly showed two saccade-
related bursts for all trials in which the monkey made double-step movements. This is 
readily inferred from the data depicted in Fig. 5.16A. The first burst was synchronized 
with the onset of the first saccade and is easily identified in the histogram of the top 
raster, where the mean spike activity shows a peak around first-saccade onset (time 
0 ms). Likewise, the second burst was locked to the onset of the second saccade and 
is best identified in the bottom raster, where the mean spike activity shows a peak 
around the second-saccade onset (time 0 ms). Comparing both responses to the ones 
shown in Fig. 5.16D, it is clear that the discharge of the neuron during both the first 
and the second saccade far exceeded the low level of activity associated with sum 
saccades. One may also notice that the magnitude of the bursts for primary saccades 
in the double-step and for the matching control movements in Fig. 5.16B were very 
similar. On the other hand, the burst for the secondary saccades was clearly reduced 
with respect to the burst for matched control saccades in Fig. 5.16C. Note, however, 
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Figure 5.16 Activity of a collicular burst neuron during four different trial types. Same 
neuron as in Fig. 5.14. In each section, plots of eye-position signals (H, horizontal component; 
V, vertical component) and spike density obtained in a representative trial are displayed at 
the top. Subsequently, the neuron's activity during a series of matched trials is shown as 
spike rasters in which each row represents a trial, each dot represents a spike, and tickmarks 
indicate saccade onsets and offsets. The histograms underneath show the mean spike activity 
as a function of time (bin width 4 ms). Rasters and histograms are aligned with saccade onset 
(time 0 ms). The right-hand histograms show the number of spikes counted from 20 ms before 
saccade onset (time -20 ms) to saccade offset in each trial. A: Brisk discharges for both first 
and second saccade as both saccades were into the MF of the cell. Responses (n=34) were 
matched with respect to amplitude and direction of both first and second saccade. Top and 
bottom rasters are aligned with the onset of first and second saccade, respectively, and trials 
were ranked according to the ISI where the bottom row corresponds to the shortest ISI (24 ms). 
The number of spikes in the first and second saccade-related burst is depicted in the right-hand 
histograms of top and bottom rasters, respectively. Note that a very similar neural discharge 
was obtained irrespective of the ISI. B: Vigorous discharge during single-step control saccades 
(n=15; [R, Φ]=[14.3,150] deg) matched to the first saccade in A.C: Vigorous discharge during 
single-step control saccades (η—16; [Я,Ф]=[11.7,164] deg) matched to the second saccade 
in A. D: Low levels of activity for single-step control saccades (n=15; [R, Φ]=[25.8,156] deg) 
matched to the sum of first and second saccade in A. E: Plot of the cell's MF determined from 
single-saccade responses (see Methods). The neuron's optimum was at [R0, Φ0]—[9.4,159] deg 
(goodness-of-fit, г = 0.92J. Iso-activity lines represent e - 0 , 5 ' , e - 1 0 , e - 1 ' 5 and e~20 times the 
maximum activity. Arrows show amplitude and direction of first and second saccades in A as 
well as their sum. F: Predicted motor-command vectors needed to compensate for the reset 
properties of the displacement integrator. The symbol size is proportional to the ISI, where the 
largest symbols correspond to the shortest ISIs. Note the systematic shift in these vectors as a 
function of ISI. G: Number of spikes for the second saccade as a function of ISI (data derived 
from A). The solid curve ('model') shows the change in the neuron's activity as a function of 
ISI according to the dynamic model. Note that the actual burst magnitude was independent 
from the ISI, albeit lower than expected from the static MF description (asymptotic value of 
the solid curve). 

that a very similar neural discharge was obtained for all double-step trials, irrespective 
of the ISI (right-hand histogram, in top and bottom raster of Fig. 5.16A). 

Fig. 5.16F illustrates the computed, hypothetical saccade vectors that the SC 
would have to program in order to compensate for the presumed reset properties of 
the feedback integrator (see Methods and Fig. 5.15; r = 4 0 ms). In this plot, symbol 
size is inversely proportional to the measured ISI. Note that in case of IS!=0, the 
programmed saccade should have been equal to the sum saccade. As may be observed, 
the vectors shift away from the neuron's optimum at the briefest ISIs obtained. Thus, 
a systematic reduction of the second burst intensity is predicted by the dynamic model. 
The solid curve in Fig. 5.16G shows this predicted change in the neuronal discharge as 
a function of ISI, together with the actually measured number of spikes in the second 
burst (filled symbols, · ) . This plot demonstrates that the neuron's discharge was 
clearly independent from the ISI. The dynamic model, however, predicts a systematic 
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change of almost 100% over the range of actually obtained ISIs. 
Quantitatively similar results were obtained for three other neurons. Another 

eleven neurons showed no changes in their activity (as a function of ISI) as well, but 
the results were inconclusive because the differences between the predictions of the 
static and dynamic models were too subtle to reach statistical significance. For seven 
of these neurons, the shortest ISIs fell above 80 ms. The remaining neurons four were 
endowed with a relatively broad MF (large σ0, see Methods) so that little or no change 
in their activity was predicted, even though the shortest ISIs fell below 50 ms. From 
all 17 neurons tested in this paradigm, two neurons did show an interval-dependent 
response. 

Nonstationary responses. Fig. 5.17 shows the data obtained from one of these two 
cells in exactly the same format as in Fig. 5.16. As may be observed in Fig. 5.17A, 
the neuron showed a vigorous burst for both the first and the second saccade when 
the ISI exceeded 100 ms (top rows; top and bottom rasters, respectively). However, 
at short ISIs (<100 ms), the discharge for the second saccade decreased (bottom 
rasters; center rows), and even disappeared completely when the ISI dropped below 
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Figure 5.17 Nonstatìonary discharge of an SRBN as a function of ISI (pj8904). Same 
layout as Fig. 5.16. A: Double-step responses in which both first and second saccades were 
into the cell's MF (n=23). When the ISI exceeded 100 ms (top rows), the cell showed 
a vigorous burst for both first and second saccade. When the ISI was less than 100 ms 
(center rows), however, the activity associated with the second saccade decreased, and even 
disappeared when the ISI was less than 50 ms (bottom rows). The activity associated with 
the first saccade tended to decrease as well. B: Brisk response for control saccades (η =10; 
[R, Φ]=[5.2,238] deg) matching the first saccade in A. C: Brisk response for control saccades 
(n=10; [R, Φ]=[4.1,210] deg) matching the second saccade in A. D: Little to no responses for 
control saccades (n=ll; [R, Φ]=[9.1,225] deg) matching the net movement in A. E: Arrows 
show the mean of first and second saccades in A as well as their sum. The neuron's optimum 
was at [R0, Φο]=[3.0,208] deg (goodness-of-fit, τ=0.94). F: Change in the motor-command 
vectors according to the dynamic model. G: Changes in magnitude of the second burst as a 
function of ISI are qualitatively similar to the prediction of the dynamic model. 

50 ms (bottom rasters; bottom rows). Observe that the response for the first saccade 

(top rasters) also changed as a function of the ISI although less dramatically than for 

the second response. 

Fig. 5.17, В and C, show the cell's brisk discharge for the respective con
trol movements that were directed into the cell's MF (left- and downward, 
[ Д о , Ф о ] = [ 3 . 0 , 2 0 8 ] deg; see Fig. 5.17E). Fig. 5.17D shows the cell's response for 
single-saccades from the FP to a target at the position of T2. The cell is clearly 
not recruited for these latter movements, since they fell well outside the M F (see 
Fig. 5.17E). 

Fig. 5.17G shows the change in response magnitude as predicted by the dynamic 
model (solid curve), together with the measured number of spikes for the second 
saccade (filled symbols, · ) . Note that for this neuron, the dynamic model prediction 
and the actually measured responses are qualitatively similar. 

One should realize, however, that a nonstationarityof a single-cell's response might 
also be due t o quite different phenomena that are unrelated to possible changes in the 
saccade program (e.g. refractoriness). The cell data presented so far are therefore not 
conclusive in rejecting either model. To circumvent potentially different nonstationary 
mechanisms at the single-cell level, it was therefore mandatory to also study the 
behavior of an SRBN when it is not (or hardly) recruited for the single-step control 
saccades (see Fig. 5.2 for the rationale). 

Recruitment test. The second important prediction of the dynamic model is that 
neurons at a different site in the SC motor map should become activated at the 
shortest ISIs (see Introduction, Fig. 5.2). These neurons should be located at a site 
that encodes the vectorial sum of the first and second saccade of the double-step. This 
prediction was tested for twelve neurons by using the second version of the double-step 
paradigm (see Methods, Fig. 5.3B). In this double-saccade task, the second target 
always appeared near the cell's optimum motor error, but neither the first nor the 
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second saccade vector belonged to the MF of the cell. 
Fig. 5.18 shows the data obtained from one of these neurons in the same format 

as Figs. 5.16 and 5.17. It is clearly illustrated in Fig. 5.18A that no saccade-related 
activity is obtained for neither the first saccade left- and upward; top rasters, aligned 
with first-saccade onset), nor for the second saccade (left- and downward; bottom 
rasters, aligned with second-saccade onset). Some irregular spike activity can be 
observed prior to and after the onset of the first saccade (top rasters). This activity 
was due to the appearance of second target in the neuron's visual RF just prior to 
the onset of the first movement. In the bottom panels, the spike rasters are sorted as 
function of the ISI. Note, that even for the shortest ISIs (down to 20 ms) the cell is 
not recruited. 

Fig. 5.18, В and C, show the single-saccade control responses of this cell for 
the two respective eye movements. Since both movements were outside the cell's 
MF (leftward, [Я0,Ф0]=[15.7,185] deg as indicated in Fig. 5.18E), the cell remained 
silent. Fig. 5.18D shows the vigorous cell response for saccades directed into the 
center of its MF (movement from FP toward the location of T2). Note that these 
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Figure 5.18 Visual-motor neuron (pjl3502). Same layout as Fig. 5.16. A: Double-step 
responses (n=50) in which the first and second saccades were outside the cell's MF, while 
the second target was presented at the cell's optimum. Note the absence of a saccade-related 
burst for second saccades, irrespective of the ISI. Activity seen prior to or during the first 
movement appeared to be visually related. B: No responses for control saccades (n=16; 
[ϋ,Φ]=[24.8,120] deg) toward a target presented at the location of the first target. C: No 
response for control saccades (n=18; /Й, Φ]=[23.7,255] deg) made from the position of the 
first to the position of the second target. D: Vigorous burst discharge for saccades (η—16; 
[R,$]=[19.6,180] deg) from the fixation point to a target presented at the location of the 
second target. E: First and second saccade vector and their sum in a plot of the cell's MF. 
The neuron's optimum was at [R0, Φ0]=[15.7,185] deg (goodness-of-fit, r=0.80). F: Change 
in the motor-command vectors according to the dynamic model. Note that these vectors 
enter the neuron's MF and gradually shift towards the neuron's optimum. G: Magnitude of 
the second burst as a function of ISI does not exceed the noise level, whereas the dynamic 
model predicts that the neuron should show a brisk burst at the shortest ISIs. 

saccades were equal to the vectorial sum of the two responses in the double-step task 

(indicated by S1+S2 in Fig. 5.18E). 

Fig. 5.18F shows the predicted saccade vectors that the saccadic system should 

have to program in order to cope with the dynamics of the resettable integrator (see 

above for procedure followed). Note that a substantial number of predicted motor 

programs belong t o the MF of the cell. Indeed, the experiment was designed such 

that the shortest ISIs would require these motor programs to coincide more and more 

with the optimal movement vector of the neuron. 

Fig. 5.18G shows the predicted movement activity of this cell as function of ISI 

(solid curve), whereas the filled symbols ( · ) give the actually measured number of 

spikes. There is a clear discrepancy between the predictions of the dynamic model 

and the obtained measurements. Rather, the data support the prediction of the static 

model (Fig. 5.2). 

A similar finding was obtained for two other neurons. The data obtained from the 

remaining nine neurons were inconclusive, because the predicted differences between 

the two activation models were too small (i.e., no activity predicted). However, none 

of the cells that we recording from responded according to the second prediction of 

the dynamic model. 

5.4 Discussion 

The results of our behavioral experiments clearly show that the primate oculomotor 

system is well capable of generating double-step saccades with extremely short ISIs. 

A quantitative analysis of these responses furthermore demonstrated that neither 

the accuracy (Fig. 5.6) nor the kinematics (Fig. 5.7) of secondary saccades depends 

systematically on the primary response properties, irrespective of the ISI. These results 
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are therefore consistent with our recent observations for human subjects (Goossens 
and Van Opstal 1997; Chapter 4). 

This behavior is readily understood if one assumes that the signals involved in the 
programming and execution of secondary saccades are accurate, and undistorted by 
the occurrence of preceding eye movements. Indeed, both Robinson's original model 
as well as displacement models that assume an instantaneous reset of the feedback 
integrator incorporate exactly these features. However, these models cannot readily 
account for the discrepancy between the accuracy of visually guided saccades and the 
interval-dependent deviation of stimulation-evoked saccades. 

Task-dependent reset 

As mentioned in the Introduction, a relatively simple explanation for the difference 
between the two data sets could be provided if the reset of the displacement integrator 
were under active control of the visuomotor programming stage. If such an active 
reset mechanism indeed exists, one would expect that the postsaccadic reset of the 
integrator occurs immediately after the first saccade of a visually programmed double-
step response, while it may be more gradual after a single-step saccade. It appeared, 
however, that the time constants, obtained with stimulation during the ISI of double-
step responses, and those obtained with stimulation after a single-step saccade, were 
very similar (Fig. 5.13). 

Since we obtained no support for a 'task-dependent reset' mechanism, we recorded 
from SRBNs in the intermediate and deep layers of the SC. This was needed to 
investigate the alternative hypothesis that the saccadic motor plan for second saccades 
is different from what was initially assumed in the analysis of the behavioral data. 

Collicular activity during double steps 

As outlined in the Introduction (Fig. 5.2), one could argue that the visuomotor pro
gramming stage is endowed with a certain dynamics, and that therefore the movement 
plan for the second saccade changes only gradually (the dynamic model). This dy
namic model implies, however, that the population of SRBNs that is recruited for the 
second saccade systematically shifts on the SC motor map as a function of ISI (see In
troduction, Fig. 5.2, and Results, Fig. 5.15, for details). If collicular microstimulation 
bypasses the dynamic programming stage of the visuomotor system, this hypothesis 
could account for the discrepancy between the two types of experiments. 

However, the results of our single-cell recording experiments provide no support 
for this dynamic programming hypothesis. First, we found that SRBNs are typically 
recruited for both saccades of the double-step when both movements are directed into 
the cell's MF, even at extremely short ISIs (<50 ms; Fig. 5.14). Second, the discharge 
that preceded second saccades did not systematically depend on the ISI. This result 
was obtained even under conditions where the dynamic model predicted substantial 
changes in saccade-related activity (Fig. 5.16). Finally, under conditions where the 
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dynamic model predicted that SRBNs should be recruited for movements that would 
otherwise not elicit a response, we obtained no saccade-related discharge (Fig. 5.18). 

From these results, the picture emerges that the SC faithfully encodes the dis
placement vector of the next saccade by recruiting cells at a locus in the motor map 
that corresponds to the dimensions of the actual saccade, irrespective of the ISI (static 
model in Fig. 5.2). Our results are therefore consistent with previous recording ex
periments by Mays and Sparks (1980a), and by Sparks and Porter (1983). In the 
latter study, it was found that SRBNs also discharge before saccades compensating 
for stimulation-induced perturbations in eye position whenever this movement was 
into their MF. Interestingly, these compensating movements were often triggered at 
short latencies (see also Sparks and Mays 1983). As may be inferred from the data 
by Sparks and Porter (1983; their Fig. 3), SRBNs also discharged appropriately for 
such compensatory saccades. 

Nonstationarity of cell responses 

Interval-dependent responses, however, were obtained from two neurons (Fig. 5.17). 
Yet, we believe that these nonstationarities may have resulted from quite different 
phenomena, like e.g. refractoriness. In this respect it should be realized that the 
activity of other neurons was also reduced during the second saccade when compared 
to the control response (Fig. 5.16). Obviously, such behavior also reflects some form 
of nonstationarity, albeit clearly independent from the ISI. Similar reductions in burst 
magnitude have been observed in previous double-step studies (Mays and Sparks 
1980a; Sparks and Porter 1983). The most parsimonious explanation is therefore that 
the apparently ISI-dependent responses of these two cells are merely an extreme case 
of a more general, but a-specific, nonstationarity of the SC activation levels, rather 
than the result of the hypothesized shift of activity on the SC motor map. 

We also considered the possibility that the short-interval double steps obtained 
in these particular sessions were actually due to interrupted saccades. However, like 
in all experiments, the kinematics of both the first and the second saccades were 
normal. Moreover, the cell in Fig. 5.17 always fired for the first saccade, but not for 
the control saccades toward T2. This indicates that the first movement was indeed 
directed toward T l , rather than toward T2. The latter would have been the case in 
the event of an interrupted saccade, for which the neuron would not have fired at 
all. Thus, the actual response pattern was very different from those of interrupted 
saccades (Keller and Edelman 1994; Muñoz et al. 1996). This was also true for all 
other recording sessions. 

Although the SC activation levels are not entirely stationary, the present results 
are still best understood in terms of the simple static model (Fig. 5.2). We argue, 
therefore, that these data justify the interpretation of our behavioral data, where it is 
assumed that the saccadic motor command and the actual motor output are equal. 
The question then arises, whether the postsaccade stimulation paradigm provides a 
valid test for the properties of the brainstem burst generator. 
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Gradual-reset model 

Several aspects of the postsaccade stimulation experiments in the present study 
suggest that the observed deviations may not result from a gradual resetting eye-
displacement integrator. 

First, a quantitative analysis of the data (summarized in Fig. 5.12) revealed a 
substantial degree of variability. For example, the time constant, r, appeared to be 
significantly different for the various stimulation sites, and depended on the direction 
of the preceding saccade (Fig. 5.10). Such site- and direction-dependent differences 
are not readily reconciled with the gradual-reset model, which attributes the observed 
saccade deviations to the properties of a downstream feedback loop. Second, the 
hypothesis of an integrator that is reset after each saccade implies that stimulation 
saccades triggered at IS Is close to zero should have deviated by an amount approxi
mately equal to the preceding movement. This was clearly not observed (Fig. 5.9). 
Kustov and Robinson (1995) noticed similar effects. Based on their data, they pro
posed that the reset of the integrator could start during, or even prior to the visual 
saccade. However, in that case, even normal single-step saccades, large ones in par
ticular, are expected to become inaccurate. After all, the role of the local feedback 
pathway is to stop the burst generator precisely when its goal is attained. For the 
same reason, Keller et al. (1996) recently argued that a decay of the integrator during 
the saccade also predicts that interrupted saccades should become hypometric as a 
function of the duration of the interruption. This was not observed in their study 
either. Finally, by using two different fit procedures, we tried to determine the point 
of reference most suitable to describe the whole data set (see Methods, Eqns. 5.2 and 
5.3, for details). In the case of a postsaccadic reset, the stimulation effect is expected 
to be temporally linked to the first-saccade offset. It appeared, however, that the also 
value of the lead/lag time, β, depended strongly, but not systematically, on the site 
of stimulation and, most importantly, even on the direction of the preceding saccade 
(Fig. 5.10 and Fig. 5.12). This suggests that there is a tight link neither to the onset 
nor to the offset of the preceding saccade. 

Taken together, both our behavioral and single-cell data, but also our microstim
ulation data, provide no support for the gradual-reset model. 

Sensory model 

One may realize that the interpretation of the SC stimulation effects (Nichols and 
Sparks 1995; Kustov and Robinson 1995) relies on the implicit assumption that such 
stimulation results in a fixed-vector eye displacement command (Δε in Fig. 5.IB) 
at the level of the brainstem. A quite different explanation was provided for the 
systematic saccade deviations obtained with stimulation of the FEFs during ongoing 
saccades (Dassonville et al. 1992b). Schlag and colleagues (Schlag et al. 1994; 
Dominey et al. 1997) proposed that stimulation in the FEFs elicits a retinal-error signal 
(RE), and that this signal interacts with a sluggish, low-pass filtered (time constant 
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about 50 ms) eye-displacement or eye-position signal (Δβ{ and e¿, respectively; see 
Fig. 5.1). 

Recently, Schlag et al. (1997) proposed that also the saccade deviations obtained 
with postsaccadic SC stimulation are due to a similar, perhaps common, mechanism. 
Based on their data. Schlag et al. (1997) argued that the SC stimulation effect is 
temporally linked to the first-saccade onset, as predicted by this alternative hypothesis. 
They found that the relation between the amount of deviation and the amplitude of 
the initial saccade was not linear when the decay was assumed to be linked to the 
first-saccade offset. On the other hand, a linear relation could be derived when it was 
assumed that the decay starts at first-saccade onset (as predicted by Eqn. 5.3). 

However, this alternative hypothesis is not readily reconciled with the present ex
perimental findings either. First, our stimulation experiments only partly reproduced 
their results. We noticed the nonlinearity of the amplitude effect in some of our 
amplitude series (Fig. 5.11) but, when it occurred, it was less pronounced. We also 
obtained no evidence that this alternative model would better explain the variability 
across sites and conditions (see above, and Fig. 5.12). Second, our single-cell record
ings indicate that the SC always generates an appropriate motor command for both 
movements of a visually evoked double step. Hence, if these collicular signals were to 
interact with a distorted signal downstream, the accuracy of second saccades should 
depend on the proposed dynamics of this signal, regardless of its nature. This was 
clearly not observed. 

Furthermore, using their presaccadic perturbation paradigm, Sparks and Porter 
(1983) showed that SRBNs become activated for the (accurate) compensation sac-
cade whenever this movement is within the MF. To understand this, the extraretinal 
feedback signal used to program the compensatory response should also be accurate, 
and interact at the level of the intermediate and deep layers of the SC, or upstream. 

Hence, single-cell recordings strongly suggest that efferent feedback signals reach
ing the SC are not endowed with a sluggish dynamics. We argue, therefore, that also 
the sensory model does not account for the present data. 

Target localization 

Previous behavioral double-step experiments with humans and monkeys have shown 
that systematic localization errors occur when targets are flashed at the time of a sac-
cade (Dassonville et al. 1992a; Schlag and Schlag-Rey 1995). Inspired by the results 
obtained with the colliding saccade paradigm (Dassonville et al. 1992b), these mis-
localizations have been attributed to the combination of a delayed retinal-error signal 
with a sluggish, low-pass filtered internal representation of the actual eye movement 
(see also above). On the other hand, in our double-step experiments (this study; 
Goossens and Van Opstal 1997; Chapter 4), but also in the perturbation experiments 
of Sparks and Mays (1983), no systematic errors occur when the two movements are 
executed in rapid succession. Are these results in conflict? 

To address this question, it is interesting to compare the predictions of Robinson's 
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model and the displacement model (Fig. 5.1). According to the former, the coordi
nates of both targets may be calculated and stored as a position in head-centered 
coordinates. So, when the targets are presented well before the first-saccade onset, 
like in most of our experiments (see Methods), this target localization process could 
be complete at the time the double-step sequence is initiated. Therefore, the dynam
ics of the eye-position signal (e¿), that is used in the remapping of retinotopic into 
craniocentric target coordinates, should have no further effect on the accuracy of the 
second saccade (Schlag, pers. commun.). In this way, it can be understood that 
second saccades are accurate, regardless of the ISI (this study; Goossens and Van 
Opstal 1997; Chapter 4; Sparks and Mays 1983), whereas systematic errors occur 
when targets are flashed near the onset of the first saccade (Dassonville et al. 1992a; 
Schlag and Schlag-Rey 1995). 

In the displacement model, however, the retinocentric target representation is 
updated each time the eye moves (transformation of retinocentric into oculocentric 
coordinates). This implies that not only the localization of flashed targets, but also 
the execution of a short-interval saccade sequence should depend on the dynamics of 
the eye-displacement signal (Ае г) used for this update. Hence, when the latter signal 
is endowed with a sluggish dynamics, displacement models predict systematic errors 
in both types of double-step experiments. 

The saccade deviations obtained with SC microstimulation, however, may result 
from quite different properties of the premotor system downstream, whereas target 
mislocalizations may result from properties of the upstream visuomotor system. 

