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Gaze movements : patterns linking latency and VOR
gain
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ABSTRACT. Eye-movements alone can shift gaze. For head movement to contribute to gaze direct-
ly, it is necessary to suppress the vestibular ocular reflex (VOR) while rotating the head. The authors
describe the connection between VOR gain and the latency defined gaze types especially with respect
to amplitude of gaze shift. Eye dominant gaze shift strategies can then be distinguished from head

dominant strategies.
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INTRODUCTION

Gaze movements are a coordinated sum of eye
and head movements. Gaze means eye in space,
eye means eye in orbit. Classical gaze studied by
Bartz! and Bizzi? is a synchronous control via
synchronous electromyographic signals (EMG)
to the muscles of eye and head, with head lagging
due to dynamical factors allowing the eyes to sac-
cade first. A wide set of variable latencies be-
tween eye and head movement found experimen-
tally led us to a logic of defined gaze types®~9.

Eye movements alone can shift gaze. Head
movements accompanied by the VOR (vestibular
ocular reflex) with a high gain of ratio of eye-to-
head velocity cannot shift gaze since the eyes in
the orbits are carried in an opposite and equal
direction to the head movement. Therefore, for
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Neurologische Universitatsklinik und Poliklinik, Martini-
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head movement to contribute directly to gaze, it
is necessary to suppress the VOR gain while rotat-
ing the head. Several recent studies have tried to
elucidate the influence of adaptation’ and ccn-
ditional set®!° on coordinated gaze strategies!!
in both animals and humans.

Protocol conditions, such as target brightness,
predictability and amplitude of eccentricity of ro-
tation angle strongly influence the latency be-
tween eye and head movement and thus the resul-
tant gaze type. Similarly, these protocol
conditions shift the amount of VOR suppression
accompanying the head movement. A linked pat-
tern of latencies and VOR gains controls the
choice between an eye dominant (types I and II)
and a head dominant (types III and IV) strategy
of gaze movement. These strategies can be inter-
spersed ; for example, a shift from an eye domi-
nant to a head dominant gaze can take place in
a few seconds (Fig. 1)!% 13,

While these basic findings have been reported
in earlier papers® 1% 13, the aim of this paper is to
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Fig. 1. Instantaneous change of CEM gain in a patient with
congenital hemianopia. Note high gain CEM (1.5) with gaze
to right (down ; to blind hemifield) and suppression of CEM,
ie. gain of zero with gaze to left (up) only two seconds later.

clarify the connection between VOR gain and
latency/gaze type. As expected, in head dominant
strategies the head latency is shorter than the eye
latency and VOR gain is often suppressed (low)

to allow the head movement to shift gaze. In eye
dominant strategies, eye latency is shorter than
head latency : the eye quickly acquires the target
and the later head movement, with a high gain
VOR, merely exchanges head position change for
earlier eye-in-orbit position change.

METHODS

Head and eye movement recording techniques
have been reported in our earlier papers® 4 6 14,
In order to repeat and specify the inherent con-
nection of head/eye latency type with VOR gain,
we compared our earlier data*’ with more re-
cent data'? using similar, but improved recording
techniques and experimental procedures. In this
way, we were able to confirm our earlier results
with special reference to the scope of this paper.

Eye movements were recorded by monocular
DC electro-oculography and head movements by
using a horizontal angular accelerometer
(Schaevitz) and a high resolution ceramic poten-
tiometer linked to the head of the subject through
universal joints that were tightly connected to a
head helmet. Control measurements showed that
there was no delay between the beginning of the
head movement and that of the accelerometer
measurement.

The target appeared as a bright continuously
lit target of 30 arc min in extent on a dark screen.
Stimulus programs included both predictable
and unpredictable sequences of target steps. Pre-
dictable target jumps of four amplitudes (15 deg,
30 deg, 40 deg, 60 deg) were produced with fre-
quencies between 0.1 and 1.9 Hz. Unpredictable
(both in time and amplitude) target shifts were
generated with amplitudes between 6 deg and 60
deg; both timing and amplitude selection were
done by a microcomputer using a random num-
ber generator.