Relation to other studies 

We know of two studies that report a dissociation between the saccade-related activity 
in the SC and the actual metrics of the ensuing saccade. By comparing saccades to 
visual targets with saccades to remembered targets, Stanford and Sparks (1994) found 
that the upward bias, typically present in memory guided saccades, is not reflected 
in the SC activity. Also the change in saccade metrics during a visual short-term 
adaptation paradigm is not reflected in the activity of the SC (Frens and Van Opstal 
1997). 

Interestingly, a similar discrepancy between SC stimulation data and behavioral 
data is observed in the latter type of studies. Although cell recordings indicate that 
adaptation in monkeys occurs downstream from the SC (Frens and Van Opstal 1997), 
saccades evoked by SC stimulation are unaffected by prior adaptation of visual sac-
cades (FitzGibbon et al. 1986; Melis and Van Gisbergen 1996). As a possible ex
planation, it has been proposed that the involvement of the cerebellum, which has 
been implicated to play a decisive role in saccade plasticity (Goldberg et al. 1993), 
is different for the two conditions (FitzGibbon et al. 1986; Melis and Van Gisbergen 
1996). 
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Cerebellar involvement 

We conjecture that a similar problem may underlie the conflicting results obtained 
in the present study. Electrical stimulation of the SC presumably creates a highly 
stereotyped activity profile. However, the distribution of activity over populations of 
difFerent cell types, as well as the dynamics of the stimulated population, may be 
quite different from the natural behavior of the system. It is conceivable, therefore, 
that SC stimulation activates the cerebellum in a different way than under normal 
visuomotor conditions, and that the latter may be is quite sensitive to the spatial-
temporal organization of its inputs (see also Melis and Van Gisbergen 1996). 

Recent studies on the role of the cerebellum (e.g. Dean 1995; Ohtsuka and 
Noda 1995; Fuchs et al. 1993) suggest that appropriately-timed signals from the 
fastigial nucleus (FN), which has efferent projections to the brainstem burst generator 
(Noda et al. 1990), are important in the generation of accurate targeting saccades. 
Saccadic burst neurons in the FN show an early burst of activity near the onset of 
contralateral saccades, but a late burst near the offset of an ipsilateral saccade. The 
latter ends about 0-100 ms after the saccade offset (Ohtsuka and Noda 1995;Fuchs et 
al. 1993). Possibly, the contralateral FN delivers an early drive, while the ipsilateral 
FN provides a late brake. In this way, the timing of these events could subserve the 
precise control of saccade metrics (Dean 1995; Ohtsuka and Noda 1995; Fuchs et al. 
1993). In any case, there appears to be general agreement that the contralateral FN 
acts to make horizontal saccades larger (i.e. its net influence on the burst generator 
is excitatory), whereas the ipsilateral FN acts to make them smaller (i.e. its net 
influence is inhibitory). 

Suppose that SC microstimulation has little control over these delicate processes. 
What might happen? Stimulation under static conditions would elicit saccades that 
may be generated without engaging this mechanism. The resulting movements would 
be fixed-vector saccades that depend on the orbital position of the eye (Hepp et al. 
1993). However, when stimulation is applied briefly after a horizontal visual saccade, 
the late activity of the ipsilateral FN still acts on the horizontal burst generator, as 
part of the saccade termination process. Hence, one would expect a change in the 
horizontal component of the subsequent stimulation saccade. 

As an illustrative example, suppose that a visual saccade has been made to the 
right, immediately followed by stimulation of the right SC, eliciting a leftward saccadic 
command. At the end of the visual saccade, the right FN is activated. Subsequent 
stimulation elicits a leftward saccade, but its horizontal component would be larger 
(overshoot), due to net excitatory influence of the right, contralateral FN. Next, 
consider the result after a leftward visual saccade. When this saccade ends, the left 
FN still exerts its "braking" influence on the burst generator. Subsequent stimulation 
again elicits a leftward saccade, but now its horizontal component would be smaller 
(truncation), due to the net inhibitory influence of the left, ipsilateral FN. In case the 
net action of the FN should be described in terms of an amplitude gain modulation, 
rather than in terms of a linear addition or subtraction, reversals should be difficult 
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t o obtain. 

There are a number of interesting aspects to this concept. First, it readily ex
plains why visually guided saccades are accurate, regardless of the ISI. Second, the 
predicted effects are qualitatively similar to the ones obtained with postsaccadic mi
crostimulation, including the difficulty to obtain reversals. Third, it may account for 
our microstimulation results during visually-evoked double-step saccades, when it is 
assumed that SC stimulation interferes with the normal cerebellar involvement. Fi
nally, it may also explain why a visually programmed saccade, executed immediately 
after an intervening stimulation-induced saccade, is accurate (perturbation paradigm; 
Sparks and Mays 1983). 

Conclusion 

Our data show that visually evoked double-step saccades can be generated with very 
short ISIs, without affecting the endpoint accuracy. The activity in the SC during 
such movements corresponds to the two subsequent saccade vectors. We conclude, 
therefore, that the signals involved in the programming and execution of naturally 
evoked secondary saccades are accurate, and undistorted by the preceding primary 
movements. It is clear, also from our experiments, that postsaccadic microstimu
lation of the SC results in a nonstationary behavior of the saccadic system. The 
interpretation of this finding, however, should be reconsidered. 
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Chapter б 

Saccade-blink interactions in 
monkey. I. Properties of 
blink-perturbed saccades 

6.1 Introduction 

In humans and monkeys, the oculomotor system and blinking evidently interact. It is 
well known, for example, that blink-evoking stimuli elicit a complex of motor actions 
that involve not only a transient closure of the eyelids, but also movements of the eye 
(e.g., Collewijn et al 1985; Evinger et al. 1984). Conversely, saccadic eye movements 
are frequently accompanied by saccade-like movements of the upper eyelid (Evinger 
et al. 1991; Becker and Fuchs 1988), and blinks tend to coincide with large saccades 
(Evinger et al. 1991; Zee et al. 1983) and combined eye-head movements (Evinger 
et al. 1994). 

In the present study, we investigated how blinking affects the generation of sac-
cades in monkey. Although it is common knowledge that blinking influences saccades, 
quantitative data are scarce, and the involved mechanisms are still unclear. 

Data from cat and rabbit indicate that the eye rotations associated with blinks 
result from a transient co-contraction of the extraocular muscles (Delgado-Garda 
et al. 1990; Evinger et al. 1984; Evinger and Manning 1993). As proposed by 
Evinger and Manning (1993) this unusual muscle-activation pattern might result from 
a separate blink-related input to the extraocular motoneurons (OMNs). If true also 
for primates, one may wonder how the saccadic system accounts for blinking. It is 
generally assumed, namely, that the programming and generation of spatially accurate 
saccades does not rely on proprioception from extraocular muscles (Guthrie et al. 
1983). Instead, several reports have proposed that the saccadic system combines 
retinotopic visual input with extraretinal eye-position information, derived from an 

Adapted from: Goossens and Van Opstal (1998) J. of Neurophysiology., submitted. 
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efference copy of the oculomotor command, to redirect the eyes (Hallet and Lightstone 
1976; Sparks and Mays 1983; Guthrie et al. 1983). 

So far, experiments with human subjects indicate that saccade endpoints remain 
quite accurate when goal-directed saccades are perturbed in mid-flight by various 
blink-evoking stimuli (Becker 1993; Goossens and Van Opstal, unpublished observa
tions). As illustrated by Becker (1993), supra-orbital nerve stimulation, for example, 
results in briefly interrupted saccades that closely resemble those obtained with elec
trical stimulation of the omnipause neuron (OPN) region in the monkey brainstem 
(see e.g. also Becker et al. 1981; Keller 1977; King and Fuchs 1977). Although the 
actual trajectory of the eye remained undisturbed in these experiments (i.e., the eye 
only stops in mid-flight and then resumes its original straight path), the latter data 
are generally considered the best evidence that the saccade trajectory is controlled 
by error feedback from efferent sources, rather than by preprogrammed neural signals 
that are computed prior to saccade initiation. 

According to this so-called local feedback hypothesis, the brainstem saccadic burst 
generator is controlled by an internal feedback circuit. In this circuit, a desired eye 
movement is continuously compared with an internal representation (efference copy) of 
the actual ongoing movement until its goal is attained (Robinson 1975; Van Gisbergen 
et al. 1981; Jürgens et al. 1981; Scudder 1988). This concept is also used to explain, 
for example, how the saccadic system can generate saccades of diminished velocity, 
either due to pathology (Zee et al. 1976; Zee et al. 1983), or to pharmacological 
manipulation (Jürgens et al. 1981), and still achieve the correct amplitude in the 
absence of visual feedback. Thus, local feedback is presumed to make saccades more 
reliable and robust against errors. It is conceivable, therefore, that the saccadic system 
may also adequately deal with the effect of blinks on the oculomotor system, possibly 
through local feedback. After all, blinks are natural events that tend to coincide with 
saccadic gaze shifts (Evinger et al. 1991, 1994; Zee et al. 1983). 

Accumulating data indicate that the saccade and blink subsystems may indeed 
interact at various premotor stages. Clinical studies have shown, for example, that 
blinks can accelerate pathologically slowed saccades (Zee et al. 1983), or initiate 
certain types of saccadic oscillations (Hain et al. 1986; Ashe et al. 1991). Moreover, 
patients with Huntington's disease often blink to initiate voluntary saccades (Leigh et 
al. 1983). 

It is currently thought that the OPNs serve as a shared element of both the saccade 
and blink subsystems (Zee et al 1983; Hain et al. 1986; Ashe et al. 1991; Evinger et 
al. 1994; Yee et al. 1994). OPNs are located in the pontine nucleus raphe interpositus 
(Büttner-Ennever et al. 1988) and are known to inhibit a variety of target neurons, 
including saccadic burst neurons in the reticular formation of the pons. Consistent 
with the proposed sharing of OPNs by the two subsystems, microstimulation of the 
OPNs yields interrupted saccades (Keller 1977; King and Fuchs 1977; Becker et al. 
1981) and a suppression of reflex blinks (Mays and Morrisse 1995). Moreover, the 
tonic activity of OPNs has been shown to pause during saccades as well as blinks 
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(Cohen and Henn 1972; Fuchs et al. 1991; Mays and Morrisse 1994). 
Recently, also the midbrain superior colliculus (SC), which is known to be critically 

involved in the generation of normal saccades, has been implicated in the interactions 
between blinks and saccadic gaze shifts. Experiments in monkey (Gnadt et al. 1997), 
for example, have shown that electrical microstimulation of the SC, like in rats (Evinger 
et al. 1996), results in a transient suppression of air-puff evoked trigeminal reflex 
blinks. Since the SC is currently thought to inhibit OPN activity (Raybourn and 
Keller 1977), Gnadt et al. (1997) reasoned that this blink suppression is not mediated 
by the OPNs. Rather, as suggested by data from rodents (Basso and Evinger 1996), 
the SC could indirectly inhibit trigeminal blinks by activating the pontomedullary 
nucleus raphe magnus which, in rats, tonically inhibits spinal trigeminal neurons of 
the reflex blink circuit. 

The purpose of the present chapter is to explore, in detail, the interactions between 
saccade generation and blinking in monkey, and to provide a quantitative description 
of these interactions at the behavioral level. We have focused on the influence of air-
puff evoked blinks on the latencies, spatial trajectories and kinematics of 2-D saccadic 
eye movements as well as on the eye movements that accompany blinks. To our 
knowledge, such data are not available in the current literature. To further investigate 
interactions of the two motor systems at the premotor level, the companion paper 
(Goossens and Van Opstal 1998; Chapter 7) describes the neural activity patterns in 
the SC during blink-related saccade perturbations. A preliminary account of part of 
these data has been presented previously in abstract form (Goossens et al. 1996). 

6.2 Methods 

Subjects and surgical procedures 

Three adult male rhesus monkeys (macaca mulatta; referred to as SA, PJ and ER), weighing 
8-9 kg, participated in these experiments. The animals had been trained to follow a small 
visual target with saccadic eye movements against a small liquid reward. Records were kept 
of the monkeys' weight and health status and supplemental fruit and water were provided 
as needed. All surgical and experimental procedures were conducted in accordance with the 
European Communities Council Directive of November 24, 1986 (86/609/EEC), and were 
approved by the local university ethics committee. 

The animals underwent three separate surgical sessions. Surgery was performed under 
sterile conditions while the animal was under inhalant anesthesia with N2O/O2 and ethrane. 
In the first session, a head holder was placed on the skull by embedding eight titanium bone 
screws and four stainless-steel bolts in dental cement. This head holder allowed for rigid 
and painless head restraint during the experiments. In a second session, a thin gold-plated 
copper ring (diameter about 18 mm) was implanted underneath the conjunctiva of the left 
eye, following a method described by Judge et al. (1980). This ring, which became firmly 
attached to the eye by connective tissue, allowed for an accurate and wireless recording of eye 
position (Bour et al. 1984; Ottes et al. 1986; see also below). Finally, a recording chamber 
was placed over a trepane hole for single cell recordings that are described in the companion 
paper (Goossens and Van Opstal 1998; Chapter 7). 



154 Section 6.2 

Setup and experimental procedures 

Experimental conditions. All experiments were performed in a completely dark, sound-
attenuated room (dimensions, 3 x 3 x 3 m). The head-restrained monkeys were seated in a 
primate chair facing an array of 85 light-emitting diodes (LEDs) at polar coordinates R 6 
[0,2,5,9,14,20,27,35] deg and Φ G [0,30,60,.. .,330] deg. R is the eccentricity relative to the 
straight-ahead viewing direction which was parallel to the stereotaxic anterior-posterior axis of 
the head. Φ=0 deg corresponds to a rightward position and Φ=90 deg is upward. The LEDs 
(diameter, 0.2 deg; intensity, 0.2 cd-m - 2 ) were mounted on a spherical wire frame, such that 
each LED was at a viewing distance of 85 cm. 

Air puffs. Trigeminal reflex blinks were evoked by air puffs on the left, recorded eye. These 
stimuli were generated by a pressure unit that was located outside the experimental room. In 
this way, the sound clicks produced by the air valve could not give rise to an acoustic reflex 
blink. The air pulses (duration, 20 ms; intensity, ~1.5 Bar at the source) were fed through 
a plastic tube (length 4 m, inner diameter 4 mm) that ended 1-2 cm in front of the eye. 
The fixed delay between triggering the pressure unit and the actual air puff on the eye was 
43 ms, measured in vitro with a freely suspended search coil in front of the tube. The air-
puff intensity, kept well above threshold, was adjusted during the course of an experiment, if 
necessary. In this way, substantial perturbations of the eye movements were obtained without 
completely disrupting saccade generation (see Results), or causing discomfort to the animal. 

Eye and eyelid position recording. The two-dimensional orientation (referred to as 'posi
tion') of the left eye was recorded with the double magnetic-induction technique developed 
in our laboratory (Bour et al. 1984; Ottes et al. 1986). The horizontal (40 kHz) and vertical 
(30 kHz) oscillating magnetic fields that are required for this method, were generated by two 
orthogonal pairs of 3 χ 3 m square coils that were attached to the side walls, ceiling and 
floor of the room. The eye-position dependent currents that are induced in the eye ring (see 
above), were measured with a sensitive pick-up coil, placed directly in front of the monkey's 
eye before the experiment. This signal was pre-amplified and demodulated into horizontal and 
vertical D.C. eye-position components by two lock-in amplifiers (PAR 128A). The resolution 
of this recording technique was ~0.2 deg in all directions. 

Eyelid movements were measured with the magnetic search-coil induction technique 
(Collewijn et al. 1975). To that means, a small custom-made coil (diameter ~4 mm) was 
taped to the upper-right eyelid. Signals from the lid coil were pre-amplified and demodulated 
into horizontal and vertical D.C. position components by a second set of lock-in amplifiers 
(PAR 120). Movements of the right eyelid were measured to prevent interference of the 
search-coil signal with eye-position signals from the left eye. It was verified, on the basis of 
the eye velocity profiles, that the presence of a small coil on the eyelid did not affect the 
metrics and kinematics of normal visually guided saccades. 

Data acquisition and stimulus presentation. Timing of the stimulus events as well as data 
acquisition were controlled by a PC-80486, equipped with a data-acquisition board (Metrabyte 
DAS16) and a digital I/O card (Data Translation 2817). Horizontal and vertical eye and eyelid 
position signals were amplified, low-pass filtered (150 Hz) and sampled with 12-bit resolution 
at a rate of 500 Hz per channel. Data acquisition started 400 ms prior to the offset of the 
initial fixation point and continued for 1.5 s. The raw data were stored on disk for off-line 
analysis (see Data analysis below). 
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Behavioral paradigms 

Standard protocol. At the beginning and end of each experiment, the monkey fixated 
85 targets throughout the oculomotor range up to eccentricities of 35 deg. To that means, 
saccades were evoked from the straight-ahead LED to all peripheral LEDs (see above). In each 
trial, one of the LEDs was pseudo-randomly selected, and presented for 900 ms immediately 
after the central fixation spot (800-1600 ms presentation time) disappeared. The animal was 
rewarded after fixating the peripheral target for more than 300 ms. A trial was aborted when 
initial fixation was not maintained for the required period. The data obtained in these trial 
blocks were used for calibration of on-line and off-line eye-position signals (see Data analysis 
below). 

Perturbation paradigm. This paradigm was used to study the influence of blinking on 
visually evoked saccades. Three different trial types were randomly interleaved (see Fig. 6.1). 

Control trials. The animal had to look at an initial fixation point that was presented for 
a variable period of 600-1200 ms. As soon as the fixation point disappeared, either one of 
five peripheral targets (randomized) was flashed for 50 ms, and the monkey was required to 
refixate the remembered position of that target by making a saccade in complete darkness. 
To receive a reward, the animal had to maintain initial fixation until 80 ms after the offset of 
the fixation spot, and the target position had to be acquired within ±4 deg, and fixated for 
at least 300 ms. About 30 % of the trials in each block were control trials. 

Perturbation trials. An equal number of trials were exactly like the control trials, except 
that an air puff was presented on the left eye to elicit a binocular blink reflex (latency about 
20 ms; see Results) near the onset of the visually evoked saccade. The pressure unit was 
triggered at a fixed moment after the onset of the peripheral target, approximately 70 ms 
before the expected saccade onset to account for delays of both the air puff and the blink 
reflex. To that means, the exact timing of the air puff was adjusted to the monkey's behavior. 
The animal was rewarded at the end of each perturbation trial, regardless of its performance. 

Catch trials. In the remaining 40 % of the trials, saccades were evoked toward targets 
that were presented for 900 ms at pseudo-randomly selected locations. Data obtained in these 
trials are not included in the present study. 

Fixation paradigm. This paradigm was used to separately measure the rotations of the eye 
that accompany blinks. In each trial, the monkey had to fixate a straight-ahead LED for 1.5-
2.0 s. The animal was rewarded for maintaining its gaze within a ±4 deg window throughout 
the demanded period. In 30 % of the trials, referred to as blink trials, an air puff elicited a 
blink response (see Fig. 6.1), and the monkey was always rewarded afterwards. Trials with 
and without air puffs were randomly interleaved. 

Data analysis 

Calibration of eye position. The eye position signals were calibrated off-line on the basis of 
85 target fixations throughout the oculomotor range (±35 deg, see above). Eyelid position 
signals were not calibrated, and are presented in arbitrary units. 

Because the double magnetic induction method is characterized by smooth direction-
dependent non-linearities (Bour et al. 1984), two neural networks, one for each eye position 
component, were trained to map the raw eye position signals to the known associated target 
locations (see also Melis and Van Gisbergen 1996; Frens and Van Opstal 1997; Goossens and 
Van Opstal 1997). Each network consisted of three layers: two input units (representing the 



156 Section 6.3 

raw horizontal and vertical signal), five hidden units, and one output unit (representing either 
the horizontal or vertical component of the calibrated eye-position signal). 

To train these networks, a training set was constructed that contained all reliable target 
fixations (typically, JV>80). The connectivity weights in each network were then optimized, 
using a back-propagation algorithm based on the gradient descent method of Levenberg-
Marquardt (Matlab 4.2, 5.0, The Mathworks Inc.). To that end, the raw fixation data from 
the training set were presented as inputs while clamping the corresponding target coordinates 
on the output. After 500 training epochs (taking about 1-2 min on a SUN-3/140 workstation), 
each network was always able to transform the raw eye-position data to a linear, calibrated 
eye-position signal with an accuracy better than 5% over the entire recording range (±40 deg). 

Raw eye position signals were subsequently calibrated by applying the trained feedforward 
networks, and then low-pass filtered at 80 Hz (FIR-filter, Matlab). To be sure that the 
networks provided an accurate calibration throughout an experiment, the calibration procedure 
was repeated at least twice in each session, and calibrated eye-position signals were displayed 
on-line during data capture. 

Radial eye position (E) and velocity (E) were computed from the recorded horizontal and 

vertical eye position and velocity by the use of Pythagoras' theorem: E = \ / H 2 + V2 and 

È= л/Н2+ 2 . 
Saccade and blink detection. Saccades were detected off-line on the basis of the calibrated 
eye position signals by a computer program which applied separate velocity and mean accel
eration criteria for saccade onset and offset. Any saccade recognition failures were corrected 
by the experimenter after visual inspection of the identifications made by the marking pro
gram. This was especially important in the case of perturbed saccades. Onsets and offsets 
of perturbed saccades were judged on the basis of the position and velocity traces as well as 
on 2-D trajectories that could be displayed as a movement occurring in real-time. To ensure 
unbiased detection criteria, no stimulus information was provided to the experimenter during 
saccade detection. 

Blinks were detected separately with the same interactive computer program by using the 
raw vertical eyelid signals. Blink onsets could be readily detected on the basis of velocity 
and acceleration criteria as the initial eyelid movement during blinks is a very rapid downward 
movement (see Results). Blink offsets were often poorly defined, due to the low end-velocity 
of the eyelid, and were not used in the analysis. Blinks were easily dissociated from saccade-
related eyelid movements because the former are characterized by a typical double-peaked 
velocity profile, whereas the latter are endowed with a roughly bell-shaped velocity profile (see 
e.g., Evinger et al. 1991; Becker and Fuchs 1988). 

Selection criteria. Saccades with latencies less than 80 ms or more than 400 ms were 
excluded from the analysis. Successful control trials were those in which no spontaneous 
blinks occurred. Successful perturbation trials were those in which a blink started within a 
time window ranging from 50 ms before the onset of the saccade to 50 ms after its expected 
offset. The latter was derived from the mean duration of control saccades toward the same 
target. No time window was used to analyze latency interactions between saccades and blinks. 

6.3 Results 

The data presented in this chapter were collected from three monkeys during 32 

experimental sessions (15, 12 and 5 sessions with monkey PJ, ER and SA, respec-
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tively). In these experiments, air puff stimuli were used to elicit reflex blinks while 
the animals were engaged in a saccade or a fixation task. In both cases, the air puffs 
reliably evoked reflex blinks with mean latencies of 17.6±4.5 ms (SA), 23.4±6.2 ms 
(ER) and 20.2І4.8 ms (PJ). When evoked during straight-ahead fixation (Fig. 6.1A), 
blinks were accompanied by a transient, upward and slightly abducting, rotation of 
the recording eye (see also below, for further details). Conversely, when the air puff 
was presented before the onset of an impending visual saccade (Fig. 6.1С), both the 
saccade and the blink were initiated almost simultaneously, as if the air puff triggered 
both motor responses. 

To further illustrate this tight latency coupling, Fig. 6.ID depicts the latency dis
tribution of control (solid bars) and perturbed saccades (open bars). The histograms 
clearly show that the latency of saccades could be reduced by eliciting blinks. As may 
be observed, saccade latencies in control trials without air puffs (solid bars) varied 
between 120 to 350 ms, which is typical for visually evoked saccades. By contrast, 
when air puff stimuli were presented at a fixed moment near the expected saccade 
onset, the latencies of the eye movements were typically between 160 and 180 ms 
with respect to target onset (solid bars), and occurred very shortly after the air puff 
arrived on the eye (dashed vertical line). In this example, the mean saccade latency 
was 168±14 ms, as opposed to 216±51 ms for the control condition (P<0.0001). A 
quantitatively similar tight latency coupling between saccades and blinks was repro-
ducibly obtained in all perturbation experiments with each monkey. We also noted 
that this feature was not specific to the applied paradigm. This was inferred from the 
behavior just after trials, where spontaneous blinks typically coincided with sponta
neous saccades made in complete darkness (data not illustrated). Fig. 6.IE depicts 
the air-puff related latency distribution of blinks, evoked during fixation in blink trials 
(solid bars) and in saccade perturbation trials (open bars), respectively. As can be 
observed, there was no significant latency difference between these two conditions. 

Perturbation of saccades by blinks 

As outlined in the Introduction, blinks are thought to interfere with saccade generation 
at several premotor levels. To gain further quantitative insight in the underlying 
interactions, we also examined the spatial trajectories and kinematics of the blink-
perturbed eye movements. 

Fig. 6.2 illustrates the results of a typical perturbation experiment with monkey 
PJ. Figs. 6.2A and В compare control saccades to a series of representative perturbed 
saccades with concomitant blinks. In the control condition (Fig. 6.2A), the monkey 
made approximately straight saccades to the target, and the bell-shaped velocity 
profiles (E) were typical for 20 deg saccades (see e.g. Van Opstal and Van Gisbergen 
1987). In Fig. 6.2B, an air-puff stimulus on the recording eye evoked a blink reflex 
near the onset of the saccade. In this condition, the 2-D saccade trajectories resulted 
to be substantially curved, typically upward, and they were much more variable than 
in the control condition. Also the kinematics of the eye movements were strongly 



158 Section 6.3 

\r 40 

30 

IA 

« 2 0 

I 10 

; D 

ч ! 

Л. 
100 150 200 250 300 350 

Saccade Latency re Target Onset (ms) 

y 
I S dag 

ю 5 

.s 
ID 
* 0 _^ψ> 

Таг PuH О 1 0 2 0 3 0 4 0 SO 

Blink Latency re. Puft Onset (ms) 

Figure 6.1 Latency interactions between saccades and blinks. Example of responses obtained 
in three different trial types (left-hand panels), together with the latency distributions of 
saccades and blinks for each of these trial types (right-hand panels). Data from monkey 
ER. A: Normal reflex blink evoked by an air puff during straight-ahead fixation. B: Control 
saccade toward a briefly flashed visual target. C: Saccade and blink starting at the same time 
when an air puff preceded the impending saccade. Shown are vertical eyelid (L; in arbitrary 
units) and 2-D eye position (H, horizontal; V, vertical; in deg) traces. Presentation intervals of 
fixation (Fix), target (Tar) and air puff (Puff) stimuli are indicated underneath. Puff intervals 
are corrected for the 43 ms transport time of the air puff to reach the eye. D: Latency 
distribution of control saccades (solid bars) and blink-perturbed saccades (open bars). Bin 
width 10 ms. Note the narrow latency peak, approximately 20 ms after the onset of the air 
puff (dashed vertical line). Mean saccade latencies (μ ± σ) in control and perturbation trials 
were 216±51 ms (N=71) and 168±14 ms (N=95), respectively. E: Latency distribution of 
blinks in fixation (solid bars) and perturbation (open bars) trials with respect to the air-puff 
onset at the eye. Bin width 2 ms. Note similar latencies in both conditions. Mean blink 
latencies were 23.4±6.2 (N=26) and 22.4±4.9 (N=95), respectively. 

affected by the blink; the peak velocity was substantially reduced, and the duration 

of the movements exceeded that of the control responses by almost 150 ms. These 

effects can be readily inferred from both the eye position traces and the multi-peaked 

velocity profiles. Despite these profound spatial-temporal perturbations, the saccades 

still ended close to the position of the target, even though these movements were made 

in complete darkness. Note that it made no difference whether blinks were evoked 
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Figure 6.2 Typical blink-perturbed saccades obtained in the perturbation paradigm. Data 
from monkey PJ. Saccades were made in complete darkness to a target that was briefly 
flashed at [R, Φ]=[20,30] deg. Trials are sorted into control (panel AJ and perturbed (panel 
B) examples. The 2-D saccade trajectories are shown at the top. The upper traces show the 
vertical eyelid position (L). The traces underneath show horizontal (H) and vertical (V) eye 
position. The bottom traces depict vectorial eye velocity (E; see Methods). All movements 
are aligned with saccade onset. Note comparable endpoint accuracy in A and B, despite the 
severe spatial-temporal perturbations of the saccade trajectory in B. Also, note reacceleration 
of the eye during compensation, particularly in the highlighted example (thick traces). 

near saccade onset or in saccade mid-flight. One may also observe that the eye often 

showed a clear reacceleration toward the target position. This is most evident from 

the highlighted example (thick traces), in which the initial change in eye position is 

immediately compensated by a horizontal movement of the eye. 

We noted in many experimental sessions that a limited fraction (typically no more 

than 10-15%) of the perturbed saccades were not goal-directed. This is illustrated 

in Fig. 6.3 for a session in which a relatively large number of such responses was 

obtained. Fig. 6.ЗА shows the trajectories of all responses toward a target briefly 
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Figure 6.3 Illustration of compensatory versus non-compensatory behavior. Data from 
monkey PJ. A: Examples of blink-perturbed responses that showed little or no compensation 
(thick trajectories), together with a series of movements in which the perturbation was ac
counted for (dotted trajectories; 2 ms between each dot). B: Endpoint scatter of all control 
(o; N=53) and perturbed (·, N=31 and x, N=10) saccades obtained in this session, ex
pressed as horizontal/vertical errors relative to the target. Data pooled for five different target 
displacements. Although a subset of responses was quite inaccurate (x), the endpoint errors 
were relatively small for the majority of perturbed saccades (·). 

presented at [R, Ф]=[б0,27] deg, in which the blink-related perturbation was very 
poorly or not at all compensated (solid trajectones; χ endpoints; N=6), together 
with the responses that did show considerable compensation (dotted trajectones; · 
endpoints; N=Q). The scatter plot in Fig. 6.3B shows the endpoint errors relative to 
the target of all control (o) and perturbed ( · and x) saccades evoked in this particular 
experiment (pooled data of responses to five nearby targets). Note that the endpoint 
errors were small in the far majority of perturbed responses ( · ) . Atypically large errors 
were obtained in 10 perturbation trials ( x ; 24 %). 

The overall impression gained from the data in Fig. 6.2 and Fig. 6.3 was that blink-
perturbed eye movements remained fairly accurate, despite the severe perturbations 
in both the trajectory and the kinematics. To quantify this property further, we 
analyzed the endpoint accuracy of perturbed saccades in comparison to unperturbed 
control saccades. To that end, we measured the difference between the endpoints 
of perturbed saccades and the mean endpoint of control saccades toward the same 
target, in two dimensions. The difference between these two response types, rather 
than the absolute accuracy, was analyzed, because absolute accuracy may depend on 
many variables such as target duration and location as well as the subject's motivation. 

Fig. 6.4 illustrates the measures that were used to quantify the 2-D accuracy of 
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Figure 6.4 Schematic illustration of 
the various measurements made on each 
blink-perturbed saccade. A: Plot of ra
dial eye position (E; see Methods) of a 
perturbed saccade (thin trace) and the 
average of a series of unperturbed con
trol saccades (thick trace). Data are 
fictive. Rc is the mean amplitude of 
the unperturbed control saccades, and 
Rp the amplitude of individual perturbed 
saccades. The error, eT, is the differ
ence in final amplitude between the av
eraged control saccades and the individ
ual perturbed saccades, for the same tar
get configurations. B: Two-dimensional 
trajectory of a perturbed saccade (thin 
line) and the average of a series of un
perturbed control saccades (thick Ime). 
Data are fictive. The error, e¿, is the 
difference between the mean endpoint 
of control saccades and the endpoint of 
each individual perturbed saccade in the 
direction orthogonal to the mean con
trol saccade. The maximum difference, 
d, between the mean control trajectory 
and the trajectory of each individual per
turbed saccade, in the same orthogonal 
direction, was used to quantify the am
plitude of the spatial perturbation. 

perturbed saccades, and the magnitude of the spatial trajectory perturbations. As 
depicted in Fig. 6.4A, we measured the radial amplitude of each perturbed saccade, 
Rp, and computed the amplitude error, e r , with respect to the mean amplitude of 
corresponding control saccades, Rc. Positive values of er indicate that the perturbed 
saccade was hypermetric with respect to the average control response. We adopted 
this measure from Keller et al. (1996), who recently used it to quantify the accuracy 
of OPN-interrupt saccades. We also computed the difference between the endpoint of 
each perturbed saccade and the mean endpoint of control movements in the direction 
perpendicular to the mean control vector. Note that this 'orthogonal' error, indicated 
as ed in Fig. 6.4B, provides a measure of how well the oculomotor system compen
sated for the changes in eye position with respect to the normal saccade trajectory. 
The latter were quantified by measuring the maximum deviation from the averaged 
trajectory of control saccades, indicated as d in Fig. 6.4B. 

The class of perturbed responses that were clearly not goal-directed (see Fig. 6.3) 
were not considered in this analysis. To that end, a computer algorithm excluded 
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Figure 6.5 Amplitudes 
of blink-perturbed saccades 
compared to control sac-
cades for all three mon
keys. A: Mean amplitudes 
of unperturbed control sac-
cades as a function of tar
get eccentricity. The fixa
tion point was shifted from 
the straight-ahead position 
for target eccentricities be
yond 35 deg. B: Mean 
amplitude errors of blink-
perturbed saccades relative 
to the mean amplitude of 
control saccades as a func
tion of target eccentricity 
(error measure er; see Fig. 
6.4). Note the differences 
in scale. In both panels, 
standard deviations are in
dicated by the error bars. 
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the eye movements with amplitudes and directions that differed by more than four 

standard deviations from the mean of the perturbed saccades (e.g., the χ data points 

in Fig. 6.3B). The number non-goal directed responses ranged between 0 and 30 %, 

but was typically restricted to 10-15 %. Corrective saccades that sometimes followed 

the initial perturbed response were also not included in this analysis. 

Saccade metrics 

Fig. 6.5 compares the amplitudes of control and perturbed saccades obtained in a 

series of experiments in all three monkeys. Saccades were evoked by target displace

ments ranging between 9 and 60 deg in monkeys PJ and ER, and between 20 and 

40 deg in monkey SA. For each target eccentricity, data were selected from those 

sessions in which the largest number of responses were obtained ( iV>10, in both 

conditions). Fig. 6.5A depicts the mean amplitudes and the standard deviations of 

control saccades as a function of target eccentricity. The data show that the mon

keys typically made slightly hypometric saccades, which is characteristic of visually 

evoked saccades. Fig. 6.5B shows similar data for perturbed saccades, except that 

the amplitude is expressed as an amplitude error relative to the mean amplitude of 

the control saccades. In all cases, the trajectory and kinematics of the eye movements 
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Figure 6.6 Comparison between perturbed responses in two different directions. Data from 
monkey SA. Targets were flashed at [R, Φ]=[40,191] and [R, Φ]=[40,232] deg, in A and B, 
respectively. Blink-induced perturbations were only partially compensated during the oblique, 
downward movements. 

were strongly modified by the blink reflex (see e.g. Fig. 6.2). It can be seen that the 

amplitude errors were small (less than 3.0 deg) for target eccentricities up to 20 deg, 

while hypometric responses were obtained for larger eccentricities (mean errors up to 

-4.8 deg). Note, however, that the undershoots were usually small compared t o the 

saccade amplitude (up to about 10%), particularly in monkey PJ. 

Further examination of the raw data suggested that the extent of compensation 

for the spatial trajectory perturbations depended on the direction of the target jump. 

This directional dependence is illustrated in Fig. 6.6 by a worst-case example obtained 

from an experiment with monkey SA. Figs. 6.6A and В compare large, perturbed 
saccades (thin trajectones) made to eccentric targets ( i ? = 4 0 deg) in two different 
directions ( Ф = 1 9 1 , and Ф=232 deg, in A and B, respectively). The mean control 
responses are also shown (thick trajectories). As may be observed, the change in 
saccade direction was reasonably well accounted for when the movements were made 
toward a target that was flashed near the horizontal meridian (Fig. 6.6A). Perturbed 
movements toward a target further down from the fixation point (Fig. 6.6B), however, 
not only fell short of the mean control response (and target), but also ended clearly 
above its endpoint. The latter feature appeared to depend systematically on saccade 
direction (see below). Note, however, that the eye movements were still directed 
toward the target location, even though they started in a completely wrong direction 
(up and to the left). 

Fig. 6.7A depicts the mean and standard deviations of the spatial trajectory pertur
bations, d, as a function of target direction. Saccades were evoked to eccentric targets 

in various directions Φ € [0,30 360] deg at either J?=14 or i?=20 deg in monkeys 
ER and PJ, and at either Ä = 2 0 or fí=27 deg in monkey SA. Data were selected 
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Figure 6.7 Trajectory per
turbations and endpoint ac
curacy for all three mon
keys. A: Mean trajec
tory perturbations of blink-
perturbed saccades as a 
function of target direc
tion (difference measure d; 
see Fig. 6.4). Note large 
perturbations in all direc
tions, except for purely 
vertical saccades (-90 and 
+90 deg). B: Mean or
thogonal errors of the same 
blink-perturbed saccades as 
a function of target direc
tion (error measure e¿; see 
Fig. 6.4). Note directional 
dependence. Error bars de
note standard deviations. 
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from those sessions in which the largest number of responses were obtained ( iV>10, 
in both conditions). Since we noticed no difference between leftward and rightward 
responses, target directions are presented as angles relative to the horizontal merid
ian, where +90 deg is upward and 0 deg is to the left/r ight. The data show that the 
largest spatial perturbations were obtained in oblique and horizontal directions. Note 
that the perturbations could be quite large (up to about 15 deg), and that they were 
endowed with a substantial variability (large standard deviations). Fig. 6.7B presents 
the mean and standard deviations of the 'orthogonal' endpoint errors, e¿, measured 
for the same perturbed saccades. Positive values indicate that the endpoints deviated 
in the same direction as the perturbation. The data show that the smallest errors 
were obtained for vertical target displacements, whereas systematically larger errors 
were found for horizontal and oblique-downward responses. Typically, these errors 
were much smaller than the amplitude of the perturbations (Fig. 6.7A). Yet, most 
of the errors were positive. This indicates that there were systematic deviations of 
the saccade endpoints in direction of the perturbation. Hence, it appeared that the 
2-D trajectory showed clear signs of compensation for the induced changes in saccade 
direction, albeit not equally well for all target directions tested. Little compensation 
was obtained, for example, with monkey ER, for target displacements in the 30 deg 
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downward direction. 

Blink-related eye movements 

The data presented above indicate that the saccadic eye movements compensated, at 
least partly, for large blink-related perturbations in both direction and velocity. These 
results are consistent with the idea that the saccade trajectory may be controlled by 
a dynamic feedback circuit (see Introduction), but they do not exclude alternative 
possibilities. In principle, for example, a step like blink-related perturbation could be 
added to the saccadic command at the level of the OMNs, and be restored entirely 
by passive elastic forces within the oculomotor plant. To obtain more insight into the 
possible mechanisms underlying the perturbations, we examined the eye movements 
accompanying blinks in more detail. 

Fig. 6.8 depicts a series of eye movements evoked by blinks while the monkey 
(ER) attempted to fixate a straight-ahead fixation spot. The examples in Figs. 6.8A 
and В illustrate the two types of eye movements that were reproducibly obtained 
in all three animals. As shown in Fig. 6.8A, the 2-D trajectory of a blink-related 
eye movement often resulted in an approximately closed loop, meaning that the eye 
returned to its initial position in a single movement. The direction and size of these 
loops also appeared to depend on initial eye position. This is illustrated in Fig. 6.9, 
by showing the 2-D trajectories of a series of blink-related eye movements that were 
measured during spontaneous blinks of monkey PJ. Note, for example, that when the 
animal was looking to the left, blinks resulted in an initial eye rotation that was mainly 
directed rightward, while downward eye rotations were obtained when the animal was 
initially looking upward. In the straight-ahead fixation task, however, the largest eye 
excursions, up to about 15 deg amplitude, were always upward, and, in most cases, 
slightly abducting. 

These data, together with the increase in endpoint errors (Figs. 6.5 and 6.7), 
raise the question whether the observed compensatory behavior could have resulted 
entirely from passive restoring forces within the oculomotor plant. This would occur, 
for example, if a blink is associated with a transient activation of the OMNs through 
a pathway that bypasses the local feedback circuit. As mentioned in the Introduc
tion, reflex blinks are indeed accompanied by a transient burst of activity in these 
motoneurons (Delgado-Garcia et al. 1990; Evinger and Manning 1993; Evinger et al. 
1984). 

Interestingly, however, it appeared that the end-position of the eye after a blink-
related movement was often clearly different from its initial position. This is illustrated 
in Fig. 6.8B, which depicts blink-related eye movements obtained in the same trial 
block as those shown in Fig. 6.8A. In these cases, a downward corrective saccade 
toward the fixation spot frequently followed. The latencies of these corrective saccades 
(measured relative to the offset of the blink-related eye movement) typically fell within 
the normal range of visually guided saccades, although strikingly short latencies (down 
to 20 ms) were observed as well. In Fig. 6.8B, for example, the shortest latency 
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Figure 6.8 Two types of blink-related eye movements in the fixation paradigm. Data from 
monkey ER. Fixation was straight-ahead. Depicted are 2-D eye movement trajectories (top), 
eyelid (L) and eye position (H and V) traces, as well as eye velocity profiles (E). In both 
response types, the maximum excursions of the left, recording eye were upward. A: The 
eye often returned to its initial position in a single movement, following a characteristic 2-D 
trajectory. B: Blink-related eye movements could also end at eccentric orbital positions. In 
those cases, downward correction saccades, needed to take the eye back to its original position, 
frequently followed. Note the absence of drift prior to the corrective saccades. 

was 64 ms. One may also note that, during this latency period, the eye remained 
stationary at its eccentric orbital position. Since the latter requires a tonic activation 
of extraocular muscles t o prevent low-velocity drift (Robinson 1975), these data hint 
at an involvement of the neural eye-position integrator. 

In this respect, it is also of interest t o note that the downward return movements 
of the eye in Fig. 6.8A were fairly rapid (with peak velocities up to 180 deg/s), and 
did not follow a slow exponential time course. The latter feature is typical for the 
passive eye movements following electrical microstimulation of the trochlear nerve or 
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Figure 6.9 Eye-position de
pendence of the eye blink re
sponse. Data from monkey 
Ρ J. Shown are the 2-D trajec
tories of a series of eye move
ments associated with sponta
neous blinks that were made 
when the animal was look
ing in four different directions. 
For clarity, all eye movements 
starting at eccentric orbital 

i ^ positions were shifted 10 deg 

V toward the center. Start-
it лдядм ing positions are indicated by 

crosses (+), and there are 
2 ms between each dot. 

abducens nucleus (Sparks and Mays 1983; Sparks et al. 1987). Taken together, these 

data suggest the rapid return movements of the eye are under neural control, rather 

than the mere result of elastic restoring forces within the oculomotor plant (see also 

Discussion). 

Superposition of two eye movements? 

In the case of microstimulation of OMNs (Sparks and Mays 1983; Sparks et al. 1987), 
no active compensation for the stimulation-evoked eye movements was observed. 
Rather, the eye movement trajectory could be well described by a linear superpo
sition of the stimulation-induced movement and the control saccadic eye movement. 
Although the data in Fig. 6.8 suggest that the observed compensatory behavior in 
the case of blink-perturbed saccades does not result from passive restoring forces, 
the results so far do not exclude the possibility that blink-related motor commands 
and saccadic motor commands are entirely executed in parallel. I.e., compensation 
could be an intrinsic property of the blink system rather than the saccadic system. 
To further examine this possibility, the mean of unperturbed control saccades was 
subtracted from perturbed saccades towards the same target. In the case of a linear 
superposition of two separate commands at the motoneurons, it is expected that the 
resulting 2-D trajectories should be (1) very similar for saccades of different ampli
tudes, and (2) closely resemble those of pure blink-related eye movements that are 
measured in isolation. 

Fig 6 10 shows that this was clearly not the case. Figs. 6 10A and С depict per
turbed saccades toward two targets at different eccentricities {thin lines). The mean 
control responses to these targets are also indicated {thick lines). Figs 6.10B and D 
show the 2-D trajectories obtained by the subtraction of perturbed and unperturbed 
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Figure 6.10 Spatial-temporal properties of the saccade perturbation. Data from monkey 
ER A: Individual perturbed (thin traces) responses toward a target at [R, Ф]-[9,150] deg, 
with the mean control (thick traces) response superimposed The 2-D saccade trajectories are 
shown at the top Subsequent traces show eyelid (L) and eye position (H and V), as well as 
eye velocity (E) B: The mean control response was subtracted from each perturbed response 
The resulting 2-D difference trajectories are shown at the top The traces underneath show 
the difference in horizontal (AH) and vertical (AV) eye position, and the bottom traces show 

the eye-velocity difference (AÈ = У/АН2 + AV2) C-D: Similar data as in A and B, but 
now for responses toward a target at [R, Ф]=[20,150] deg Mid-flight compensation is evident 
from the looping difference trajectories Note that the shape and orientation of the loops 
is different for each of the two data sets Also note the discrepancy between the computed 
difference movements and the measured eye blink movements shown in Fig 6 8. 

saccades, together with the eye position ( Δ Η and Д ) and eye velocity difference 

( Δ Ε ) as a function of t ime. Note that the results are clearly different for the two data 

sets (obtained in the same trial block). This is most evident from the 2-D trajectories. 

In both cases, the difference trajectories formed approximately closed loops, indicative 

for full compensation, but the shape and orientation of these loops are clearly differ

ent Moreover, comparing the difference trajectories with those of pure blink-related 

eye movements (see Fig. 6 8; measured in the same session), one may observe that 

the latter trajectories are substantially different, both qualitatively and quantitatively 

Hence, it appeared that the perturbed eye movements could not be described as the 

addition of an unperturbed saccade and a control eye blink 
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6.4 Discussion 

The data presented ¡η this chapter show, for the first time, various aspects of monkey 
saccadic behavior that are affected by trigeminal reflex blinks. In summary, air-puff 
evoked blinks had a strong influence on the latency, as well as on the kinematics and 
spatial trajectories of visually evoked saccades. Near the onset of a blink, the ongoing 
movement direction of the eye was considerably modified, resulting in substantial de
viations from the normal, approximately straight, saccade trajectory. These perturbed 
saccades often had a diminished peak velocity, and a two- to three-fold increase in 
their duration was typically observed. Despite the strong disruptive nature of blinks, 
the animals could still generate quite accurate eye movements, as the perturbations 
were largely compensated. These compensations occurred in mid-flight, i.e., well be
fore the eye movement ended, and did not rely on visual feedback, since they were 
completed in darkness. 

In what follows, an attempt is made to identify the mechanisms underlying this 
complex oculomotor behavior. To that end, we will discuss the following issues. First, 
are the eye movements induced by reflex blinks partly passive in nature (i.e., does 
the return phase of the eye blink result from plant mechanics), or are they entirely 
due to a neural control signal? Second, where in the neural circuitry do saccade- and 
blink-related signals interact? The latter point touches upon the central concept in 
saccade models, that a local feedback loop controls the saccade trajectory. It is also 
related to the question about the existence of a separate eye blink generating neural 
pathway. 

Movement direction of eye blinks 

There is some controversy in the literature about the direction of the blink-related eye 
movement (here called the eye blink; see Evinger et al.1984, for review). Measure
ments with search coils in human subjects (e.g., Collewijn 1985; Evinger et al. 1984; 
Goossens and Van Opstal, unpublished observations), and recently also in monkeys 
(Gnadt et al. 1997), have indicated that a transient downward and adductive rotation 
of the eye often accompanies blinks. In the experiments reported in the present chap
ter, the largest eye excursions appeared to be typically upward and slightly abducting 
(Fig. 6.8). These results cannot be ascribed to an artifact of the double-magnetic 
induction technique (see Methods) for the following reasons. First, this method allows 
for a wireless recording of eye orientation, preventing a potential obstruction of natural 
eye movements by wire leads in the orbit. Second, when blink-related eye movements 
ended at an eccentric orbital position that was above the horizontal meridian, it was 
consistently observed that the eye position was maintained for a prolonged period 
of time until the animal made a downward corrective saccade toward the fixation 
spot (Fig. 6.8B). Both features readily indicate that the preceding blink-related eye 
movements were truly upward. 