Subjects sat comfortably in front of the screen
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and forced themselves to perform intended time
optimal'> !¢ head and eye movements as fast and
as accurately as possible. Seven normal subjects
participated in our original studies®? and 12
normal subjects (mean age 31) participated in our
recent study’®. The 12 underwent a second run
where they were asked to perform eye dominant
or head dominant gaze types through voluntary
control, while viewing predictable targets. These
results have been reported elsewhere!.

For one type of stimulus condition, at least 35
samples were used for standard statistical ana-
lyses such as 7 test and linear regression fits'”.
Data were recorded on a rectilinear chart record-
er, on FM magnetic tape and fed into the labora-
tory microcomputer system!8 19,

RESULTS
1. Gaze types

The considerable difference between the dynam-
ics of head and eye rotation are encompassed by
the different parameter values used in the head
and eye movement model® !5 16 20 (Table 1).
The inertia of the head is about 10* that of the
eye while the elasticity of supporting structures,
kp, is of the same order of magnitude. These two
systems are intimately coupled. That the eyes are
mounted in the head means head movements are
directly coupled to rotations of eye-in-space or
gaze. When it is desired to shift gaze from one tar-
get to another, the proposed gaze movement must
be allocated in time and space between the head
and eye movement systems. Experimentally
measured shifts of gaze in which both head and
eye position are recorded, can be classified ac-
cording to the relative timing or latency of eye
movements and head movements. This can be
further compared with the timing of EMG excita-
tion to the relevant muscles of the head and the

TABLE 1. Parameters of the head movement model!s: 17, 28
showing dynamic differences concerning high inertia of the
head and relatively low elasticity of the head.

(5)HM complete before EM saccade starts.

J g-s2/deg Inertia 1.8x 10!

B g-s/deg Viscosity 2.0

K, g/deg Parallel elasticity 2.0

Kg g/deg Series elasticity 40.0

Frax g Maximum 600.0 (10)
muscle force 2000.0 (40)

P g Minimum 2.0
muscle force

T, s Activation 5.0x10-2
time constant

T, s Deactivation 5.0x10-2

time constant

eye (Table 2). Based on these timing features,
gaze shifts can be classified into types which are
useful for describing normal and pathological
subjects 18,

Type I (Fig. 2c; Table 2) resembles a rigid,
nonflexible and more reflexive type of gaze shift.
As this type shows synchronous and reflex
coupling of head and eye, the differing dynamics
(Table 1) lead to the characteristic delay of head
position to eye position of 50 msec in about 30%.

Type 1l resembles the head movement suppres-
sion type. In about 5%, voluntary suppression or
delay of head movement occurs with eye move-

TABLE 2. Gaze types defined by latency! differences of eye
and head in terms of agonistic EMG and position.

Type EMG Position
I 0@ +500)

II neg. <5014
IIIA 0-150 50-200
IIIB 150 - 500 200 - 550
v > 5000) > 5500

(DEye minus head latency (msec).

(2)Synchronous EMG.

(due to dynamic lag of head movement.

@)¢Z — zip’ = anticipated CEM before reflex VOR.
G)HM Complete before EM saccade starts.
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Fig. 2. Theoretical ways to shift gaze. T, G, E, H : target, gaze,
eye, head.

ments early and only, due to preset eye move-
ments with high vigilance and forced intent
(Fig. 2a), mostly seen with small amplitudes be-
low 15 deg. Pathologically, it is found as a global
suppression of head shifts in Parkinson’s
disease?’ and as a local suppression of head
shifts in torticollis spasmodicus'® 20,

Type II resembles the second mode to move
gaze (Fig. 2d; Table 2). With eye movements of
regard, schematic eye movements or in general
predictive gaze movements, the head leads eye
movements more (I11b) or less (111a, ¢f., Table 2),
ie, this type demonstrates flexible coupling of

head and eye. The VOR is suppressed to permit
this second mode of gaze shift which is strongly
favored by large amplitudes of gaze shifts occur-
ring in about 45%. Pathologically, it is seen in
saccadic apraxia?? and as an early sign in Hun-
tington’s disease!® 23,