Note, however, that the actual movement direction of the eye blink has been 
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mentioned to depend on the initial eye position (Evinger 1995). Indeed, an eye-
position dependence was also noticed (but not illustrated) by Gnadt et al. (1997) 
for their monkeys. Although not systematically investigated in the present study, we 
have qualitatively confirmed and illustrated such an eye-position effect on monkey 
eye blinks in Fig. 6.9. We therefore believe that differences in the actual "straight-
ahead" eye-position relative to the head (poorly specified in previous studies) may 
better account for the apparent discrepancy in eye blink directions, than differences 
in recording techniques. 

Latency coupling 

The present experiments show that saccades and blinks are initiated almost simulta
neously when an air-puff stimulus arrives just prior to an impending visual saccade 
(Fig. 6.1). A similar facilitation of saccade initiation by blinks has been previously 
observed in several clinical studies (Zee et al. 1983; Leigh et al. 1983). Also a re
duction of head-movement latencies has been reported for healthy subjects (Evinger 
et al. 1994). 

The tight latency coupling reported in this chapter readily supports the idea that 
also the neural pathways that are involved in the initiation of saccades and blinks are 
tightly coupled. As reviewed in the Introduction, the OPNs are thought to embody 
this linkage. Several investigators have reported, for example, that the tonic activity of 
OPNs pauses during saccades as well as during blinks (Cohen and Henn 1972; Fuchs 
et al. 1991; Mays and Morrisse 1994). Thus, when a blink is evoked just prior to a 
saccade, one would expect that the concomitant pause in OPINI discharge results in the 
immediate initiation of the impending saccade, due to the disinhibition of the saccadic 
burst generator. We are aware that the measured onsets of the eye movements need 
not reflect the actual onset of the saccadic burst generator, since the initial part of 
the eye movements could have resulted from blinking alone. However, the consistent 
observation that the eye typically moved toward the remembered target location in 
a smooth trajectory, strongly supports the idea that the saccade burst generator is 
already operative at such an early stage. 

Peripheral mechanisms? 

Besides the clear modification of saccade latencies, blinking also had a substantial 
influence on the kinematics and on the 2-D spatial trajectories of visually evoked 
saccades (Fig. 6.2). Evinger and Manning (1993) reported that most extraocular 
muscles of the rabbit are co-activated during blinks, and proposed therefore that 
the OMNs in rabbits receive a blink-related input that is independent of their eye 
movement inputs. One could suspect, therefore, that the responses obtained in the 
present study result from a mere linear addition of independent eye blink and saccadic 
motor commands at the motoneurons. 
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To test for this simple hypothesis, we have performed the analysis outlined in 
Fig. 6.10. Under the implicit assumptions that eye blink and saccade start approx
imately simultaneously, and that the mechanical properties of the oculomotor plant 
remain unaltered during saccade-blink responses, the conclusion of this analysis is 
that a simple linear addition of two independent motor commands cannot account for 
the observed 2-D trajectories. The first assumption is supported by the data shown 
in Fig. 6.1. In particular, the large horizontal eye-movement component (part of the 
goal-directed saccade) is nearly synchronized with the blink onset. 

The second assumption, however, merits some additional comments. In the event 
of extraocular muscle co-contraction, a concomitant change in the mechanical prop
erties of the plant (as an increase of the overall plant stiffness) is also expected. It 
is interesting to consider the consequences of such a change. It is generally accepted 
that the brainstem saccade generator is organized in such a way that, under normal 
conditions, the pulse and step signals on the oculomotoneurons exactly cancel the 
plant dynamics. In other words, the overall transfer function of the brainstem-plant 
system equals unity. As a result, a burst signal proportional to eye velocity will yield 
a normometric saccade (i.e., neither undershoots nor overshoots; see Fig. 6.11, lower 
right). 

Suppose that the plant stiffness transiently increases because of a blink-related 
co-contraction, say from к to K'. The plant time constant is then consequently 
lowered to T' = r/K' (with г the plant viscosity). The overall transfer function of 
the brainstem-plant system is then given by: 

, _ k-(l + s-T) 
n [ S ) * K'-(l + s-T') 

(with s the complex Laplace frequency, s = juj). Note, that the gain of the brainstem-
plant transfer would then always be lower than one. Only for very high frequencies 
does the gain approach unity. As a result, the saccadic system, when unaware of the 
new condition of the plant, will generate a movement that initially approaches the 
normometric amplitude of the control situation, but then rapidly drifts back (with 
time constant T') to an eye position away from the target (Fig. 6.11, top right). 
The final amplitude, determined by the D.C. gain of the transfer function is given by 
k/K'<\. 

Clearly, this effect cannot be 'repaired' by a simple gain modulation at the level of 
the brainstem burst generator. Thus, under the increased stiffness condition, the eye 
is expected to systematically undershoot the target by a relative fraction that is given 
by T'/T = k/K'. The data indicate, however, that the actually observed undershoots 
were typically small (see e.g. Fig. 6.2 and 6.3), and hardly dependent on the saccade 
amplitude (Fig. 6.5). 

We conclude, therefore, that the increase in plant stiffness, if present, is probably 
limited to a few percent. Consequently, the saccadic system may assume that under 
blinking conditions the plant has not changed, and that the internal brainstem model 
of the plant need not be updated dynamically. 
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Figure 6.11 Brainstem pulse-step saccade generator. Two simple plant models are incor
porated (indicated by first-order low-pass filters in Laplace notation). The undisturbed plant 
(lower right) is driven by neural control signals that are exactly matched to its properties and 
produces normometric saccades. The plant with increased stiffness, K', represents the plant 
properties under the condition of extraocular muscle co-contraction. If such co-contraction 
results from an independent blink pathway, the pulse-step saccade controller is unaware of 
this mechanical change. The resulting saccades then initially reach the target (TAR), but 
rapidly drift back to a position away from the target (see Discussion, for further explanation). 
Abbreviations: B(s), Laplace notation of burst-cell activity; B(t), simplified velocity pulse 
from the burst cells (BURST); "direct", scaled velocity signal from burst cells; Τ and Τ, time 
constant of undisturbed and disturbed plant, respectively; N1, neural eye-position integrator; 
OMN, oculomotoneurons; к and K', stiffness of undisturbed and disturbed plant; E(t), eye 
position as a function of time. 

A separate eye blink pathway? 

One may then wonder about the nature of the signals that underlie the complex eye-
movement trajectories. An important first question is, of course, whether the eye 
movements associated with blinks actually result from a separate eye blink pathway. 
Unlike many other animals, primates do not have a retractor bulbi muscle, which, 
for example in cat and rabbit, pulls the eye back into the orbit during blinks. In
stead, monkeys only have a small accessory lateral rectus muscle, which presumably 
evolved from the retractor bulbi system (Spencer et al. 1981). Because of these 
species-specific differences, the relative importance of a separate eye blink pathway in 
primates, if it exists, is still obscure. In fact, several findings seem to support the idea 
that the eye movements associated with blinks could instead result from interactions 
within the oculomotor system itself. 

First, we noticed that blink-related eye movements often yielded a substantial net 
eye-rotation, which was not followed by a slow drift in eye position, but rather by a 
corrective saccade (Fig. 6.8B). Similar results have also been reported by Takagi et al. 
(1992) for human subjects. Both the "truncation" of the return eye movement and 
the lack of eye-position drift are difficult to understand when it is assumed that the 
return part of the eye blinks is a secondary effect of extraocular muscle co-contraction 
that is caused by a transient blink input to the OMNs. 

To account for these features, we therefore propose that the neural eye-position 
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integrator, which subserves the generation of the step component of saccades (see 
e.g. Fig. 6.11), is involved. The latter would occur, for instance, when eye blinks 
would be caused by a direct activation of the saccadic burst cells (since these cells 
provide direct input to the integrator), rather than from an independent excitation 
of OMNs by a separate eye blink subsystem. Cohen and Henn (1972) indeed re
ported that a subset of saccadic burst neurons in the monkey paramedian pontine 
reticular formation (PPRF), which are recruited for rapid horizontal eye movements, 
also discharge during spontaneous blinks, irrespective of whether the associated eye 
movements are horizontal. Interestingly, a blink-related excitation of saccadic burst 
cells, in combination with OPN inhibition, would also provide a good explanation for 
blink-induced saccadic oscillations (Hain et al. 1986). 

Second, electrical stimulation of the supraorbital nerve in humans elicits an eyelid 
reflex but, when applied during saccades, the eye only briefly stops in mid-flight. Under 
these blinking conditions, the overall trajectory of the eye remains relatively straight 
(Becker 1993; Goossens and Van Opstal, unpublished observations). By contrast, 
air-puff evoked blinks give rise to substantially curved saccades both in monkeys (this 
chapter) and in humans (Goossens and Van Opstal, unpublished observations). These 
observations give further support to the idea that different premotor pathways underlie 
the generation of the eyelid reflex and of the eye blink reflex. 

Finally, we noticed in many saccade-perturbation trials, that the initial change in 
eye position was immediately followed by a reacceleration of the eye towards the spatial 
target location. This reacceleration usually occurred in a direction quite different from 
the overall direction of the control saccade (see Fig. 6.2, thick trace, for an illustrative 
example). This adequate adjustment of the movement direction strongly suggests that 
the compensatory responses were based on accurate information about the actual 
changes in eye position. When it is assumed that these changes in eye position were 
due to a transient blink signal acting downstream from the local feedback loop (e.g. 
at the OMNs), such compensatory behavior is not readily expected. 

Whether or not a separate blink signal acts upon the OMNs is difficult to decide 
on the basis of behavioral data only. Yet, the present results clearly show that such a 
signal does not simply add to a normal saccade. We conclude therefore that the blink 
subsystem interferes to a considerable degree with the process of saccade generation, 
at a premotor level that is part of the local feedback loop. 

Premotor interactions 

Several investigators (e.g., Becker 1993; Zee et al. 1983) have suggested that a 
change in saccade kinematics might arise from an indirect influence of blinking on the 
saccadic burst generator, through a modulation of the OPN discharge. The present 
results are indeed consistent with the idea that blinking affects the OPNs but, as 
discussed above, the observed latency coupling between saccades and blinks can best 
be explained by an inhibition of the tonic OPN discharge. 

By contrast, to account for the measured reduction in saccade velocity (Figs. 6.2 
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and 6.10), one would have to assume an excitation of the OPNs. Since recording 
studies also indicate that the OPNs pause during blinks (Cohen and Henn 1972; 
Fuchs et al. 1991; Mays and Morrisse 1994), we propose that a change in OPN 
discharge does not underlie the changes in saccade kinematics observed in the present 
experiments. Possible effects due to co-contraction of the extraocular muscles cannot 
readily account for the changes in the saccade kinematics either (see discussion above). 

As was outlined in the Introduction, recent studies indicate that the midbrain SC 
is involved in the interactions between saccades and blinks (Basso et al. 1996; Basso 
and Evinger 1996; Gnadt et al. 1997). Since the intermediate and deep layers of 
the SC are a major source of input to the brainstem saccade generator (see e.g., 
Sparks and Hartwich-Young 1989; Moschovakis and Highstein 1994, for review), it is 
conceivable that the observed saccade-blink interactions may originate from changes 
in SC activity. Experimental support for this possibility will be provided in detail in 
the companion paper (Goossens and Van Opstal 1998; Chapter 7) that describes the 
collicular activity patterns during blink-related saccade perturbations. 

Accuracy of error compensation 

In a minority of trials, typically no more than 15%, no compensation for the dis
turbance occurred (Fig. 6.3). It is difficult to provide a convincing explanation for 
these cases only based on behavioral data. Possibly, the response was prematurely 
aborted in these trials (e.g., like blinks in the fixation paradigm; see Fig. 6.8B), due 
to processes that also abolished the initial saccade program. 

In the majority of severely perturbed saccade responses, however, a near-complete 
compensation for the disturbance ensured that the eye landed close to the extinguished 
target (Figs. 6.2 and 6.3). The accuracy of the error corrections did not depend much 
on saccade amplitude (Fig. 6.5), although a slight dependence of final accuracy on 
saccade direction was observed (Fig. 6.7). We have no simple explanation for this 
phenomenon. 

It is important to realize that all movements were executed under entirely open-
loop conditions, i.e., in the absence of any visual feedback. In the previous section we 
have argued that the full sequence of movement events in the perturbation trials may 
be due to neural control, rather than to plant mechanics, and that the neural signals 
interact at premotor stages within the saccadic system. If true, the present compen
sation data provide strong additional support for the existence of a local feedback 
loop that is thought to control the instantaneous saccade trajectory. 

Previous saccade-interruption paradigms (intrasaccadic stimulation of either the 
OPNs, Keller and Edelman 1994, or of the rostral SC, Muñoz et al. 1996) have so 
far only halted the saccade in mid-flight, without disrupting the movement direction. 
In addition, electrical microstimulation may inadvertently excite adjacent oculomotor 
pathways (running both upstream and downstream) which makes the interpretation of 
stimulation data less obvious than at first glance. Indeed, OPN stimulation also tran
siently stops the saccade-related burst in the intermediate layers of the SC, possibly 
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through a retrograde activation of rostral SC cells (Keller and Edelman, 1994). 
Why the collicular burst cells are reactivated after the OPN stimulation, however, is 

not clear. One possibility is given by local feedback (see e.g. Das et al. 1995), which 
indeed predicts a resumed discharge. It is important to realize, however, that this 
argument cannot be reversed. Theoretically, these activity patterns could instead arise 
from intrinsic SC mechanisms, not necessitating the use of efferent feedback signals 
representing the instantaneous eye movement. The remarkable similarity between the 
total number of spikes during control and interrupted saccades (Muñoz et al. 1996) 
could, for example, result from intrinsic properties that only ensure the generation of 
a fixed number of spikes once a saccade is initiated. 

In contrast to microstimulation, the blink-perturbation paradigm leads to a natural 
disturbance of the 2-D saccade trajectory, as well as to considerable changes in both 
saccade kinematics and timing. The paradigm consistently affects all three major 
stages believed to underlie the saccade: the programming of the movement vector, 
the initiation of the saccade, and its actual execution. Although the interpretation 
of the results in terms of local feedback mechanisms is far from trivial, and still not 
settled (see discussion in previous sections), we believe that this paradigm may provide 
a valuable tool to further investigate this issue. 
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Chapter 7 

Saccade-Ыіпк interactions in 
monkey. II. Superior colliculus 
activity during blink-perturbed 
saccades 

7.1 Introduction 

In the preceding article, we reported that blinking affects various aspects of saccadic 
behavior in monkey. It appeared that air-puff evoked blinks had a considerable influ
ence on both the kinematics and the spatial trajectories of saccadic eye movements. 
In addition, the latencies of these movements could be substantially reduced by elicit
ing reflex blinks just prior to the saccade onset. Despite the strong disruptive nature 
of the evoked blinks, the visually elicited saccades remained fairly accurate in the 
absence of visual feedback. These behavioral data support the idea that blinking in
terferes with the saccadic premotor system, and that an active control system may 
compensate for the blink-related perturbations. The neural mechanisms underlying 
these saccade-blink interactions, however, have so far received little attention in the 
literature, and are difficult to assess on the basis of behavioral data. 

Up to now, neurophysiological experiments have shown that the tonic activity of 
brainstem omnipause neurons (OPNs) pauses during blinks as well as saccades (Cohen 
and Henn 1972; Fuchs et al. 1991; Mays and Morrisse 1994). These findings suggest 
that OPNs mediate, at least partly, the tight latency coupling between saccades and 
lid-blinks. However, as discussed in the companion paper (Goossens and Van Opstal 
1998; Chapter 6), and in view of current models of saccade generation, the changes in 
both the trajectory and the kinematics of blink-perturbed saccades cannot be simply 
ascribed to an interaction at this premotor level. Moreover, a simple, linear super-

1Adapted from: Goossens and Van Opstal (1998) In preparation. 



180 Section 7.1 

position of saccade and blink signals at the extraocular motoneurons cannot readily 
account for the observed behavior either. It is conceivable therefore, that blinking 
also affects other premotor stages of the saccadic system. 

Recent studies have suggested that also the midbrain superior colliculus (SC) 
could be an important site of saccade-blink interactions. For example, both in rats 
(Basso et al. 1996) and in monkeys (Gnadt et al. 1997) it has been observed that 
microstimulation of the SC transiently reduces the magnitude of air-puff evoked blinks. 
As in rats (Basso and Evinger 1996), the monkey SC presumably excites a non-saccadic 
pathway that inhibits the reflex blink circuitry (Gnadt et al. 1997). However, it is still 
unknown whether blinking affects the discharge patterns of saccade-related collicular 
neurons, and how this could affect saccade generation. To gain further insight in the 
role of the SC in saccade-blink interactions, we therefore recorded single-unit activity 
in the intermediate and deep layers of the SC during the blink-perturbation paradigm. 

It is well established that the SC is critical for the generation of saccadic eye 
movements (see e.g. Sparks and Hartwich-Young 1989; Moschovakis and Highstein 
1994, for recent reviews). Many neurons in its intermediate and deep layers generate 
a vigorous burst of activity just before and during saccades to a particular region of 
the visual field, referred to as the movement field of the neuron. Together, these 
saccade-related burst neurons (SRBNs) form a topographically organized motor map 
in which anatomically nearby cells have neighboring movement fields (Robinson 1972; 
Schiller and Stryker 1972; Mcllwain 1982; Mays and Sparks 1980; Ottes et al. 1986; 
Lee et al. 1988). 

Until recently, it was generally held that the amplitude (R) and direction (Φ) 
of an impending saccade is specified by the location of the active cell population in 
the SC motor map, rather than by the temporal discharge patterns of the recruited 
neurons. Several studies have suggested, however, that the collicular output may also 
determine the kinematics and trajectory of the saccade (Berthoz et al. 1986; Lee 
et al. 1988; Muñoz et al. 1991; Van Opstal et al. 1990; Waitzman et al. 1991; 
Wurtz and Optican 1994). These findings have led to new quantitative models that 
place the SC inside the so-called local feedback loop. This internal feedback circuit is 
thought to control the saccade trajectory by a continuous comparison of the desired 
eye displacement signal with an internal representation (efference copy) of the actual 
eye displacement during the saccade (e.g. Droulez and Berthoz 1991; Lefèvre and 
Galiana 1992; Van Opstal and Kappen 1993; Arai et al 1994; Optican 1995). 

A problem in the study of the collicular role in the control of saccades, is the 
stereotyped relationship between the duration/peak velocity and amplitude of normal 
saccades (referred to as the "main sequence") (Bahill et al. 1975; Fuchs 1967). 
In an attempt to overcome this problem, previous saccade-interruption paradigms 
have used intrasaccadic microstimulation either of the OPNs (Keller et al. 1994) 
or of the rostral SC (Muñoz et al. 1996). In these experiments, it was found that 
the applied stimulation not only stopped the eye in saccade mid-flight, but it also 
induced a brief pause in the discharge of collicular SRBNs. After the stimulation 
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had stopped, the saccade resumed its course, and the same population of SC cells 

was reactivated. Shortly after the postinterruption saccade had started, however, the 

reactivated neurons showed an instantaneous firing rate as if the saccade had not 

been previously interrupted. Why collicular neurons are reactivated in this way is 

still unclear. One possibility is given by local feedback (see e.g. Das et al. 1995), 

which indeed predicts a resumed discharge. However, the stereotyped kinematics 

of the resumed saccades, and the lack of a change in eye movement direction still 

hampers the interpretation of these findings. In addition, the potential danger of 

stimulating adjacent oculomotor pathways (both upstream and downstream) makes 

the interpretation of stimulation data less obvious than at first glance. By imposing 

natural perturbations on the saccadic system, affecting both the kinematics and spatial 

trajectories of saccadic eye movements, the blink-perturbation paradigm may offer an 

opportunity to circumvent these difficulties. 

In view of current models of the SC, and the notion of local feedback control, 

the present study investigates how blink-related spatial-temporal perturbations of the 

saccade trajectory are reflected in the SC activity patterns. A preliminary account of 

these experiments has been presented in abstract form (Goossens et al. 1996). 

7.2 Methods 

Subjects 

The neurophysiological data presented in this chapter were collected from three monkeys 
(macaca mulatta), and were obtained during the behavioral experiments described in the 
companion paper (Goossens and Van Opstal 1998; Chapter 6). That paper describes details 
about the setup, surgical procedures, and methods used to measure eye and eyelid position, as 
well as the applied behavioral paradigms. Here we provide only a brief summary, and additional 
methods that were used to record and analyze the single-cell activity. All experiments were 
conducted in accordance with the European Communities Council Directive of November 24, 
1986 (86/609/EEC), and were approved by the local university ethics committee. 

Apparatus 

The head-restrained monkeys were seated in a primate chair facing an array of 85 light-emitting 
diodes (LEDs) in an otherwise completely dark room. The horizontal and vertical components 
of the left eye position were measured with the double magnetic-induction technique (Bour 
et al. 1984). Movements of the right eyelid were measured with the magnetic search-coil 
induction technique (Collewijn et al. 1975) by taping a small coil on the eyelid. Air puffs 
were generated by a pressure unit, and presented on the recording eye to elicit trigeminal blink 
reflexes. 

The activity of single units was recorded with glass-coated tungsten microelectrodes (0.2-
1.2 ΜΩ) that were positioned in the SC using a hydraulic stepping motor (Trent Wells). 
The latter was mounted on the stainless-steel recording chamber that was placed above a 
trepane hole at stereotaxic coordinates [AP,RL]=[0,0]. The electrode signal was amplified 
(Bak Electronics, Model A-l), low-pass filtered (15 kHz) and monitored on an oscilloscope. 
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Action potentials were detected by a level detector, and discriminated on the basis of their 
waveforms using a real-time decomposition of the first four principal components (e.g. Epping 
and Eggermont 1987). The accepted spike events were subsequently fed into a 4-bit spike 
counter which produced a stepwise D.C. output that was sampled at a rate of 1 kHz. This 
ensured that no spikes were missed, even in cases when the instantaneous discharge rate briefly 
exceeded the sampling rate during a vigorous burst of action potentials. 

Experimental protocol 

After isolating an SRBN, saccades were evoked toward all LEDs of the target array. These 
data were used to check upon prior calibration of eye-position signals (see Goossens and Van 
Opstal 1998; Chapter 6), and to obtain a rough estimate of the location and extent of the 
response field of the cell. Subsequently, the movement field characteristics of the cell were 
determined in more detail by eliciting saccades to a series of targets presented inside and 
neighboring the neuron's response field. 

A typical movement field scan consisted of 85 different fixation/target configurations: 5 
different target positions and 17 different initial fixation position (usually around the center 
LED). In each trial, the monkey first fixated an initial fixation spot that was presented for 800-
1600 ms (randomized). Then, as soon as the fixation spot disappeared, a peripheral target 
was presented for another 900 ms at a pseudo-randomly selected location which the animal 
refixated by means of a saccade. When a better dissociation between visual- and saccade-
related activity was required, the latencies of the saccades were increased by presenting the 
target 100 ms prior to the offset of the fixation point (overlap paradigm; Fischer and Weber 
1993). 

After this standard procedure, which was usually repeated near the end of a recording 
session, the neuron's activity was tested with the use of the perturbation paradigm that has 
been described in the companion paper (Goossens and Van Opstal 1998; Chapter 6). In short, 
saccades were made in complete darkness from a fixation point to either one of five randomly 
selected and briefly flashed (50 ms) peripheral targets, typically into the cell's movement 
field. In 30 % of the trials, air puffs were presented at a fixed moment after target onset 
to elicit a reflex blink (mean latency about 20 ms) near the onset of the saccade. Control 
and perturbation trials were randomly interleaved with catch trials. Target positions in the 
catch trials were pseudo-randomly chosen, such that a subset of these trials evoked saccades 
that could be used as controls for the successive eye movement components observed during 
perturbed responses (see Results). 