In type IV (about 20%), head movement com-
pletely governs eye movement. Either the VOR is
suppressed almost to zero (Fig. 2b) or, if the ini-
tial VOR was not suppressed, a corrective saccade
follows. This is the suppressed eye movement

type.
2. Protocol and latencies

The dominant effect of amplitude on gaze per-
formanceis demonstrated in Table 3. It shows the
four gaze types found experimentally (columns)
and a variety of experimental protocol conditions
(rows). For each condition, a ratio is formed to
indicate the influence of that condition on the
probability of different gaze types. Obviously, the
synchronous and more reflexive type I is not very
much influenced by any of the listed conditions.
On the contrary, large gaze amplitudes favor the
occurrence of head dominant types III and IV by
a factor of 3, whereas purely eye dominant type 11
with large amplitudes becomes decreased ten
times.

Of course, predictability together with intent
play their role: for large target amplitudes, the
flexibility of head latency is especially useful
(Fig. 3). Predictive gaze shifts permit high VOR
suppression and therefore relatively stable large
shifts of gaze (Fig. 3, line 4); i.e., without pertur-
bation, VOR gains range between 0.3 and 0.6 with
a considerable suppression'?, but with a com-
parably lower influence of prediction and intent
on gaze than in type IV. Type III is therefore
most often obtained (43%, cf., Table 3), unless a
very particular situation — natural or experimen-
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TABLE 3. Protocol condition (rows) influences on frequency of gaze types (columns). For each condition, a ratio was formed
(in brackets) to indicate the influence of each condition. * Mean percentage of frequency of occurrence?.

I Synchronous II Late head III Early head IV Late eye
eye-neck EMG movement movement saccade
Condition (34%)* (4%)* (43%)* (19%)*
Amplitude 0.90 0.09 3.05 2.10
(60/15 deg)
Intent 0.73 3.80 2.20 3.50
(forced/natural)
Predictability 0.71 0.85 1.60 2.90
(high/low)

tal — favors the occurrence of other types, e.g.,
small amplitude (II), reflexive gaze shift (I) or
high intent together with high prediction (IV).
With random targets, this efficiency of gaze to ac-
quire targets quickly and accurately is highly
decreased. Low VOR gain in eye dominant, more

EYE
Latency

(Mmmec )

reflex-coupled gaze types I and II (Fig. 3, lines 2
and 3) resembles less efficient target acquisition
in terms of delay and accuracy. The idealized
model of equal eye and head latencies may be ob-
tained mostly with small, predictive amplitudes
(Fig. 3, line 5).

HIGH GAIN VOR

(TYFE I%II)

o
—=200 —100 =
L / T T Al -
200
// I'//’5':' LD HEAD
4 / Latency (mesec?
9.

LOW GAIN VOR (TYFE I1I18%IV)

3

Fig. 3. Gaze latency diagram. Eye versus head latency in msec.

(1) Model line of equal eye and head latency. (2) Responses

to 15 deg random targets showing a shift of about 40 msec on head latency axis due to the visco-inertial lag of head movements.

(3) Responses to 60 deg random targets, note : high gain VOR i

n 2 and 3; type I and II occur more often. (4) Responses to

60 deg predictable targets. (5) Responses to 15 deg predictable targets, note: low gain VOR in 4 and 5; type III and IV occur
more often, especially with large amplitude of 60 deg : head carries the stabilized eye over a wide amplitude of gaze shift which
is adaptive in terms of target acquisition, whereas little VOR suppression would be maladaptive in this case.
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3. Flexible coupling of gaze type III

Original recordings'# (Fig. 4, Table 4) as well as
more recent results!? confirm the flexibility, es-
pecially of gaze type III. Within four successive
gaze shifts in response to predictive large 60 deg
amplitudes, the latency difference of head minus
eye latency changes largely from —200 to about
0 msec (Fig. 4, cf., B and D). The VOR occurring
before the saccade demonstrates these latency
shifts, which occur only with gaze type III.
Gaze shift ‘A’ resembles type IV with no eye
saccade, very low gain VOR (Table 4) and large
head movement. Gaze shift ‘D’ resembles
type III with larger eye saccade, high normal gain
VOR of 1, smaller head movement and gaze fall-
ing about 40% short of the target. This is an ex-
ample of lack of prediction in a predictive task.
Examples ‘B’ and ‘C’ demonstrate the flexibility
of gaze type III with immediate relative head-eye
latency shifts and variable VOR gains. The
type 1V response (A in Fig. 4) suggests that it is