Data analysis 

For details on saccade and blink detection procedures, as well as criteria that were used to 
discriminate between compensatory and non-compensatory responses, the reader is referred 
to the Methods and the Results of the companion paper (Goossens and Van Opstal 1998; 
Chapter 6). The raw single-cell activity was displayed in spike rasters aligned on specific 
events such as target onset, the onset or offset of a saccade, or the onset of a lid-blink. 
Movement fields were determined by plotting the mean firing rate (measured from 20 ms before 
saccade onset to saccade offset) as a function of saccade amplitude and direction. Smooth 
representations of the instantaneous firing rate of a cell were obtained by constructing spike 
density functions (D). To that means, all spike events in a trial were substituted by gaussian 
pulses of width σ=4 ms (time from peak to 1/y/ë) and height 1/(σ·ν/2π), and summed 
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to produce a continuous function in time (MacPherson and Aldridge 1979; Richmond and 
Optican 1987). Large values of the spike density function represent a higher probability of 
spike occurrence, and the peak of the function represents the peak discharge of the cell (in 
spk/s). To obtain a more robust estimate for the duration of the saccade-related bursts for 
individual saccades, the width of the gaussian was increased to <r=10 ms (see Results). 

7.3 Results 

Single-unit activity was recorded from a series of SRBNs found in the intermediate 

and deep layers of the SC of three monkeys. Neurons were classified as SRBNs 

when they showed a sharp increase in their activity slightly preceding (about 20 ms) 

and tightly linked t o the onset of saccades directed into the cell's movement field, 

irrespective of other presaccadic and postsaccadic discharge properties. Twenty-nine 

of these neurons (PJ: π=17; SA: n = 4 ; ER: π=8) were studied with the use of the 

perturbation paradigm in which saccadic eye movements were disturbed by air-puff 

evoked reflex blinks. As described in detail in the companion paper (Goossens and Van 

Opstal 1998; Chapter 6), saccades typically show a large amount of compensation for 

the resulting spatial-temporal perturbations in their trajectory. 

Activity during compensatory saccades 

When a reflex blink was evoked near the onset of a saccade, the blink not only 

disrupted the stereotyped spatial-temporal properties of saccades, but it also modified 

the discharge of SRBNs in the SC. This is illustrated in Fig. 7.1 which compares the 

discharge of a visual-motor neuron during a control saccade of optimal amplitude and 

direction (20 deg to the right; Fig. 7.1A), and during a blink-perturbed saccade that 

landed close to the extinguished target (Fig. 7 . IB) . Fig.7.IB shows, in a qualitative 

way, the consistent features of blink-perturbed responses that were obtained in all 

three monkeys. First, at the onset of the lid-blink (and after the cell's visual burst), the 

eye rapidly deviated from its normal trajectory (typical latencies about 20 ms relative 

to the air puff onset), and no sharp increase in the cell's discharge was observed 

just before the eye movement onset. Second, as the eye movement continued, the 

cell continued t o discharge, while the perturbation in both direction and velocity was 

compensated in total darkness. Finally, the increase in movement duration to reach 

the target was matched by a comparable increase in time to the end of the cell's 

discharge. 

To document the reproducibility of these findings among our sample of collicular 

neurons, Figs. 7.2 and 7.3 show the activity of two other representative SRBNs during 

a series of control trials (nght) and perturbation trials (left). The data plotted in 

Fig. 7.2 were obtained from a visual-motor neuron (pj5203). Saccade vectors were 

matched in amplitude and direction, and data are aligned on different events, from top 

to bottom: saccade onset (Figs. 7.2A-D), saccade offset (Figs. 7.2E.F), and lid-blink 

onset (Fig. 7.2G). As shown in Fig. 7.2, right, the cell showed a brisk burst discharge 
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for control saccades of optimal amplitude and direction ([R, Φ]=[20,60] deg). The 

onset of the saccade-related burst ("motor" burst, for short) preceded the saccade 

onset by about 20 ms (Fig. 7.2D), and the falling phase of the discharge stopped when 

the saccade ended (Fig. 7.2F). Neurons with such behavior have also been referred 

t o as clipped burst neurons (Munoz and Wurtz 1995; Waitzman et al. 1991). During 

perturbation trials (Fig. 7.2, left), the cell's initial burst discharge near the onset of 

the eye movement (Fig. 7.2C) was clearly disrupted, or even absent, depending on the 

t iming of the blink. The latter is best inferred from the data in Fig. 7.2G, which shows 

the same responses aligned with lid-blink onset. Note that the (presaccadic) discharge 

of the cell was transiently suppressed near the onset of the blink. Shortly after the blink 

onset, within about 10-20 ms, the cell resumed its activity, and continued t o discharge 

until the perturbed saccade ended. This can be readily observed in Fig. 7.2E, which 

shows the data aligned with saccade offset. Fig. 7.2H provides a direct comparison 

for the two conditions by showing the averaged difference between the spike density 

functions for the control and perturbed trials (data aligned with eye movement onset). 

As was typically observed, the resulting difference waveform was endowed with an 

initial negative component, followed by a positive phase that ended with the mean 

saccade end. This biphasic profile illustrates both the initial suppression as well as the 

prolongation of the cell's burst discharge in the perturbed condition. The fact that 
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PERTURBED В CONTROL Figure 7.2 Clipped activ-
^ ^ ity of an SRBN (p]5203) for 

a series of perturbed sac-
cades and control saccades. 
The movements were made 
in darkness toward the po
sition of targets flashed at 
[п,Ф]=[20,60] deg. The 
amplitude and direction of 
the overall eye-movement 
vectors were matched, and 
corresponded closely to the 
optimum vector of the cell. 
Panels A and В show ra-
dial eye position (E = 
\JH2 + V2 ) and vecto
rial eye velocity (È = 

Н2 + V2) traces. Sub
sequent panels show spike 
rasters and averaged spike 
density aligned with sac-
cade onset (C and D), with 
saccade offset (E and F), 
and with blink onset in the 

G H mean perturbation trials (G), re

spectively. Note the two 
trials where the blink oc
curred late in the saccade, 
which clearly show that 
the suppression is linked 
to blink onset, rather than 
saccade onset. Panel H 

compares the discharge of the cell during perturbed saccades and control saccades, by showing 
the mean difference in the spike-density waveforms when data were aligned with saccade onset. 
Dotted curves indicate the standard deviation. The cell's burst discharge during perturbed 
saccades is consistently prolonged until the movement ends, and a transient suppression of 
activity, immediately following the blink onset, also apparent. 

/ > / N / { A ^ 

the negative peak starts before the eye movement onset indicates that the onset of 
the blink, on average, preceded the actual onset of the motor burst. 

Fig. 7.3 shows comparable data obtained from an SRBN ( e r l l O l ) that was en
dowed with long-lead presaccadic activity. As may be observed in Fig. 7.3D, this 
prelude activity was followed by a more intense burst just before and during con
trol saccades of optimal amplitude and direction ([R, Ф]=[14,150] deg). After this 
high-frequency burst discharge, the neuron showed a gradual decline of post-saccadic 
activity over a period of about 250 ms (i.e., undipped discharge; see Fig. 7.3F). Col-
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Figure 7.3 Undipped ac
tivity of an SRBN (erllOl) 
in the blink-perturbation 
paradigm. Same display 
format as in Fig. 7.2. Note 
the buildup of presaccadic 
activity and the gradual de
cline of the post-saccadic 
activity. The neuron's op
timum saccade vector was 
at [R,$]=[14,150] deg. 
Apart from a substantial 
amount of intrinsic noise, 
the cell's response showed 
comparable features as the 
neurons with a clipped dis
charge presented in Figs. 
7.1 and 7.2. Note the one 
trial with a late blink on
set. 
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licular neurons that exhibit such temporal discharge characteristics have also been 

named buildup neurons (Munoz and Wurtz 1995). During blink-perturbed saccades, 

the cell's activity showed a brief pause of about 10-20 ms duration near the blink 

onset, and the neuron resumed its activity shortly afterwards (Fig. 7.3G). Although 

in this case the discharge did not end at saccade offset, it may be inferred from the 

spike rasters in Fig. 7.3E that the neuron showed an increased firing rate until the 

end of the perturbed eye movements. This prolongation of the cell's discharge is also 

evident from the averaged difference between the control and perturbed responses 

(Fig. 7.3H). Another noteworthy feature, ¡ess evident in the responses of the neuron 
shown in Fig. 7.2, is that the onset of the blink-related suppression leads both the 
eye movement onset and the lid-blink onset (except for one response with a late blink 
onset; arrow in panels A and C). 
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Figure 7.4 77me course of the blink-
related suppression and resumption of 
SRBN discharge. A: Averaged and 
normalized spike density waveforms 
from 7 SRBNs (thin lines), aligned 
with air puff onset. Each curve was 
normalized with respect to its mean. 
Although the precise onset of the sup
pression is ill defined for each neuron 
(see text), a crude estimate from the 
averaged cell data (thick curve) indi
cates a latency of about 10 ms re. to 
the air-puff onset. B: Same data as 
in A, but now the individual responses 
(n between 40 and 120) were aligned 
to the onset of the lid blink. Note 
that the suppression starts, on aver
age, about 10 ms prior to the blink 
onset. With a mean blink latency of 
20 ms (see Goossens and Van Opstal 
1998; Chapter 6), this is consistent 
with the data in A. Approximately 10-
30 ms after the blink onset, the neu
rons resumed their discharge. 
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Quantitative analysis of the saccade-related discharge 

Suppression and resumption. As illustrated by the examples above, SRBNs showed 
a transient decrease in their discharge around blink onset. Although present in most 
cells tested, this suppression was often far from complete, and variable among trials. 
Due to the variable latencies of the burst onset, also the presaccadic activity was 
variable at the time of the air puff onset (fixed re. target onset, see Methods). It was 
not possible, therefore, to quantify reliably the onset latency and the duration of this 
phenomenon for each neuron with the same accuracy. 

To obtain at least a crude estimate of the time course of the suppression and 
subsequent resumption of SRBN activity, we analyzed the discharge of those SRBNs 
( n = 7 ) that exhibited the strongest suppression in a large number of trials. To that 
means, the spike density functions from all perturbation trials ( n between 40 and 120; 
σ = 4 ms) in a session were averaged and subsequently normalized with respect to the 

mean. Fig. 7.4, A and B, shows the results of this procedure for each neuron (thin 
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lines) when data were aligned to air-puff onset and lid-blink onset, respectively. Av
eraged data of the seven neurons (thick lines) are superimposed. As may be inferred, 
the suppression starts, on average, about 10 ms with respect to the air puff onset, 
and leads the blink onset by an approximately similar amount. Note that these two 
estimates add up to the measured blink latency of ~20 ms (see Goossens and Van 
Opstal 1998; Chapter 6). About 10-30 ms after the blink onset, the SRBNs resumed 
their discharge. 

Although the blink onset often preceded the onset of the high-frequency motor 
burst, the data presented so far indicate that the response properties of SRBNs during 
blink-perturbed saccades showed qualitatively similar features as have been observed 
during interrupt saccades (Muñoz et al. 1996; Keller and Edelman 1994). Therefore, 
to facilitate a comparison between the interruption data and the present data set, we 
performed a comparable quantitative analysis. Of the 29 SRBNs tested, 25 neurons 
remained isolated long enough to obtain a full 2-D scan of their movement field as 
well as a sufficient series of perturbed saccades for the quantitative analysis described 
below. For the remaining four cells we gathered sufficient data to verify that they 
showed qualitatively similar features as described above (Figs. 7.1-7.3). Saccade 
amplitudes for which the recorded neurons were maximally recruited ranged between 
8 and 50 deg, except for four cells in the caudal SC which had no optimum for saccade 
amplitudes smaller than 70 deg. 

Burst duration. The impression obtained from the data in Figs. 7.1-7.3 was that the 
SRBNs showed a prolonged burst discharge until the perturbed eye movement ended. 
To quantify this feature, we determined the duration of the saccade-related burst. 
This was done for each individual saccade into the movement field of the cell. For 
neurons showing clipped or partially-clipped activity in the control condition (n=13), 
the burst duration was measured from 20 ms before saccade onset to the time when 
the spike density fell below 1% of the peak value. To determine, in a comparable 
way, also the duration of the high-frequency motor bursts of cells with an undipped 
discharge pattern (n=12), we first determined the end of their burst discharge in the 
averaged control data of such a cell. This was done by estimating the transition point 
between its high and low frequency discharge phases (see Fig. 7.5, for an illustration). 
The ratio between the peak spike-density and the spike density at the end of the 
burst, thus obtained from the averaged control data, was subsequently used to detect 
the duration of each individual burst (for the different neurons, actual cut-off values 
ranged between 10% and 30% of the peak). The latter was done by a computer 
algorithm that computed spike density functions with a σ of 10 ms (see Methods). 
Because of the reduced firing rate during disturbed saccades (see e.g. Fig. 7.2 and 
7.3; see also the quantitative data below), this relatively wide kernel was needed to 
obtain a more robust detection in both the control and the perturbed condition (same 
σ in both conditions, and for all neurons). 

Figs. 7.5, top and bottom, illustrate the results of this analysis for two different 
SRBNs. In Figs. 7.5, A and C, the burst duration is plotted versus eye movement 
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Figure 7.5 Duration of the motor burst versus saccade duration for two different SRBN types. 
Α-B: Burst duration of an SRBN (pj6701) that showed a clipped burst discharge. Data points 
in A scatter closely around a regression line with a slope of 0.90, indicating that the end of 
the motor burst in control trials (o) and perturbation trials (·) was tightly coupled to saccade 
offset. As depicted in B, the burst duration was measured from 20 ms prior to the saccade 
onset (vertical dotted line) to 1% of the neuron's peak discharge (horizontal dotted line; 
'1% level'). Plotted are the averaged radial eye position (E) and the spike-density waveform 
(D; σ=10 ms) of a series of control saccades corresponding to the neuron's optimum vector 
([η,Φ]=[50,0] deg). C-D: Similar data for the high frequency burst of an SRBN (er0904) 
that showed long-lead presaccadic activity. Note the buildup of prelude activity, and the 
gradual decay of post-saccadic activity after the cell's burst discharge. The burst offset was 
taken at 30% of the neuron's peak discharge ('30% level'), where the mean spike-density 
waveform showed an inflection. Also for this neuron (optimum at [Κ,Φ]=[12,180] deg), 
a significant relation between saccade- and burst duration was obtained. This was most 
evident from the cell's response in the perturbed condition (·; correlation coefficient r=0.87; 
slope=l 13). Slopes and correlations indicated in A and С are based on pooled data from 
the two conditions. 
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duration for all saccades near the respective optimum movement field vector. The 
data show that the duration of the motor burst of both cells correlated well with 
the actual saccade duration (r=0.85 and r=0.65 in Figs. 7.5, A and C, respectively; 
pooled conditions). As indicated in Fig. 7.5B, a 1% detection level could be used 
to measure the burst duration of cell pj6701, since its discharge ended quite abrupt 
near the end of control saccades (i.e. clipped discharge). Neuron er0904, however, 
showed a buildup of prelude activity and a gradual decline of postsaccadic activity (i.e., 
undipped discharge). As illustrated for the control condition in Fig. 7.5D, the end of 
its burst discharge was therefore taken at 30% of the peak discharge. Defined in this 
way, it appeared that the correlation between saccade and burst duration was much 
more comparable for the two cells than could be simply inferred from the spike density 
waveforms obtained in the control condition. In this condition, the relation between 
saccade and burst duration appeared to be less strict, as may be observed particularly 
for control responses obtained from neuron er0904. Note, however, that this apparent 
lack of correlation is mainly due to the substantial amount of intrinsic noise in the 
cell's responses (see also Sparks and Mays 1980), combined with the stereotyped 
nature of the control saccades. Indeed, when only the perturbed responses ( · ) in 
Fig. 7.5C were considered, a high correlation between saccade and burst duration was 
obtained also for this neuron (r=0.87). 

The histograms in Fig. 7.6 present a quantitative summary of the results for all 25 
neurons analyzed in this way. Fig. 7.6A shows the range of correlation values (pooled 
conditions). Note that the burst duration correlated well with the actual saccade 
duration in the majority of SRBNs. I.e., 20 neurons showed a significant correlation 
of 0.4 and higher (P<0.001). Low correlation values (<0.2) were obtained for another 
five neurons. Since the saccade-related response of these latter neurons consisted of a 
weak burst that contained only a few spikes, it may not be surprising that the activity 
measured during individual responses showed no significant correlation with saccade 
duration (P>0.1). Indeed, the strength of the correlation between saccade and burst 
duration appeared to be related to the mean firing rate of cells measured for control 
saccades of optimal amplitude and direction (r=0.56, P<0.001; not illustrated). 
Fig. 7.6B shows the range of slopes obtained by fitting regression lines to all data (see 
Fig. 7.5). It may be observed that a wide range of slopes (0.0-0.98) was obtained, and 
that the skewed distribution has its median around 0.7. Like the correlation values, 
also the slopes appeared to be related to the mean firing rate for optimal control 
saccades (r=0.51, P<0.01; not shown). 

Burst magnitude. The raw data in Figs. 7.1-7.3 illustrate that the discharge rate 
was substantially lower during perturbed saccades. However, the impression was 
obtained that the number of spikes in the burst was approximately similar for perturbed 
and unperturbed control saccades. To better quantify this property, we counted the 
number of spikes in each motor burst for saccades of optimal amplitude and direction, 
using a time window that ranged from 20 ms before saccade onset to saccade offset. 
As an example, Fig. 7.7 compares the number of spikes obtained in all individual 
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Figure 7.6 Quantitative sum
mary of the relationship between 
saccade and burst duration in 
the sample of 25 collicular neu
rons, recorded in three monkeys. 
Slopes and correlations are based 
on pooled data from the control 
and perturbation trials, and are 
pooled for the different cell types. 
A: Intermediate to high correla
tions were obtained for the ma
jority of neurons (n=20; r>0.4; 
PKO.001). NO significant corre
lation was obtained for five cells 
(P>0.1; r<0.2). B: Range of 
slopes obtained by fitting linear 
regression lines to the data (see 
Fig. 7.5). Slopes tend to cluster 
around 0.7-0.8. 
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control trials (top) and perturbation trials (bottom) from the two neurons shown 
in Fig. 7.5. Although the mean number of spikes was slightly higher for perturbed 
saccades (t-test, P<0 .01 ) , the difference between the two conditions was small for 
both neurons. 

The scatter plots in Fig. 7.8 summarize the quantitative results for all 25 analyzed 
SRBNs. The data in Fig. 7.8A show that, on average, the mean number of action 
potentials during perturbed saccades increased slightly with respect to the control 
condition. Consequently, the linear regression line had a slope of 1.18 and a correlation 
coefficient of 0.94. Yet, in view of the considerable spatial-temporal disturbances, the 
number of spikes for perturbed saccades was remarkably similar to the number of 
spikes for control movements. Indeed, the apparent increase was not significant ( t-
test, P>0.1) in about half of the cells (n=13) and did not reach the 1 % criterion 
in another three neurons. Since blink-evoked perturbations resulted in much longer 
saccade durations, the mean firing rate was substantially reduced in the perturbed 
condition. This is further quantified in Fig. 7.8B. Note that the slope of the regression 
line is now only 0.47, indicating the significant reduction in the mean firing rate across 
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Figure 7.7 Similar number of spikes in the motor burst, illustrated for the same two 
neurons as in Fig. 7.5. Α-B: Responses obtained from a clipped SRBN during control (A) and 
perturbed (B) saccades of optimal amplitude and direction. Same neuron as in Fig. 7.5A, B. 
The mean spike count (μ ± σ) was 17±5 (n=18) and 23±8 (n=15) in A and B, respectively. 
C-D: Similar data for a cell with long-lead presaccadic activity. Same neuron as in Fig. 7.5C.D. 
The mean spike count was 26±3 (n=20) and 30±3 (n=10) in С and D, respectively. Spikes 
were counted from 20 ms before saccade onset to saccade offset, for saccades close to the 
optimum of the cell. Although the mean number of spikes was larger (P<0.01) for perturbed 
saccades, only small differences were obtained in both neurons. 
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the recorded SRBNs (t-test, P < 0 . 0 1 for 16 cells). 

The data presented so far, demonstrate that the temporal characteristics of the SC 

activity during blink-perturbed saccades was considerably modified with respect to the 

control condition. In summary, we found a transient decrease in SRBN activity around 

the onset of a blink, as well as a subsequent prolongation of the SRBN discharge in line 

with the increase in saccade duration. Moreover, the mean firing rate was reduced 

during perturbed saccades, such that there was an approximately equal number of 

spikes in the burst as for control saccades. These findings clearly show that blinking 

interacts with saccade generation at the level of the midbrain SC. 

Intrasaccadic discharge in relation to the 2-D saccade trajectory 

The observed linkage between saccade duration and burst duration (Figs. 7.5-7.6) 

could be expected if the SC is part of the local feedback loop that is thought to control 

the saccade trajectory (see Introduction). To further investigate this possibility, we 

therefore analyzed the intrasaccadic discharge of collicular neurons in relation to the 

two-dimensional saccade trajectory. 

Spatial properties. Fig. 7.9 shows an example of the results of this analysis for an 

SRBN that was most active during upward control saccades (movement field center 

at about [R, Φ]=[35,90] deg). Fig. 7.9, Α-C, show the 2-D trajectories of a per

turbed and an unperturbed control saccade toward the same target (Fig. 7.9A; Τ at 

[R, Φ]=[27,60] deg), as well as the cell's discharge during each of these movements 

(Fig. 7.9B and C, respectively). Fig. 7.9, D-F, show data for two visually-evoked con

trol saccades that were matched to the two subsequent eye movement components 

that may be observed in the perturbed saccade. Comparing the perturbed response 

in Fig. 7.9B to the control response in Fig. 7.9C, one may notice that the duration 

of the saccade-related discharge during the perturbed response exceeded the normal 

burst duration by far. The most important feature, however, is that the cell remained 

active throughout the perturbed saccade, even though the instantaneous direction of 

the compensatory movement (horizontal) did not match the direction of the cell's 

movement field (vertical). This becomes evident by noting that the compensatory 

Figure 7.8 Number of spikes and mean firing rate during control and perturbed saccades for 
all 25 fully tested cells. A: The mean number of spikes showed relatively little change, even 
though the spatial-temporal properties of the saccades were always substantially modified by 
the blink. In most neurons, the number of spikes in the burst increased only slightly (P<0.01 
forn=9 cells; P>0.1 forn=13 cells), resulting in a slope of 1.18 of the regression line. Mean 
spike counts were typically obtained by averaging data from more than 10 trials, and in no 
case less than 5 trials were used. B: A significant reduction in the mean firing rate was 
often obtained, resulting in a slope of only 0.47 of the overall regression line. This is readily 
understood from the fact that comparable spike counts were obtained for movements of much 
longer durations. 



194 Section 7.3 

l·· τ 

s«e + Up 

-4- τ 

Right 

20 * g 

„WlAAA^K 
I I ПІІЯІШІІІІІІІЯІНІІІ 

Figure 7.9 Irrespective of the in
stantaneous eye movement direc
tion, SRBN activity persists until 
the saccade ends at the target lo
cation in its movement field. Ex
ample from neuron pj4204. A: 
Spatial trajectories of a control 
and a perturbed saccade evoked 
from the fixation point (F) to
ward a briefly flashed visual target 
(T). B-C: Plots of eyelid (L, ver
tical) and eye (H, horizontal; V, 
vertical) position as a function of 
time for each of the two move
ments shown in panel A. Simulta
neous records of the neuron's ac
tivity are plotted underneath these 
traces. Shown are the spike den
sity functions (D; σ=4 ms) and 
individual action potentials (verti
cal lines). D-F: Similar data for 
an upward and a rightward con
trol saccade, matched to the initial 
upward and subsequent rightward 
eye movement component during 
the perturbed response shown in 
A and B. Note that the blink-
perturbed saccade consisted of an 
initial upward movement that was 
into the cell's movement field (see 

F), followed by a rightward compensatory movement that was not into the cell's movement 
field (see E). Also note the substantial increase in duration of the perturbed saccade as 
compared to the control saccade (i.e., 182 ms in В versus 36 ms in C). Despite the fact 
that the direction of the eye movement during the compensatory phase was not into the 
cell's movement field, the neuron showed and prolonged burst discharge until the end of the 
perturbed saccade. 
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response consisted of a rightward saccadic eye movement that was almost equivalent 
(albeit slower) to the rightward saccade plotted in Fig. 7.9E. Note that the neuron 
was not at all recruited for this latter control response. Note also that the initial 
eye movement during the perturbed response was comparable to the upward saccade 
plotted in Fig. 7.9F. Yet, the neuron's initial discharge during the perturbed move
ment (Fig. 7.9B) was clearly different from the discharge during this upward saccade. 
This readily indicates that the perturbed response consisted of a single, goal-directed 
movement rather than of two consecutive saccades. 
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Discharge dynamics. For all neurons that could be tested in detail, we also made 
phase plots of spike density versus radial motor error (ME; difference between desired 
and current eye displacement) following the same method utilized in previous studies 
(Keller and Edelman 1994; Muñoz et al. 1996; Waitzman et al. 1991). The majority 
of these cells (η—17) showed a monotonie decline of spike density as a function of 
decreasing motor error for control saccades toward the center of their movement field, 
and were therefore subjected to a further analysis. Since blinks not only modified the 
saccade kinematics, but changed also the 2-D saccade trajectories, phase plots were 
also made of spike density versus the respective horizontal and vertical motor-error 
components. Spike density functions were computed with a σ of 4 ms, and shifted 
backward in time by 5-7 ms to obtain the best linear decline as a function of radial 
motor error for control responses (Waitzman et al. 1991). 

Typical results of this type of analysis are illustrated in Fig. 7.10 for one of the 
recorded SRBNs whose optimal saccade amplitude was ~14 deg. Like in Fig. 7.9, the 
instantaneous movement direction of the eye during the compensatory phase fell out
side the neuron's movement field (not indicated), and was approximately orthogonal 
to the movement direction during control saccades (see Fig. 7.10A). The neuron's 
prolonged motor burst for perturbed saccades is depicted in Fig. 7.10B. The phase 
plots in Figs. 7.10C-E show spike density as a function of radial, horizontal and verti
cal motor-error components, respectively. Note that the intrasaccadic decline of spike 
density during control saccades (averaged data only; thin solid curves) was nearly 
linearly related to the decrease in each motor error component. The latter results, of 
course, from the fact that the control saccades were straight (see Fig. 7.10A). For per
turbed saccades (averaged data: thick solid curves; individual responses: dots at 2 ms 
time resolution), however, clearly different phase curves were obtained that were no 
longer monotonie. At the onset of perturbed movements (i.e., at the largest ME val
ues), spike density fell significantly below the control curves. Interestingly, the relation 
of spike density with radial and horizontal motor-error (Fig. 7.IOC and D) became, on 
average, comparable to the control relation near the end of the movement (i.e., at ME 
values below about 5 deg). One may realize, however, that the actual 2-D saccade 
trajectories were considerably different during this movement phase (see Fig. 7.10A). 
Hence, it appeared that the neuron showed a comparable instantaneous discharge, but 
for quite different eye movements. The latter is underlined by Fig. 7.10E, which shows 
that the relation of spike density with vertical motor error was very different from the 
control curve throughout the perturbed movement. As can be seen in Figs. 7.10A-B, 
this is due to the fact that vertical motor error did not change monotonically as a 
function of time. 

To demonstrate the reproducibility of these findings among the 17 neurons an
alyzed in this way, Fig. 7.11 shows comparable results for two other representative 
SRBNs. The data plotted in Figs. 7.11A-C and in Figs. 7.11D-F were obtained from 
the same two neurons as the ones in Fig. 7.2 and Fig. 7.3, respectively. Also the same 
set of control and perturbed responses were used (with exception of the responses 
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RADIAL ME (deg) HORIZONTAL ME (deg) VERTICAL ME (deg) 

Figure 7.10 Typical discharge dynamics in relation to the spatial trajectories of visually 
evoked saccades, illustrated for one of the recorded SRBNs (pj5501). A: 2-D trajectories 
of a series of control saccades and blink-perturbed saccades. Compensatory movements in 
the perturbed condition were approximately orthogonal to the control trajectories. B: Spike 
density functions (D; σ=4 ms) and horizontal (H) and vertical (V) eye position components as 
function of time. Control movements and spike density functions are cut off for clarity. Note 
the sustained discharge during perturbed saccades until the eye movement offset, even though 
the compensatory movements were made outside the cell's movement field (not indicated). C-
E: Phase plots of spike density versus radial, horizontal and vertical dynamic motor error (ME) 
components, respectively. Dynamic motor error is the difference between saccade endpoint 
and instantaneous eye position. The curves begin at the largest motor error values and 
proceed, m a counter-clockwise loop, toward zero. Time is implicit in these plots. The spike 
density functions were shifted backward in time by 7 ms to obtain the best linear decline as a 
function of radial motor error for control saccades. Note scale differences. Each panel shows 
the sampled records of individual perturbed responses (dots are plotted at a time resolution of 
2 ms). Solid lines show the averaged control responses (thin lines) and perturbed responses 
(thick lines). Dashed lines in C-Ε denote standard deviations of the averaged control curves. 
Note the monotonie, nearly linear, relation with each motor error component for control 
saccades. Note also the clearly different, and non-monotonic curves in the case of perturbed 
movements. The final portion of these curves tends to coincide with the control curves in 
С and D, but not in E. Hence, the neuron showed comparable activity near the end of the 
perturbed and control movements, even though the instantaneous eye movement direction 
was distinctly different (see A). 
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Figure 7.11 Phase plots of intrasaccadic spike density as a function of dynamic motor er
ror for two other representative neurons endowed with different presaccadic and postsaccadic 
discharge properties. Same layout as Figs. 7.10C-E. Α-C: Spike density of a clipped SRBN 
(pj5203) as a function of dynamic motor error. The activity of this neuron as a function of 
time is shown in Fig. 7.2 (same responses, excluding the two with a late blink onset). D-E: 
Similar data for an undipped SRBN (erllOl) endowed with long-lead presaccadic activity. 
Fig. 7.3 shows the temporal discharge pattern of this neuron during the same responses (ex
cept the response with a late blink onset). Note clearly different curves for control saccades 
(thin curves) and perturbed saccades (thick curves) in all six panels. Also, note that the final 
portion of the phase plots appears to coincide for radial and horizontal motor-error compo
nents. Yet, due to the highly curved nature of the saccade trajectories (see also Goossens and 
Van Opstal 1998; Chapter 6), spike density versus vertical motor error yielded non-monotonic 
relations also at the end of the perturbed movements. 

with a late blink onset). As may be recalled from these previous figures, the two neu

rons were endowed with different presaccadic and postsaccadic discharge properties. 

Despite these differences, the three phase plots of intrasaccadic spike density versus 

dynamic motor error were qualitatively similar. 
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Figure 7.12 The SRBN discharged stopped well before the end of the movement when there 
was no compensation for the blink-related perturbation. Data from егОбОЗ. Α-B: Spatial 
trajectories (A) and eye position traces (it Β; H and V) of blink-perturbed eye movements 
into the cell's movement field (optimum at about [R, Ф]=[40,210]) exhibiting compensation. 
Spike density functions (B; D) show the synchronization of the neuron's discharge with saccade 
offset. C-D: Similar data as in Α-B, but now the saccades showed no compensation. Note that 
the cell's burst discharge stopped when the eye started moving upward. The eye movements 
ended just outside of the neuron's movement field (not indicated). 

Activity during saccades showing no compensation 

So far, we have presented an analysis of the SRBN discharge properties during sac-

cades that compensated for the Ыіпк-related perturbations. Typically, the SC cells 
remained active throughout these movements, irrespective of the instantaneous eye 
movement trajectory. It is therefore of interest to consider what happened in cases 
where compensation was absent (see also Goossens and Van Opstal 1998; Chapter 6). 
Although this latter response mode was quite uncommon (usually no more than 15% 
of the trials), it was typically found in those cases that the cell stopped firing well 
before the eye movement offset. Examples of this behavior are shown in Fig. 7.12. 

Fig. 7.12A depicts the 2-D trajectories of four blink-perturbed saccades (dots; 
mean indicated by solid line) that showed compensation for the disturbance (mainly 
in velocity). The cell's prolonged burst discharge until the end of these saccades into 
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Figure 7.13 Goal directed and non-goal directed eye movements, both made into the 
movement field of the cell, resulted in different responses of an SRBN (erllOl). A: Perturbed, 
but goal-directed saccades toward flashed targets (Tl) presented within the movement field 
of the cell. Note the cell's burst discharge despite the perturbations. B: Unperturbed control 
saccades toward a target (T2) presented outside the movement field of the cell. Note that the 
cell remains silent. C: Blink-perturbed saccades showing no compensation, but the resulting 
eye movements were into the movement field of the cell. As in B, the animal was required to 
make saccades toward target T2. Note the absence of a burst discharge despite the similarity 
between the eye movements in A and С 

it's movement field (center at [R, Ф]=[40,200] deg) is plotted in Fig. 7.12B. Fig. 7.12, 
С and D, shows the data obtained in five perturbation trials where no compensation 
occurred. Rather, after the initial movement toward the target, the eye started moving 
upward, a direction that was not into the cell's movement field (not indicated). It can 
be clearly observed that in these cases the initial burst discharge of the cell stopped 
as soon as the eye stopped moving toward the target. 

These observations raised the question what would happen during non-goal di
rected movements made into the movement field of a cell. We therefore attempted 
t o elicit such eye movements in the direction of the preferred vector of several neu
rons studied, but sufficient data was obtained in only one recording session. It is 
nevertheless interesting to consider the results of this particular experiment, which 
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are illustrated in Fig. 7.13. Fig. 7.13A depicts blink-perturbed saccades toward tar
get T l that was flashed on the horizontal meridian. Note that all movements were 
goal-directed and showed compensation for the blink-related perturbation. Despite 
the disturbances, the neuron showed a brisk discharge during these movements that 
were directed into the movement field (optimum at [R, Φ]=[14,150] deg). Fig. 7.13B 
shows the cell's response during a series of unperturbed saccades made outside the 
movement field. As one may readily infer from this figure, the neuron was completely 
silent during these movements. Fig. 7.13C shows blink-perturbed eye movements 
obtained while the animal was required to make saccades toward T2, but no compen
sation occurred. Luckily in these particular case, the resulting eye movements were 
directed into the cell's movement field, and comparable to the ones in Fig. 7.13A. 
Note, however, that the cell's burst discharge remains absent. These data therefore 
support the idea that SRBNs are recruited only for planned movements into their 
movement fields. 

7.4 Discussion 

In the present experiments, we have investigated the interaction between blinking and 
saccade generation at the level of the motor SC. The results clearly show that air-puff 
evoked reflex blinks have a profound influence on the saccade-related discharge of 
collicular SRBNs. In summary, it was found that: (1) about 10 ms after the air puff 
reached the eye, and around the onset of the reflex lid-blink, SRBN activity was briefly 
suppressed. (2) all recorded SRBNs resumed their discharge shortly (10-30 ms) after 
the blink onset; (3) SRBNs typically showed an increased firing rate until the end of 
a goal-directed movement into the cell's movement field, irrespective of the saccade 
duration, and irrespective of the instantaneous eye movement direction; (4) although 
the mean firing rate was strongly reduced (>50%), the number of spikes in the burst 
was remarkably similar for control and perturbed movements; (5) the monotonie 
relation between spike density and dynamic motor error broke down for perturbed 
saccades; (6) for movements toward the same target, very different instantaneous 
eye movement directions could be associated with identical discharge rates; and (7) 
SC cells are only recruited when a movement is planned toward a target inside their 
movement fields. 

Transient suppression of SRBN discharge 

An interesting feature that was observed in most of the recorded SRBNs was a brief 
suppression of their discharge around the onset of a reflex blink (e.g. Figs. 7.2-7.4). 
The latency of this effect was estimated at about 10 ms relative to the air-puff onset 
(Fig. 7.4). It is less likely therefore, that the observed suppression is due to afferent 
input from principal sensory and spinal trigeminal neurons that could innervate the 
SC (Huerta et al. 1983 (rat)). Because the decrease in SRBN activity was also 
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evident ¡η the (long-lead) presaccadic activity (Fig. 7.3), the suppression did not 
result (indirectly) from the changes in eye movement kinematics either. 

Our experiments provide no direct evidence concerning the mechanisms underlying 
this phenomenon. We suspect, however, that the basal ganglia, and in particular 
the Substantia Nigra pars reticulata (SNr), may be involved. The SNr has strong 
inhibitory projections to the motor SC (Graybiel 1978), and many SNr cells normally 
decrease their discharge rate before and during saccades (Hikosaka and Wurtz 1983). 
The idea that inhibition by the SNr may be responsible for the observed decrease in 
SRBN activity is in line with recent findings of Evinger and colleagues. In a series of 
experiments (Basso et al. 1993, 1996; Basso and Evinger 1996; Evinger et al. 1993), 
these investigators demonstrated that the rat basal ganglia can modulate the reflex 
blink excitability through a nigro-tectal-spinal pathway. Inactivation of the SNr by 
microinjections of muscimol, for example, yielded a suppression of reflex blinks, as did 
microstimulation of the SC (Basso et al. 1996). The latter has been demonstrated 
also in monkey (Gnadt et al. 1997). Possibly, reflex blinks give rise to a transient 
increase in the activity of SNr cells, thereby suppressing the activity of collicular 
SRBNs. A similar hypothesis has been put forward also by McHaffie et al. (1989) 
who found a comparable suppression of activity in the rat SC after presenting noxious 
facial stimuli. 

Since stimulation of the SC results in a reduced reflex blink amplitude (Basso 
et al. 1996; Gnadt et al. 1997), one could speculate that the collicular SRBNs are 
inhibited to facilitate reflex blinks. This interpretation is supported by experiments 
showing that microinjections of muscimol into the rat SC give rise to an enhancement 
of trigeminal reflex blinks (Basso et al. 1996). Taken together, the picture emerges 
that there exists mutual inhibition between the saccade and blink subsystems. On the 
one hand, trigeminal reflex blinks are suppressed by excitation of the SC (Basso et al. 
1996; Gnadt et al. 1997), whereas blinks (or blink-evoking air puff stimuli) in turn 
inhibit the saccade-related activity of the SC (this chapter). 

Note, however, that despite the suppressive effect on SRBN activity, air-puff-
evoked blinks resulted in reduced saccade latencies (see Goossens and Van Opstal 
1998; Chapter 6). This effect presumably results, at least in part, from saccade-blink 
interactions at a different level of the saccade premotor circuit. As mentioned in the 
Introduction, it has been shown that blinks are accompanied by a pause in the tonic 
activity of OPNs (Cohen and Henn 1972; Fuchs et al. 1991; Mays and Morrisse 
1994). Therefore, the reduced firing rates of collicular SRBNs (Fig. 7.8B) can still 
activate the brainstem burst generator which is otherwise inhibited by the OPNs. 
Apparently, these low collicular activation levels also lead to much slower saccades 
(see e.g., Figs. 7.2-7.3). 

A transient suppression of SRBN activity has also been reported to occur during 
and after intrasaccadic microstimulation of the rostral SC (Muñoz et al. 1996) and 
of the OPNs (Keller and Edelman 1994). In both cases, the observed suppression is 
thought to result from an inhibition of SRBNs by rostral SC cells that were stimulated 
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either directly (Munoz et al. 1996), or indirectly through retrograde activation (Keller 
and Edelman 1994), respectively. An alternative possibility, therefore, is that the 
observed blink-related SRBN suppression was due to an excitation of rostral SC cells, 
rather than of SNr cells. However, since the rostral SC is thought to be involved 
in active fixation behavior (Munoz and Wurtz 1993a,b; Munoz and Guitton 1991), 
there seems to be no obvious reason to assume that blinks give rise to an excitation 
of rostral SC cells. Instead, one would rather expect a pause in the tonic discharge 
of these neurons because the OPNs, which receive excitatory inputs from the rostral 
SC (Paré and Guitton 1994; Raybourn and Keller 1977; Biittner-Ennever and Horn 
1993), also appear to pause for blinks. 

Resumption of SRBN discharge 

Why SRBNs resumed their burst discharge shortly after blink onset (within about 
10-30 ms; Fig. 7.4A) cannot be answered on the basis of the present experiments. It 
is unlikely that a blink-related pause in the tonic discharge of OPNs would underlie 
this effect, since there is no anatomic evidence that the OPNs project to the SC 
(Biittner-Ennever and Büttner 1988). A possible interpretation could be that the 
neurons in the rostral SC are inhibited in a similar way as the SRBNs in the center 
and caudal SC, and that the inhibition persists at a lower intensity throughout the 
entire response. The latter would be consistent with the reduced firing rates observed 
in the majority of the recorded SRBNs (Fig. 7.8B). 

We believe that the resumed burst discharge following the blink-related suppres
sion is not an a-specific discharge that is unrelated to oculomotor events. This may 
be inferred from the observation that the burst duration was closely linked to the 
movement duration (Figs. 7.5-7.6). Moreover, despite a substantial reduction in the 
mean discharge rate, the total number of spikes in the burst was quite similar to the 
total number of spikes for control saccades (Figs. 7.7 and 7.8). 

Comparison to previous studies 

As reviewed in the Introduction, previous studies have used microstimulation of either 
the OPN region (Keller and Edelman 1994) or of the rostral SC (Munoz et al. 1996) to 
study the influence of perturbations in saccade kinematics on the discharge patterns 
of saccade-related neurons in the SC. Both studies revealed a transient cessation 
in SRBN activity, as well as an intrasaccadic fixation of the eyes. In the case of 
intrasaccadic stimulation of the OPNs, the rostral SC has been hypothesized to be 
excited through retrograde activation (Keller and Edelman 1994). Conversely, using 
intrasaccadic stimulation of rostral SC cells (Munoz et al. 1996), also the OPNs were 
probably activated (Munoz et al. 1996; Paré and Guitton 1994; Raybourn and Keller 
1977). By contrast, air-puff evoked blinks are more likely to result in a suppression, 
rather than an excitation, of both the OPNs and the rostral SC (see discussion above). 
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Moreover, the nature of Ыіпк-related saccade disturbances are also quite different from 
the brief stimulation-induced saccade interruptions (see Chapter 6, for details). 

Despite these differences, other important aspects of our results are quite compa
rable to those of the interruption experiments. In these latter studies, it was found 
that the same population of collicular neurons was active for both the preinterruption 
and the postinterruption part of the saccade. The present blink-perturbation data 
extend these findings in a non-trivial way, since the collicular neurons also continued 
their burst discharge until the end of compensatory movements having very different 
directions (e.g. Fig. 7.9). 

Moreover, as reported also in the interruption studies, the burst duration remained 
well coupled to the saccade duration (Fig. 7.6), albeit not as tightly as reported by 
Munoz et al. (1996). The reason for this may be two-fold. First, these authors 
quantified the burst duration of clipped and partially clipped SRBNs for movements 
of optimal amplitude and direction. By contrast, our present analysis is based on 
the high-frequency burst responses of all SRBNs encountered, and we included move
ments of less optimal amplitude and direction. Second, compared to the stereotyped 
kinematics of postinterruption saccades, there was a much larger variability in the 
kinematics of blink-perturbed saccades. Particularly due to the low end-velocity of 
blink-perturbed saccades, their offsets were not as well defined as for normal saccades. 
Saccade detection errors could therefore be an additional source of variability in the 
present study. 

Furthermore, the number of spikes in the burst remained almost constant 
(Fig. 7.8A), a feature that was reported also by Munoz et al. (1996) for inter
rupted saccades. In the latter case, however, the total amount of time that the eye is 
actually moving changed very little as compared to the duration of control saccades. 
By contrast, blink-perturbed saccades showed a considerable increase their duration, 
which makes it even more remarkable that the number of spikes hardly changed. 

Finally, as indicated in a qualitative way by Munoz et al. (1996), the high-
frequency discharge of long-lead SRBNs was affected by the stimulation-induced in
terruption in a manner very similar to the bursts of short-lead SRBNs. Our present 
results confirm these observations since it appeared that several aspects of their in-
trasaccadic discharge were quantitatively very similar for responses obtained in the 
blink-perturbation paradigm (Figs. 7.5, 7.7 and 7.11). 

One hypothesis about the activity of collicular neurons has been that their dis
charge rate encodes the dynamic motor-error signal, which is thought to drive the 
brainstem saccadic burst generator. This idea was inspired by the observation that 
for a subpopulation of SC neurons the motor burst ended with the saccade offset, and 
that many cells exhibit a monotonie decay in their instantaneous firing rate as a func
tion of decreasing radial motor error (Waitzman et al. 1991). As reported by Keller 
and Edelman (1994) and Munoz et al. (1996), this monotonie decay persists dur
ing postinterruption saccades (apart from some initial differences). However, whether 
these striking properties are due to some form of efferent feedback from the brainstem 
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saccade generator remains difficult to decide on the basis of the interruption data. As 
described in the Introduction, the kinematics of postinterruption saccades remained 
highly stereotyped, as inferred from their main sequence (Munoz et al. 1996), and a 
monotonie relation of radial motor error with time continued to exist. Also the spatial 
trajectories remained unaltered, since no changes in eye movement direction occurred. 

The air-pufF-evoked blinks could successfully disrupt both the kinematics and the 
spatial trajectories of saccadic eye movements. Under these conditions it appeared 
that the monotonie relation between the SRBN discharge and dynamic motor error 
was strongly disrupted (Figs. 7.10 and 7.11), indicating that these cells do not encode 
the dynamic motor error signal. Note that if their discharge rate were to represent this 
signal, the relation should have remained unaffected, despite the changes in movement 
kinematics. In addition, the number of spikes in the burst should have substantially 
increased for perturbed saccades, which was not observed. We also found that the 
discharge of SRBNs persisted for compensatory eye movements directed outside the 
cell's movement field (Fig. 7.9). Moreover, very different eye movement directions 
could be associated with identical firing rates (e.g. Fig. 7.10). Taken together, we 
believe that these observations indicate that the SC activity does not rely on feedback 
from the actual 2-D saccade trajectory. Rather, both the blink-induced disturbances, 
as well as the compensatory phase of the eye movement, are likely to be generated 
at a level downstream from the motor SC. 

Number of spikes versus discharge rate 

Our finding that the number of spikes in the collicular burst is roughly invariant to 
the spatial-temporal properties of the actual eye movement trajectory hints at the 
interesting possibility that this quantity, rather than the firing rate of SRBNs per se, 
represents the desired displacement vector of the eyes. Recent electrical stimulation 
studies have provided quantitative support for this hypothesis. By manipulating either 
the stimulation intensity (Van Opstal et al. 1990), or the number of stimulation 
impulses (Stanford and Sparks 1996), saccade amplitude (but not saccade direction) 
can be systematically varied between zero and the optimal amplitude, represented at 
the stimulation site. The hypothesis would therefore entail that the SRBNs represents 
the eye displacement along a straight line, the direction of which is determined by 
the location of the recruited population within the motor map, and the movement 
amplitude is given by the total number of spikes. More specifically, the instantaneous 
amplitude along the straight line would be determined by the cumulative number of 
spikes in the burst, saturating at the sites' optimal amplitude. 

To further test for this possibility, we have analyzed the recorded SRBN responses 
during both control and perturbed saccades by correlating the different activity mea
sures with the component of the instantaneous eye movement along the optimal eye 
displacement vector. To that means, the eye movement coordinates were projected 
onto the straight line connecting the initial fixation point and the optimal target 
coordinates, thus yielding the current displacement in the direction of the optimal 
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_.-7~ · _ J.^ 

^"Ό1**^^-- - . Я ~ ^ — ~ " · " · 

• ^ * ^ > - ^ — "* "'" <^f--'Ç^£?f^TJW~ ~" , _ — 
Í^ÍN'^TT.' " 

0 5 10 15 20 
COMPONENT AMP. (deg) 

eoo 
." 2 
°-,„„ <л 600 

É 
« 4 0 0 
ω 
о 
$ 2 0 0 

α со 
0 

40 

со 
ш 
*: 
аэо 
СО 

ω 
> 2 0 
Η 

5 
Эю 
5 
э 
υ 

0 

PJ5203 
800 

> 
и 600 

È 
« 4 0 0 
Ш 
Q 
$ 2 0 0 

О. 
СО 

ΘΓ1101 

/ ч 
1 \ 

Л \ ч 

j'-'^SN 
^''^k ·ν 

. ·,.' '&&Κ*η>·Ε ¿ъ '. 
• ' *N^?^^^û- ' ! ; -
ff^ ""• " H f c 

0 5 10 15 20 
COMPONENT AMP. (deg) 

0 5 10 15 20 
COMPONENT AMP. (deg) 

0 5 10 15 20 
COMPONENT AMP. (deg) 

0 5 10 15 
COMPONENT AMP. 