FLEXIBILITY OF LARGE

an extreme example of head dominant type III.
The quantitative analysis of the different ampli-
tudes and VOR gains suggests that with the head
dominant gaze types III and IV, the flexible sup-
pression of the VOR gain changing between 0.14
(A) and 1.0 (D) resembles the interdependence of
predictive large amplitudes and voluntary preset-
ting of the VOR.

TABLE 4. Numerical values concerning amplitudes (deg),
¢f., Fig. 4.

Amplitude of: A B C D
Target 60 60 60 60
Gaze 60 50 60 35
Head 70 75 70 45
Eye saccade 0 20 15 35
Eye VOR —-10 —-35 -25 —45
Eye on target -10 —15 -10 - 10
Gain VOR 0.14 0.47 0.36 1.0

AMPLIT. GAZE SHIFTS

18EC

EYE

| &SODEG

4 a B

c D

Fig. 4. Original recordings® as well as recent experimental reconfirmations!3 demonstrate for large 60 deg target amplitudes
the variant gaze types within four successive gaze shifts. As seen from Table 4, gaze shift A resembles type [V with large head
movement, no eye saccade and very low VOR gain. Gaze shift D resembles type [ with smaller head movement, large eye saccade
and high normal VOR gain of 1: gaze falls about 40% short of target; this is an example of prediction lack in a predictive
task. Examples B and C demonstrate the flexibility of gaze type III with variable VOR gains and shifts of eye head latencies.
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4. Linkage between latency and VOR gain:
the two strategies — head-dominant and eye-
dominant

Frequency ratios indicate (Table 5) the effect of
the amplitude protocol condition in shifting the
relative occurrence of gaze types when gaze am-
plitude required changes from 15 to 60 degrees.
These overall frequency ratios themselves change
when the movement types are sorted into subsets
with high (>0.7) or low (<0.3) VOR gains. The
table lists these new ratios which change the VOR
suppression types in such a way that the subsets
with high VOR gains reinforce types 1 and 1I,
while low VOR gains reinforce types III and IV.
This demonstrates that for large amplitudes a
useful adaptation takes place so that the head car-
ries the stabilized eye to the target. Without that
flexibility of VOR, suppression or a maladapta-
tion would occur in terms of appropriate target
acquisition: This is best seen in Fig. I which
shows an instantaneous change of VOR gain with
reversal of gaze movement direction in a patient
with congenital homonymous hemianopia!? 4,

DISCUSSION
Strategies

There are two ideally extreme modes to move
gaze. Mode I uses an eye movement without a
head movement. Mode 2 uses a head movement
with VOR gain suppressed, ie., without an eye
movement. These extremes define the two basic
strategies of gaze movements: the eye dominant
(type I and II) and the head dominant (type 111
and IV) strategy.

Linked selection of a pattern of gaze latencies
and of VOR gains enables a subject to deploy one
of the two general strategies. This infers a neces-
sary connection between the latency and the VOR

TABLE 5. Gaze amplitude (60/15 deg) changes frequency
ratios (FR) of gaze types : Active VOR with type I and I1, sup-
pressed VOR with type IIl and IV. Data from refs. 4, 5, 13.

Active VOR Suppressed VOR
types types
I 11 yid v
Basic (60/15) FR 0.9 0.2 1.4 1.6
FR for subset with
VOR gain of >0.7 1.3 0.3 1.1 0.7

FR for subset with

VOR gain of <0.3 0.1 0.01 1.7 2.9
Relative change of

FR as function of

VOR gain 13 30 0.6 0.2

gain that occurs. The reasons for this are the re-
quirement for low VOR gain to obtain gaze from
head movement, and the complementary require-
ment for delayed head movement allowing an eye
saccade unrestricted by head movement and its
VOR when obtaining gaze from eye saccades.