Figure 7.14 Spike density (top) and cumulative number of spikes (bottom) plotted versus 
the current eye-movement component along the optimal displacement vector of the cell. 
Data from the three SRBNs shown in Figs. 7.10 and 7.11. Individual perturbed responses 
are represented by the dots (2 ms resolution). Thin solid and dashed curves: averaged 
control responses and corresponding standard deviation. Thick solid curves: averaged blink-
perturbed responses. Note that the cumulative number of spikes yields quite similar curves 
for perturbed and control saccades, unlike spike density. 

displacement, Ae(t). Then, both the spike density function (D(t), shifted backward 
by 5-7 ms, and running from 20 ms before movement onset to saccade offset, see 
above) and the cumulative number of spikes (N(t)) were plotted against Ae(t). 

Fig. 7.14 provides three typical examples of this analysis, for control saccades (thin 
line and one standard deviation) and perturbed saccades (thick line, representing the 
mean; dots for individual responses). Note that for the control responses, both ac
tivity measures yield monotonie relations. However, for the perturbed saccades, spike 
density can no longer be uniquely related to Ae(t). Yet, the cumulative number of 
spikes follows remarkably similar curves, both for control and for perturbed responses. 

Electrical stimulation experiments have also indicated that the stimulation fre
quency can have a systematic influence on the (mean) eye movement velocity (Stan
ford and Sparks 1996). This finding is also supported by recordings from cat (Berthoz 
et al. 1986) and monkey (Van Opstal and Van Gisbergen 1990) collicular SRBNs. 
Also in the present study, the low-velocity perturbed eye movements are typically 
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associated with low mean firing rates in almost all SRBNs (Fig. 7.8B). 
Taken together, our findings provide further support for the idea that the number 

of spikes issued by the recruited population encodes the saccade displacement vec
tor. The temporal distribution of the SRBN spikes may influence (but not necessarily 
encode) the velocity of the saccade. A similar suggestion has been put forward in 
Scudder's model of the collicular-brainstem saccade generator (Scudder 1988). Al
though the mechanisms that fix the number of spikes in the SRBN bursts are elusive, 
our data do not support the notion that this is achieved by a local feedback loop that 
carries detailed information about the saccade trajectory. In a subsequent paper, we 
will further address this topic, and a quantitative population analysis of the SRBN 
activity will be presented. 

Compensatory behavior 

The behavioral data presented in the companion paper showed that a near-complete 
compensation for the blink-related disturbance ensured that the eye landed close to 
the extinguished target (see Goossens and Van Opstal 1998; Chapter 6). Further 
analysis of the saccade trajectories, as well as the properties of pure blink-related eye 
movements, suggested that this compensatory behavior was not due to passive elastic 
restoring forces within the oculomotor plant. Based on these and other considerations, 
we have argued that the full sequence of movement events in the perturbation trials 
may be mainly due to neural control, rather than to plant mechanics. Our present 
neurophysiological data, showing that the discharge of collicular SRBNs persists until 
the end of blink-perturbed compensatory saccades (e.g. Figs. 7.1-7.3), provide strong 
additional support for this view. 

Two possible mechanisms could account for the compensatory movement com
ponent: local feedback of the current eye movement within the saccade generator, 
or an active reset movement that is generated by the blink system itself. Local feed
back could ensure that the (eye-position dependent) deflection of the eye, caused by 
the blink, is automatically reset by the saccadic system as long as the desired eye 
displacement does not equal the actual eye displacement. On the other hand, the 
returning phase of the Ыіпк-related eye movement could also be generated by the 
blink system itself, and simply be added to the neural drive from the motor SC. Based 
on the current experiments it is not possible to dissociate between either possibility. 

We believe, however, that the blink signal that is responsible for the mid-flight dis
turbance of the eye movement interacts with the saccadic system at a level upstream 
from the oculomotor neural integrator. This idea is supported by the observation 
that in cases when a blink-related eye movement does not return to the initial eye 
position, the eye stays at the new position until a correction saccade is made (see 
Chapter 6, for examples). Because collicular SRBNs typically undergo a depression in 
their response around the blink onset, it also unlikely that the SRBN activity somehow 
mediates the deflection in the eye movement trajectory. This is also supported by the 
data in Figs. 7.12 and 7.13 which indicate that only the site corresponding to the 
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Figure 7.15 Conceptual model of saccade-blink interactions in monkey. See text, for 
explanation. Abbreviations: SC, intermediate and deep superior colliculus; SNr, Substantia 
Nigra pars reticulata; BinkCtr, putative blink center; BURST, saccade burst generator; OPN, 
Omnipause Neurons; OMN, extraocular motoneurons; Τ and k, time constant and stiffness 
of the plant; ΔΕ, desired eye displacement. 

desired movement displacement is involved during control and perturbed responses. 

We conjecture, therefore, that the blink-related eye movement may involve neural 

structures that are parallel to the saccade burst generator (but share the oculomotor 

integrator, as well as the omnipause neurons). Alternatively, the blink system could 

share the saccadic burst cells residing in the paramedian pontine reticular formation 

(PPRF, horizontal saccade components) and the rostral interstitial nucleus of the 

medial longitudinal fasciculus (r iMLF; vertical saccade components). Recordings in 

PPRF neurons during blinks (Henn and Cohen 1972) provide preliminary support for 

the latter possibility. 

Conceptual model of saccade-blink interactions 

Fig. 7.15 provides a summary scheme of the saccade-blink interactions that may 

explain the observations from the previous and present chapter. In short, when the 

putative blink center is activated, three pathways are involved: (1) Motoneurons 

that innervate the eyelids are recruited. (2) Cells in Substantia Nigra pars reticulata 

(SNr) are transiently excited, which in turn leads to an inhibition of the SC motor 

map. This inhibition gradually declines, whereby the SRBNs resume their activity. 

Due to the remaining inhibition, the activity levels in the SRBNs are lower than for 

control responses. (3) The number of spikes from given site in the SC is counted 

until a saturation level is reached, causing the eye movement to stop. This saturation 

ensures that the exact number of spikes is not a very critical factor. (4) The saccade 
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burst generator ¡η the brainstem ¡s excited (in this scheme biphasically, to account 
for the return movement of the eyes as well), which in turn shuts off the omnipause 
neurons. (5) Due to this indirect OPN inhibition (possibly combined with inhibition 
that is more direct), the burst generator is also activated by the SRBNs. Since blink-
related and collicular signals add at this level, the resulting eye movement trajectory 
is slow and strongly curved, but ends close to the target. Recordings in the brainstem 
saccade burst generator, OPN region, and oculomotor integrator should shed more 
light on this hypothesis. 

Pathophysiology 

Neurological disorders like Parkinson's and Huntington's disease that are tightly linked 
to a malfunctioning of the basal ganglia also give rise to an abnormal reflex blink 
excitability. As recently proposed by Basso and Evinger (Basso and Evinger 1996; 
Basso et al. 1996), the reflex blink hyperexcitability seen in patients with Parkinson's 
disease, where dopamine depletion is thought to increase the SNr activity, could be 
due to a reduced inhibition of reflex blinks by the SC. A decrease in SNr inhibition of 
the SC could similarly underlie the hypoexcitability seen in Huntington's disease. 

Both neurodegenerative diseases also result in marked oculomotor deficits. Pa
tients with Parkinson's disease, for example, often exhibit staircase saccades, slow 
saccades, and increased saccade latencies (Bronstein and Kennard 1985; Rascol et 
al. 1989; White et al. 1989). Slow saccades are observed also in patients with 
Huntington's chorea which often cannot initiate voluntary saccades without blinking 
or making head movements, while suppression of saccades toward novel visual stimuli 
appears to be difficult too (Leigh et al. 1983). Recordings from monkey SNr neurons 
suggest that these features may, at least partially, result from a disturbed SNr input 
to the SC, as many SNr cells normally decrease their discharge rate before and during 
saccades (Hikosaka and Wurtz 1983). 

As discussed above, the present experiments suggest that a modified inhibitory 
influence by the SNr may underlie the observed suppression of SC activity. If true, 
a detailed behavioral study of saccade-blink interactions in such patients may be 
of benefit in the understanding of basal ganglia related neural disorders. To our 
knowledge, such experiments have not been performed so far. The use of the blink-
perturbation paradigm may be a valuable tool in this effort. 
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Chapter 8 

Summary and Conclusions 

This thesis describes behavioral and neurophysiological studies regarding the neural 
mechanisms underlying the control of eye and coordinated eye-head movements in 
two-dimensions. Three main topics, closely related to one another, are addressed: 
(1) sensorimotor transformations underlying gaze control, (2) local feedback in the 
saccadic system, and (3) saccade-blink interactions. 

Sensorimotor transformations 

Eye-head coordination (Chapter 2) 

The coordination between eye and head movements during a rapid orienting gaze shift 
has mainly been investigated when subjects made horizontal movements towards visual 
targets with the eyes starting at the center of the orbit (aligned condition). Under 
these conditions, however, it is difficult to identify the signals driving the two motor 
systems, because their initial motor errors are identical and equal to the coordinates 
of the sensory stimulus (i.e. retinal error). 

In chapter 2, we therefore studied head-free gaze saccades of human subjects 
towards visual and auditory stimuli presented in the two-dimensional frontal plane, 
under both aligned and unaligned initial fixation conditions. 

The results obtained under aligned conditions showed that the basic patterns for 
eye and head movements were qualitatively comparable for both stimulus modalities. 
Yet, systematic differences were also obtained, suggesting a task-dependent move
ment strategy. Auditory-evoked gaze shifts were endowed with smaller eye-head la
tency differences, consistently larger head movements and smaller concomitant ocular 
saccades, than visually triggered movements. 

By testing unaligned initial eye and head positions, we found that the head dis
placement vector was best related to the initial head motor-error (target-re-head), 
rather than to the initial gaze error (target-re-eye), regardless of target modality. 
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These findings suggest an independent control of the eye and head motor systems by 
commands in different frames of reference. 

However, we also observed a systematic influence of the oculomotor response on 
the properties of the evoked head movements, indicating a subtle coupling between 
the two systems. The results are discussed in view of current eye-head coordination 
models, and a quantitative model is presented that can account for the observed 
behavior. 

Spatial orienting behavior (Chapter 3) 

In chapter 3, we investigated the neural frame of reference for auditory targets, when 
used as a goal for rapid orienting eye-head movements. 

Sound localization in humans relies on binaural differences (azimuth cues) and 
monaural spectral shape information (elevation cues), and is therefore the result of a 
neural computational process. Despite the fact that these acoustic cues are referenced 
with respect to the head, accurate eye movements can be generated to sounds in 
complete darkness. This ability necessitates the use of eye position information. 

So far, however, auditory localization has mainly been investigated with a fixed 
head position, usually straight ahead. In Chapter 3, we therefore studied the influ
ence of changes in eye-head position on auditory-guided orienting behavior of human 
subjects. 

In the first set of experiments, we used a visual-auditory double-step paradigm. 
Subjects made saccadic gaze shifts in total darkness toward brief broadband sounds, 
presented prior to an intervening eye-head movement that was evoked by an earlier 
visual target. The data show that the preceding displacements of both eye and head 
are fully accounted for, resulting in spatially accurate responses. This suggests that the 
auditory target may be remapped into a spatial (or body-centered) frame of reference. 

To further investigate this possibility, we exploited, in a second series of experi
ments, the unique property of the auditory system that sound elevation is indepen
dently extracted from the pinna-related spectral cues. Subjects kept their head in 
different vertical positions (eye and head initially aligned), while eye movements were 
elicited toward pure tones. The latter stimuli provide no cues about the physical 
target elevation. It appeared that each tone was perceived at a fixed, frequency-
dependent elevation in space, which shifted only to a limited extent with changes 
in head elevation. Hence, information about head position is used also under static 
conditions. 

Interestingly, the influence of head position also depended on the tone frequency. 
Thus, tone-evoked ocular saccades typically showed a partial rather than full compen
sation for changes in static head position, unlike noise-evoked eye-head saccades in 
the double-step paradigm. 

We propose that the auditory localization system combines the acoustic input with 
head-position information to encode targets in a spatial (or body-centered) frame of 
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reference. In this way, accurate orienting responses may be programmed despite inter
vening eye-head movements. A conceptual model, based on the tonotopic organization 
of the auditory system, is presented that may account for our findings. 

Feedback dynamics 

Chapters 4 and 5 are concerned with the controversy that exist regarding the nature 
and dynamics of the efferent feedback signals that are thought to control the brainstem 
saccade generator. 

Visually evoked double-steps (Chapter 4) 

Recent experiments have shown that saccade vectors induced by microstimulation of 
the monkey Superior Colliculus depend systematically on prior eye movements. It 
was proposed that an eye-displacement model of the saccadic burst generator that 
assumes a resettable feedback integrator with a reset time constant of about 45 ms 
may account for these results. 

This 'gradual-reset' model predicts, however, that the second of two visually 
evoked saccades becomes inaccurate when the intersaccadic interval (ISI) is very brief. 
This prediction was tested in Chapter 4 with human subjects but, in contrast to the 
microstimulation experiments, our data showed that visually-evoked second saccades 
are accurate, regardless of the ISI. Similar results were obtained in the monkey, as 
described in Chapter 5. Apparently, there is a marked difference between visually 
evoked and stimulation-induced saccadic behavior. 

Role of the Superior Colliculus (Chapter 5) 

To further address this discrepancy, we recorded from saccade-related burst neurons 
(SRBNs), found in the intermediate and deep layers of the monkey SC, while the mon
keys performed visual double-step tasks. In addition, postsaccadic microstimulation 
was applied in the SC under different behavioral conditions. 

When postsaccadic microstimulation was applied in darkness, we obtained changes 
in the metrics of the evoked saccades that were qualitatively similar to those reported 
previously. The time constant of this effect, however, appeared to depend on the 
direction of the preceding saccade (up, down, left and right), and varied considerably 
from site to site (range: 25-100 ms). Moreover, the maximum stimulation effect 
typically fell well below the prediction of the gradual-reset model. 

Myostimulation was also applied during the ISI of visually guided double-step 
saccades. In contrast to the previous paradigm, the monkey was now engaged in the 
programming of two subsequent saccades. Nevertheless, stimulation-induced saccades 
still deviated from the control vector in the same way as in the original stimulation 
paradigm. This indicates that the effect is not influenced by visuomotor processing. 
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When both saccades of the double-step were directed into the movement field 
(MF) of an SRBN, each of the two saccades was typically associated with a burst 
of activity. The discharge that preceded second saccades was appropriate for the 
ensuing saccade vector, and did not systematically depend on the ISI, even down to 
the shortest ISIs obtained (<45 ms). Furthermore, a model-based quantitative analysis 
provided no evidence that saccade-related discharges in the SC gradually shift from a 
retinotopic into a motor-error representation. Only two of the cells recorded showed 
nonstationary response properties. 

Taken together, we conclude that the signals involved in the programming and 
execution of naturally evoked secondary saccades are accurate, and undistorted by the 
preceding primary movements. The discrepancy between the microstimulation data 
and the behavioral data is discussed in the light of different hypotheses. It is proposed 
that a differential action of the deep-cerebellar fastigial nuclei on the brainstem burst 
generator may resolve, at least partially, this issue 

Saccade-Blink interactions 

Saccadic eye movements are thought to be influenced by blinking through premotor 
interactions, but it still unclear how. In Chapters 6 and 7, we therefore set out to 
study saccade-blink interactions in monkey. 

In view of current models of the Superior Colliculus, and the notion of local 
feedback control, we particularly wondered: (1) whether the saccadic system accounts 
for both spatial and temporal perturbations of the saccade trajectory, and (2) how 
these perturbations are reflected in the discharge properties of saccade-related burst 
neurons (SRBNs) found in the intermediate and deep layers of the superior colliculus 
(SC). 

Blink-perturbed saccades (Chapter 6) 

In Chapter 6, we first examined the effect of reflex blinks on the metrics, kinematics 
and latencies of saccades in monkey. To that end, trigeminal reflex blinks were elicited 
near the onset of visually evoked saccades by means of an air puff directed on the eye. 
Reflex blinks were also evoked during a fixation task. 

The data show that saccade latencies were systematically reduced when blinks were 
evoked just prior to the onset of impending visual saccades, as if these saccades were 
triggered by the blink. This behavior may be understood from the known inhibition 
of omnipause neurons during blinks. 

Reflex blinks also resulted in profound spatial-temporal perturbations of the sac-
cade trajectory. Deflections of the saccade trajectory, typically upward, extended up 
to about 15 deg, and a two- to three-fold increase in saccade duration was generally 
observed. These perturbations, however, were largely compensated in saccade mid-
flight, despite the absence of visual feedback, yielding near-normal endpoint accuracy. 
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When evoked during straight-ahead fixation, blinks were accompanied by initially 
upward and slightly abducting eye rotations of about 2 to 15 deg amplitude. Back and 
forth wiggles of the eye were frequently seen, but in many cases the return movement 
was incomplete so that the eye ended at an eccentric position above the horizontal 
meridian. Downward, corrective saccades toward the fixation spot then followed, 
after a variable period of time during which no drift of eye-position was observed. An 
analysis of the saccade trajectories further revealed that a blink-perturbed saccade 
could not be described as a linear superposition of a blink-related eye movement and 
unperturbed saccades. 

For reasons discussed in Chapter 6, these findings suggest that the (eye-position 
dependent) rotations of the eye during blinks are under control of a neural circuit that 
involves the neural eye position integrator, and possibly also the brainstem saccadic 
burst generator. 

Effects on Superior Colliculus activity (Chapter 7) 

In Chapter 7, we report that the saccade-related activity of the SRBNs for saccades 
directed into their movement field was transiently suppressed around the onset of an 
eyelid blink. Shortly after this suppression (within 10-30 ms), all neurons resumed their 
activity, and continued their discharge rate until the perturbed eye movement ended 
near the extinguished target. This was found regardless whether the compensatory 
response was directed into the movement field of the cell, or not. In the limited number 
of trials where no compensation occurred, the neurons typically stopped firing well 
before the end of the eye movement. 

Several aspects of the saccade-related activity during compensatory saccades could 
be further quantified for 25 SRBNs. We found that: (1) The increase in duration of 
the high-frequency burst was well correlated with the (two- to three-fold) increase in 
duration of the perturbed response. (2) The total number of spikes associated with the 
perturbed movement was quite similar to the total number of spikes associated with 
control saccades. On average, this activity measure showed an increase of only 18%, 
whereas the mean firing rate was decreased by 53%. (3) Monotonie phase relations 
between instantaneous firing rate and dynamic motor error were obtained for control 
responses, but not for perturbed movements. (4) The high-frequency motor burst of 
short-lead and long-lead type SRBNs (also referred to as burst and buildup neurons, 
respectively) showed the same features. 

Our findings show that blinking interacts with the saccade premotor system at the 
level of the intermediate and deep SC. We conjecture that the observed changes in 
SC activity reflect a modified pattern of inhibition by the Substantia Nigra. The data 
also indicate that a neural mechanism, rather than passive elastic restoring forces 
within the oculomotor plant, underlies the observed compensation for blink-related 
perturbations. We propose that these interactions occur downstream from the motor 
SC, and that the latter encodes the desired displacement vector of the eyes by sending 
a fixed number of spikes to the brainstem saccadic burst generator. 
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General Conclusions 

The studies that were concerned with human eye-head movements are the first to 
investigate the control of coordinated eye-head movements towards targets of different 
modalities in two dimensions, and under different initial conditions. Our data show 
that the human gaze control system can deal with rapidly changing and unaligned 
frames of reference in two dimensions, and that independent motor commands are 
used to drive the eye and head motor subsystems. Moreover, the first evidence was 
obtained that the audiomotor system may use a supramodal (i.e., a spatial or body-
centered) frame of reference to represent auditory space. If similar mechanisms would 
also apply to other sensorimotor systems, a unified spatial representation could greatly 
simplify navigation and orienting within multimodal environments. 

With regard to the dynamics of local feedback signals that may be involved in 
saccade generation, our main finding was that the accuracy of saccades was unaf
fected by preceding movements. These findings indicate that the signals involved 
in the programming and execution of saccades remain accurate despite prior sac-
cades. This interpretation is supported by our single-cell recordings from SRBNs in 
the monkey SC that indicated that the activity in the SC is appropriate for the actual 
movements. These findings contradict the recent hypothesis that there is a gradual 
decaying resettable integrator in the putative local feedback loop. 

The experiments that were concerned with saccade blink-interactions are the first 
to investigate the influence of reflex blinks on the generation of saccades. New in
sights into the relation between the two subsystems were obtained. It was found that 
reflex blinks not only affect the latency, the kinematics, and the spatial trajectories of 
saccades, but also the discharge of SRBNs in the monkey SC. These findings indicate 
that there are extensive interactions between the saccade and blink subsystem at pre-
motor levels. Furthermore, evidence was obtained that the putative local feedback 
loop is not closed through the superior colliculus. Whether the observed compen
satory behavior is due to the action of local feedback cannot be inferred from our 
data. Alternative possibilities, not necessitating the use of internal eye movement 
representations, have to be considered. 

In our studies regarding the role of the SC in saccade generation, we explicitly 
designed paradigms in which natural stimuli could be used. Although much knowledge 
may, and has been, gathered using electrical microstimulation, we believe that the use 
of natural stimuli is important in probing the saccadic system in a more natural setting. 
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Samenvatting 

Dit proefschrift beschrijft experimenten waarin bestudeerd werd hoe de hersenen oog
bewegingen en gecombineerde oog-hoofdbewegingen genereren. Er is vooral onder
zoek verricht aan het zogeheten saccadisch systeem. 

Saccades zijn snelle oriënteringsbewegingen van het oog die vaak gepaard gaan met 
hoofdbeweging. Omdat mensen en apen alleen met het centrum van het netvlies (de 
fovea) scherp kunnen zien, maken zij deze bewegingen voortdurend om het oog snel en 
nauwkeurig op een relevante stimulus in de buitenwereld te richten. Als zodanig vormt 
het saccadisch systeem een natuurlijk oriënteringssysteem dat verschillende soorten 
sensorische informatie gebruikt en samenvoegt. 

Om meer inzicht te krijgen in de neurale mechanismen die hieraan ten grond
slag liggen, zijn zowel gedragsstudies als neurofysiologische experimenten verricht. 
In de gedragsstudies werden bij mensen en getrainde rhesus apen oog- en hoofdbe
wegingen in twee dimensies gemeten tijdens verschillende lokalisatie opdrachten. De 
proefpersoon moest bijvoorbeeld in het pikkedonker zo snel mogelijk naar een klein 
lampje of een geluidsbron kijken. In de neurofysiologische experimenten werd ook 
de (elektrische) activiteit van afzonderlijke hersencellen in de Superior Colliculus ge
meten terwijl de aap bepaalde oogbewegingstaken uitvoerde. De Superior Colliculus 
is namelijk een gebied in de middenhersenen dat nauw betrokken is bij de aansturing 
van saccades. 

In dit proefschrift komen drie sterk gerelateerde thema's aan de orde: (1) sensori
motor transformaties, (2) interne feedback, en (3) saccade-blink interacties. 

Sensorimotor transformaties 

Bij alle oog- en hoofdbewegingen wordt gebruik gemaakt van dezelfde oog- en nek-
spieren, ongeachte de modaliteit van het doel waar de beweging op gericht is. De 
positie van een visueel doel wordt echter op een geheel andere manier weergegeven 
(gecodeerd) dan de positie van bijvoorbeeld een auditief doel. Zo ontstaat er op 
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het netvlies (de retina) een afbeelding van de visuele omgeving, terwijl geluid in het 
binnenoor ontbonden wordt in afzonderlijke frequentiecomponenten. Bovendien be
weegt het netvlies mee de ogen, terwijl de oren aan het hoofd vast zitten. Een 
auditieve stimulus geeft dus alleen informatie omtrent de doelpositie ten opzichte van 
het hoofd, terwijl een visuele stimulus alleen informatie geeft over de doelpositie ten 
opzichte van het oog. De verschillende sensorische signalen moeten dus op een of 
andere manier omgezet worden in commando's die geschikt zijn om zowel het oog-
als hoofdbewegingsapparaat aan te sturen. Er moeten dus zogenaamde sensorimotor 
transformaties worden uitgevoerd. 

Oog-hoofdcoördinatie (Hoofdstuk 2) 

Om snel en nauwkeurig een oog-hoofdbeweging naar een bepaald doel maken, moeten 
de bewegingen van de ogen en het hoofd goed op elkaar worden afgestemd. Hoe oog-
en hoofdbewegingen gecoördineerd worden, is tot nu toe meestal onderzocht door 
proefpersonen een horizontale oog-hoofdbeweging te laten maken naar een visueel 
doel, waarbij de oogbeweging startte vanuit het centrum van de oogkas. De kijk
richting aan het begin van de beweging is dan dus hetzelfde als de oriëntatie van 
het hoofd (opgelijnde conditie). Het is echter niet goed mogelijk om onder dergelijke 
omstandigheden te onderzoeken welke neurale commando's respectievelijk de ogen en 
het hoofd aansturen. De positie van het doel ten opzichte van het ogen (de kijkfout) 
is dan namelijk identiek aan de positie van het doel ten opzichte van het hoofd, en 
kan bovendien direct worden afgeleid uit de plek waar het licht op het netvlies valt 
(de retinale fout). 

In hoofdstuk 2 hebben we daarom snelle oog-hoofdbewegingen naar auditieve en 
visuele doelen bestudeerd waarbij ook de initiële stand van het oog ten opzichte van 
het hoofd gevarieerd werd. De proefpersoon zat daarbij in een donkere, geluidsarme 
kamer, en de stimuli werden op allerlei horizontale en verticale posities voor hem/haar 
aangeboden. 

Het patroon van oog- en hoofdbewegingen tijdens auditief en visueel uitgelokte 
saccades was in grote lijnen vergelijkbaar. Toch waren er in de opgelijnde conditie 
systematische verschillen tussen auditief en visueel uitgelokte responsies. Bij beide 
soorten stimuli begon de beweging van het oog meestal eerder dan die van het hoofd, 
maar dit latentie verschil was kleiner bij auditief uitgelokte saccades. Bovendien was 
de hoofdbeweging bij auditief uitgelokte saccades groter terwijl de oogbeweging juist 
kleiner was in vergelijking met visueel uitgelokte saccades. Deze verschillen wijzen op 
een taakafhankelijke bewegingsstrategie. 

De resultaten laten eveneens zien dat zowel de ogen als het hoofd een doelgerichte 
beweging maken. In situaties waarin ogen en hoofd aan het begin van de beweging 
in verschillende richtingen wijzen (onopgelijnde conditie), heeft dit tot gevolg dat 
beide motorsystemen gelijktijdig in verschillende richtingen bewegen. Deze data laten 
zien dat, onafhankelijk van de stimulusmodaliteit, de ogen worden gestuurd door 
een oog-gecentreerd doelsignaal, maar het hoofd door hoofd-gecentreerd doelsignaal. 
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Desalniettemin bleek de oogbeweging een systematische invloed te hebben op de 
eigenschappen van de hoofdbeweging. Dit geeft aan dat er ook een subtiele koppeling 
tussen beide motorsystemen bestaat. 

De resultaten worden besproken aan de hand van bestaande theorieën, en we 
hebben een kwantitatief model gemaakt dat het waargenomen gedrag kan beschrijven. 

Ruimtelijk oriënteringsgedrag (Hoofdstuk 3) 

In hoofdstuk 3 hebben we onderzocht welk referentiekader gebruikt wordt voor de 
representatie van auditieve stimuli wanneer die een doel vormen voor saccadische 
oog-hoofdbewegingen. We hebben daarom getest of er ook andere, niet-auditieve 
informatie gebruikt wordt bij genereren van saccades naar auditieve stimuli. 

De mens is goed ¡n staat om een geluidsbron te lokaliseren. Hij maakt daarbij ge
bruik van tijds- en intensiteitsverschillen tussen het geluid bij het linker- en rechteroor 
('azimuth cues') om de bronpositie in horizontale richting te bepalen. Veranderingen 
in het geluidspectrum ten gevolge van de oorschelp ('elevatie cues') worden gebruikt 
om de bronpositie in verticale richting te bepalen. De positie van een auditief doel 
moet dus eerst door de hersenen 'berekend' worden aan de hand van indirecte infor
matie. Deze cues zeggen echter alleen ¡ets over de bronpositie ten opzichte van het 
hoofd. Toch is het goed mogelijk om in het pikkedonker gerichte oogbewegingen naar 
geluid te maken. Om dit te kunnen, moet de hoofd-gecentreerde auditieve informatie 
samengebracht worden met informatie over de stand van de ogen in het hoofd. 

Tot op heden is auditieve lokalisatie echter voornamelijk onderzocht met een vaste, 
onbeweeglijke hoofdpositie, gewoonlijk recht vooruit gericht. In hoofdstuk 3 hebben 
we daarom het effect bestudeerd van veranderingen in oog- en hoofdpositie op auditief 
uitgelokte saccades bij de mens. 

In de eerste reeks experimenten hebben we gebruik gemaakt van een visueel-
auditief dubbelstap-paradigma. In deze proefopzet moest de proefpersoon, in het 
pikkedonker, eerst een oog-hoofdbeweging maken naar een visueel doel om vervolgens 
vanuit deze nieuwe uitgangssituatie een tweede oog-hoofdbeweging te maken naar een 
auditief doel (breedbandige ruis). Omdat het hoofd na de eerste beweging een nieuwe 
oriëntatie in de ruimte heeft gekregen, is ook de positie van het auditieve doel ten 
opzichte van het hoofd veranderd. Deze verandering kon de proefpersoon echter 
niet waarnemen aan de hand van auditieve informatie omdat beide doelen alweer 
verdwenen waren voordat de eerste beweging startte. Het bleek dat de verplaatsing 
van de ogen en het hoofd voorafgaand aan de beweging naar het auditieve doel, 
volledig werden gecompenseerd. Met andere woorden: het auditieve doel kon accuraat 
worden gelokaliseerd in de ruimte. Deze resultaten suggeren dat de aanvankelijk 
hoofd-gecentreerde lokalisatie cues in de hersenen worden omgezet in een representatie 
waarbij de positie van het auditieve doel wordt weergegeven ten opzichte van de 
buitenwereld (often opzichte van de romp). 

Om die mogelijkheid verder te onderzoeken, hebben we in een tweede serie experi
menten gebruik gemaakt van het feit dat de elevatie (hoogte) van een geluidsbron 
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onafhankelijk wordt bepaald op basis van spectrale, oorschelp-gerelateerde lokalisatie 
cues. De proefpersonen hielden in deze experimenten het hoofd steeds in verschillende 
verticale posities (de neus meer of minder naar boven of beneden gericht) waarbij oog 
en hoofd aanvankelijk in dezelfde richting wezen. De opdracht van de proefpersoon 
was om, eveneens in het pikkedonker, vanuit deze posities oogbewegingen te maken 
naar zuivere pieptonen. Ondanks het feit dat zuivere tonen onvoldoende informatie 
geven omtrent de hoogte waarop de bron zich werkelijk bevindt, hebben proefpersonen 
toch een consistent idee over positie van een toonbron, ook al is dat idee fout. 

Uit deze proeven bleek dat veranderingen in verticale hoofdpositie opvallend weinig 
effect hadden op de plaats waar de proefpersoon dacht dat de toonbron zich in de 
ruimte bevond. Dit betekent dat de informatie die via de oren de hersenen bereikt, 
ergens in de hersenen wordt samengevoegd met informatie betreffende de positie van 
het hoofd op de romp. Als dat niet het geval zou zijn, zou men namelijk verwachten 
dat een bepaalde toon steeds op dezelfde hoogte ten opzichte van het hoofd wordt 
waargenomen. Opvallend was ook dat de invloed van hoofdpositie afhankelijk was van 
de toonhoogte (frequentie). De oogbewegingen naar zuivere tonen bleken dus niet 
volledig te compenseren voor de veranderingen in statische hoofdpositie. Dit in tegen
stelling tot de oog-hoofdbewegingen naar breedbandige ruisdoelen in de dubbelstap-
proef die wel een volledige compensatie lieten zien. 

We stellen voor dat het auditief lokalisatie systeem de binnengekomen akoestische 
signalen combineert met interne hoofdpositie signalen om op die manier auditieve 
doelen in een ruimte-vast (of lichaams-vast) referentiekader te representeren. Op 
deze manier kunnen correcte oriënteringsbewegingen naar doelen in de buitenwereld 
worden geprogrammeerd, ondanks andere, tussentijdse oog-hoofdbewegingen. Om 
onze bevindingen te verklaren, wordt een conceptueel model voorgesteld dat gebaseerd 
is op de tonotope organisatie van het auditief systeem. 

Feedback dynamica 

Algemeen wordt aangenomen dat oogbewegingen worden aangedreven door een neu
raal circuit dat gebruik maakt van interne terugkoppeling (feedback). Daarbij wordt 
een gewenste oogbeweging vergeleken met een interne representatie van de feitelijke 
oogbeweging ('efferente kopie'). Er bestaan in de literatuur echter nogal wat con
troverses ten aanzien van de aard en de dynamica van de interne feedback signalen 
daarbij betrokken zouden zijn. In hoofdstuk 4 en 5 wordt hier nader op ingegaan. 

Visueel uitgelokte dubbelstappen (Hoofdstuk 4) 

Uit recente experimenten is gebleken dat de richting en grootte van een saccade 
(de saccade vector), wanneer deze opgewekt wordt via elektrische microstimulatie 
van cellen in de Superior Colliculus van de aap, systematisch afhangt van de vooraf
gaande oogbeweging. Deze bevindingen hebben geleid tot een werkingsmodel voor de 
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hersenstamgebieden die saccadische oogbewegingen genereren (vaak aangeduid als de 
'saccadische burst generator') waarin wordt aangenomen dat de interne feedback sig
nalen afkomstig zijn van een neurale oogverplaatsingsintegrator die aan het eind van 
iedere saccade geleidelijk gereset wordt met een tijdsconstante van ongeveer 45 ms. 

Dit oogverplaatsingsmodel voorspelt echter dat wanneer twee visueel uitgelokte 
saccades elkaar snel opvolgen de tweede saccade onnauwkeurig zal zijn als het tijds
interval tussen de twee saccades (het intersaccadisch interval, of ISI) erg kort is. In 
hoofdstuk 4 hebben wij deze voorspelling van het 'geleidelijke-reset model' getest met 
humane proefpersonen. In tegenstelling tot de resultaten verkregen met elektrische 
microstimulatie in de Superior Colliculus, lieten onze gedragsdata zien dat visueel 
uitgelokte tweede saccades wel nauwkeurig zijn, ongeacht de duur van het inter
saccadisch interval. Dezelfde resultaten zijn later ook bij de aap verkregen (hoofdstuk 
5). Kennelijk is er dus een duidelijk verschil tussen saccades die met een visueel doel 
worden uitgelokt en saccades die zijn opgewekt via elektrische microstimulatie van 
hersencellen in de Superior Colliculus. 

Rol van de Superior Colliculus (Hoofdstuk 5) 

Om deze discrepantie verder te onderzoeken hebben we bij apen de activiteit van 
zogenaamde saccade-gerelateerde burst neuronen (SRBNs) gemeten die in de diepere 
lagen van de Superior Colliculus liggen. Deze hersencellen geven een oogbewegings
commando af aan de saccadische burst generator in de hersenstam die uiteindelijk de 
oogspieren aanstuurt. Ook hebben we onderzocht hoe saccades die onder verschillende 
omstandigheden werden opgewekt via elektrostimulatie van de Superior Colliculus 
beïnvloed werden door voorafgaande saccades. 

Wanneer er elektrisch gestimuleerd werd in de Superior Colliculus na een visueel 
uitgelokte saccade, zagen we systematische veranderingen in de richting en grootte 
van de opgewekte saccades. Deze veranderingen waren kwalitatief vergelijkbaar met 
eerder gerapporteerde veranderingen. De tijdsconstante van dit effect bleek echter 
afhankelijk van de richting van de voorafgaande saccade, en varieerde bovendien 
tussen de verschillende stimulatie plekken. Ook bleek het grootste stimulatie-effect 
meestal kleiner dan voorspeld door het 'geleidelijke-reset model'. 

Vervolgens hebben we de Superior Colliculus ook elektrisch gestimuleerd tijdens 
het interval tussen twee visueel uitgelokte saccades. De aap was in deze proefopzet 
dus actief een dubbelstap-respons aan het plannen. Dit was niet zo in de vorige 
stimulatieproef. De resultaten waren desondanks zeer vergelijkbaar. Dit geeft aan dat 
het stimulatie-effect niet beïnvloed wordt door allerlei visuomotor processen. 

Normaal gesproken zal een bepaalde saccade-gerelateerde cel in de Superior Colli
culus een signaal afgeven ('vuren') voorafgaand aan saccades die een bepaalde richting 
en grootte hebben. Dit wordt het 'movement field' van de cel genoemd. In hoofdstuk 
5 hebben we onderzocht of deze saccade-gerelateerde activiteit veranderd als de aap 
twee snel opeenvolgende saccades naar visuele doelen maakt. Het bleek dat beide 
saccades van een dubbelstap-respons gepaard gingen met een burst van activiteit als 
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beide bewegingen ¡n het movement field van de cel waren. De activiteit die voorafging 
aan de tweede saccade was bovendien in overeenstemming met de richting en grootte 
van deze tweede beweging. Dit was onafhankelijk van het ¡ntersaccadisch interval, 
ook niet als dit interval zeer kort (<45 ms) was. Wanneer zowel de eerste als de 
tweede saccade niet het movement field lag, maar hun somvector wel, werd geen 
saccade-gerelateerde activiteit gevonden, ongeacht de duur van het ¡ntersaccadisch 
interval. Slechts twee cellen bleken wel een ¡nterval-afhankelijk respons te vertonen. 

We concluderen uit de gedrags- en neurofysiologische data in hoofdstuk 4 en 5 
dat de signalen die betrokken zijn bij het programmeren en uitvoeren van op natu
urlijke wijze uitgelokte saccades nauwkeurig zijn, en dat deze signalen niet verstoord 
worden door voorafgaande oogbewegingen. De diverse modellen uit de literatuur in 
ogenschouw nemend, stellen wij voor dat het cerebellum (de kleine hersenen) wel 
betrokken is bij de aansturing van de ogen wanneer oogbewegingen met visuele sti
muli worden uitgelokt, maar wellicht 'overgeslagen' wordt als oogbewegingen op een 
onnatuurlijk manier worden opgewekt via elektrische microstimulatie in de Superior 
Colliculus. 

Saccade-blink interacties 

Snelle oogbewegingen kunnen flink worden verstoord door het gelijktijdig optreden van 
een oogknipper ('blink'). Momenteel wordt gespeculeerd dat dit effect het gevolg zou 
kunnen zijn van interacties op premotor niveau (zoals de saccadische burst generator 
en de Superior Colliculus), maar het mechanisme is nog onbekend. In hoofdstuk 6 en 
7 hebben we ons daarom gericht op 'saccade-blink' interacties. 

Omdat gedacht wordt dat saccades met behulp van interne terugkoppeling worden 
aan gestuurd, hebben we ten eerste onderzocht of het saccadisch systeem instaat is 
om rekening te houden met verstoringen van oogbewegingen door een knipperreflex. 
Daarnaast hebben we onderzocht of deze verstoringen ook gereflecteerd worden in 
de activiteit van de eerder genoemde saccade-gerelateerde burst cellen in de diepere 
lagen van de Superior Colliculus. 

Blink-verstoorde saccades (Hoofdstuk 6) 

In hoofdstuk 6 hebben we bij apen onderzocht hoe een oogknipper de nauwkeurigheid, 
de kinematica en de latentietijden van saccades beïnvloed. We hebben daarbij knipper
reflexen oftewel 'blinks' uitgelokt met behulp van een 'lucht-pufje' op het oog. Het 
'lucht-pufje' werd gegeven bij de start van een visueel uitgelokte saccade of tijdens 
een fixatie taak. 

De data laten zien dat de latentietijd van saccades korter was wanneer er een 
knipperreflex werd uitgelokt vlak voor het begin de saccade. Het leek alsof de saccades 
door de oogknippers werden geïnitieerd. Dit fenomeen kan begrepen worden uit 
het feit dat de OmniPause neuronen tijdens oogknippers, evenals tijdens saccades, 
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tijdelijk inactief worden. Deze cellen vormen namelijk een soort aan/uit schakelaar 
voor saccades door de saccadische burst generator te onderdrukken. 

Oogknippers leidden ook tot complexe oogbewegingstrajectoria. Bij onverstoorde 
saccades beweegt het oog praktisch in een rechte lijn naar het doel. Bij verstoorde 
saccades waren er echter forse afwijkingen van dit normale traject, tot zo'n 15 graden, 
en meestal omhoog. De verstoorde saccades duurden ongeveer twee tot drie keer 
langer, en hun pieksnelheden waren veel lager. Opvallend was dat deze verstoringen 
voor het overgrote deel tijdens de saccade werden gecorrigeerd, ondanks het feit dat er 
geen visuele feedback gebruikt kon worden (het doel was namelijk al uit voor de start 
van de beweging). De verstoorde oogbewegingen waren dus nog steeds nauwkeurig. 

We hebben ook knipperreflexen uitgelokt terwijl de aap een doel recht vooruit 
moest blijven fixeren. Tijdens deze oogknippers bewoog het oog in het begin zo'n 
2-15 graden omhoog. Vaak keerde het oog vervolgens meteen weer terug naar de 
beginstand, maar dat was lang niet altijd het geval. In veel gevallen was de beweging 
terug namelijk niet compleet waardoor het oog eindigde in een eccentrische positie 
boven het fixatiepunt. Na deze oogknipperbewegingen bleef het oog gedurende enige 
tijd in dezelfde eccentrische positie totdat de aap een correctie saccade naar het 
fixatiepunt maakte. Ook bleek dat saccades die door een oogknipper verstoord werden 
niet simpelweg beschreven konden worden als een optelsom van een gewone saccade 
en een oogbeweging puur ten gevolge van de knipperreflex. 

In hoofdstuk 6 wordt beargumenteerd dat deze resultaten erop wijzen dat de 
(oogpositie afhankelijke) rotatie van het oog tijdens oogknippers veroorzaakt worden 
door een neuraal circuit waarbij de neurale oogpositie integrator betrokken is, en 
mogelijk ook de saccadische burst generator. 

Invloed op de Superior Colliculus activiteit (Hoofdstuk 7) 

In hoofdstuk 7 laten we zien dat de activiteit van saccade-gerelateerde burst cellen 
(SRBNs), die gepaard gaat met een saccade in het 'movement field', tijdelijk wordt 
onderdrukt rond het begin van een knipperreflex. Kort (10-30 ms) na deze suppressie 
hervatten de neuronen hun activiteit, en ze bleven actief totdat de verstoorde oog
beweging alsnog in de buurt van (gedoofde) doel eindigde. Het maakte daarbij geen 
verschil of de compensatoire oogbeweging al of niet in het 'movement field' van de cel 
gericht was. In die gevallen waarin de verstoring niet gecompenseerd werd (<15% van 
de responsies), hielden de cellen meestal op met 'vuren' lang voordat de oogbeweging 
ten einde was. 

Bij 25 SRBNs kon een aantal aspecten van de saccade-gerelateerde activiteit ge
kwantificeerd worden. We vonden dat: (1) Dat de duur van de celactiviteit sterk 
samenhangt met de duur van de verstoorde oogbeweging. (2) Het totale aantal actie
potentialen (pulsjes) dat een cel afgeeft tijdens een verstoorde saccade verrassend 
vergelijkbaar was met het totale aantal actiepotentialen tijdens een onverstoorde 
saccade. Gemiddeld nam dit aantal maar met 18% toe terwijl de gemiddelde 'vuur-
frequentie' met 53% was afgenomen. (3) Er bij onverstoorde saccades een monotone 
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relatie was tussen de instantane celactiviteit en de instantane kijkfout, maar niet 
bij verstoorde saccades. (4) De resultaten voor twee typen SRBNs (de zogenaamde 
'burst' en 'buildup' cellen) vergelijkbaar waren. 

De resultaten van deze neurofysiologische experimenten laten zien dat de knipper
reflex interacties vertoont met het saccadisch systeem op het niveau van de Superior 
Colliculus. Wij vermoeden dat de veranderingen in de activiteit van Superior Colliculus 
neuronen een afspiegeling zijn van een veranderd inhibitiepatroon door de Substantia 
Nigra. De data geven aan dat een neuraal mechanisme, in plaats van passieve elastis
che krachten, ten grondslag ligt aan de compensatie voor verstoring door een knipper
reflex. We denken dat dit mechanisme zich onder de Superior Colliculus bevindt, en 
dat de actieve celpopulatie in de Superior colliculus de gewenste oogverplaatsing re-
presenteerd. Dit signaal wordt gedragen door het aantal actiepotentialen in de burst, 
en niet door de instantane activiteit. 

Conclusies 

In onze oog-hoofdbewegingsexperimenten werd voor het eerst in twee dimensies onder
zocht hoe oog- en hoofdbewegingen worden gecoördineerd tijdens oriënteringsrespon
sies naar verschillende sensorische stimuli, en vanuit verschillende uitgangssituaties. 
De resultaten laten zien dat het saccadisch systeem rekening houdt met snelle ver
anderingen in, en verschillen tussen, oog- en hoofd posities, en dat er verschillende 
commando's gebruikt worden om het oog- en hoofdbewegingsapparaat aan te drijven. 
Het saccadisch systeem is dus instaat om voor oog- en hoofdbewegingen verschillende 
sensorimotor transformaties uit te voeren. Bovendien hebben we sterke aanwijzingen 
verkregen dat de positie van auditieve doelen gerepresenteerd wordt ten ziehte van 
de buitenwereld (often opzichte van de romp). Het auditief oriënteringsysteem ge
bruikt daarbij niet-auditieve, hoofdpositie informatie. Als dit ook zou gelden voor 
andere sensorische stimuli, zou een gemeenschappelijke, ruimtelijke representatie het 
oriënteren en navigeren in een multimodale omgeving sterk vereenvoudigen. 

Ten aanzien van de dynamica van interne feedbacksignalen die mogelijk bij het 
genereren van saccades betrokken zijn, was onze belangrijkste bevinding dat de 
nauwkeurigheid van saccades niet beïnvloed werd door voorafgaande saccades. Hieruit 
concluderen we dat de signalen die betrokken zijn bij de programmering en uitvoer
ing van een saccade altijd nauwkeurig zijn, ook als er al saccades aan voorafgegaan 
zijn. Deze interpretatie wordt ondersteund door onze neurofysiologische experimenten 
die aangeven dat de Superior Colliculus een oogbewegingscommando gegenereerd dat 
correspondeert met de werkelijk gemaakte oogbeweging. Deze resultaten zijn stri
jdig met de recente hypothese dat het veronderstelde, interne feedbackcircuit een 
oogverplaatsingsintegrator bevat die geleidelijk gereset wordt aan het eind van elke 
saccade. 

In de experimenten betreffende saccade-blink interacties, wordt voor het eerst 
onderzocht hoe oogknippers saccades beïnvloeden. In deze studies werden nieuwe 
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inzichten verkregen in de relatie tussen beide motorsubsystemen. We vonden dat 
knipperreflexen een grote invloed hebben op de latentie, de kinematica en de trajec-
toria van saccades, maar niet op hun nauwkeurigheid. Bovendien bleek dat de acti
viteit van saccade-gerelateerde burst cellen in de Superior Colliculus sterk beïnvloed 
door knipperreflexen. Deze bevindingen geven aan dat er sterke interacties zijn tussen 
het saccadisch systeem en het oogknippersysteem die zich afspelen in pre-motorische 
hersengebieden. Onze resultaten geven bovendien aan dat de Superior Colliculus geen 
onderdeel uitmaakt van de veronderstelde, interne terugkoppellus. Of het compen-
satoir gedrag dat werd waargenomen het gevolg is van interne terugkoppeling, kan 
niet uit onze data worden afgeleid. Alternatieve verklaringen moeten in ogenschouw 
genomen worden. 

Om de rol van de Superior Colliculus te onderzoeken, hebben we expliciet proeven 
bedacht waarin natuurlijke stimuli gebruikt werden. Hoewel er met behulp van elek
trische microstimulatie veel kennis verkregen kan worden, en reeds verkregen is, denken 
wij dat het gebruik van natuurlijke stimuli van belang is om het saccadisch systeem 
onder meer natuurlijke omstandigheden te onderzoeken. 
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