Eye-dominant strategy

The description of the resultant behavior of gaze
movement depends in the first instance upon eye
movement in the classical type 1. Here, the dy-
namic lag of head in spite of synchronous EMG
control signals to eye and head, enables the eye
saccade to be completed before the head moves.
In type II, the head movement is delayed and the
eye is further permitted to carry out the gaze
movement. The much later head movement has
a role, but not a basic contribution to gaze. It
merely exchanges final head position for eye posi-
tion, leaving head pointed at target with target in
straight-ahead direction ego-centrically and eye
back in primary position in orbit. The VOR gain
may be quite close to values of 1 in gaze types |
and II.
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Head-dominant strategy

The description of the resultant behavior of this
gaze movement depends largely upon head move-
ment. This head movement is predicted and has
decreased relative latency with respect to the eye
movement. The VOR is suppressed; otherwise,
the head will have no effect on gaze. The later oc-
curring eye movement (if it occurs) merely adds
to head movement to achieve the final, often large
gaze amplitude.

Causal factors of eye dominant strategies

Experimental protocol conditions prescribe that
in particular small amplitudes favor eye domi-
nant strategies. Due to preset eye movements with
high vigilance and forced intent (cf., Table 3) eye
movements are generated much earlier than the
comparatively delayed head movements which
may be completely suppressed. Kennard et al.?!
have shown that in Parkinson’s disease, the eye-
dominant gaze shift strategy is very much favored
because eye saccades are involved in the disease
process to amuch lesser extent. This has also been
shown by Bloxham ef al.?* with regard to latency
of eye and arm/finger movements and by Deecke
et al.?® concerning the correlation of the readi-
ness potential and the movement itself. Besides
this globally elicited suppression of head move-
ments, a more locally caused suppression may oc-
cur in patients suffering from torticollis spas-
modicus as reported by Zangemeister and
Stark?® 26, In this case, asymmetrical head posi-
tioning due to asymmetrical tonic neck muscle in-
nervation produces an eye-dominant strategy
that mirrors this asymmetry for head movements
to the direction contralateral to the side of the tor-
ticollis. While these pathological examples
resemble abnormal motor conditions, a purely
sensory cause of asymmetrical suppression of

head movements with gaze shifts is demonstrated
in homonymous hemianopia. This is exemplified
in particular in congenital homonymous hemi-
anopia (Fig. 1), as was earlier reported by the
present authors!? 14 18,

Causal factors of head dominant strategies

Large gaze amplitude is the most important pro-
tocol condition that prescribes head dominant
strategies. It also favors flexibility of gaze control
as demonstrated in Fig. 3B and C. Suppression of
eye movement, ie., of the VOR gain, is the obvi-
ous consequence in most instances of large gaze
shifts. Causally, prediction and intent are highly
correlated with the generation of large gaze an-
gles through a head dominant strategy. It is seen
in the predictive situation of watching a tennis
game with the players staying near the ground line
most of the time. This strategy has been shown
to be correlated with medium latency vestibularly
evoked potentials by Zangemeister ef a/.2®, using
suppression of VOR eye movements through fixa-
tion. As this mechanism relies on intact vestibulo-
cerebellar functions?’, head dominant strategies
are often suppressed in cerebellar patients'®.

The advantage of the head dominant strategy
becomes especially obvious in patients with Hun-
tington’s disease who have well-functioning
VOR’s. They tend to acquire most targets using
a head dominant strategy with variable suppres-
sion of the VOR. This has been noted by Starr?
and Zangemeister and Mueller-Jensen!®?, where-
as others did not report this important early sign
of Huntington’s disease?®.

In another pathological example, the head
dominant strategies are caused by the inability to
perform voluntary saccades as seen in ocular mo-
tor apraxia?2. In this case, the VOR gain appears
to be variably suppressed, depending upon the
fact that the deficit has been acquired (low sup-
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pression) or is congenital (high suppres-
sion)!®22.29 Here, the head dominant strategy is
best described by the negative value of head laten-
cy minus eye latency, i.e., start of head rotation is
needed for the initiation of an eye saccade®*28,
Performance of very large gaze amplitudes in
conjunction with high prediction and intent,
causes maximal suppression of the VOR
(Fig. 3A), which is true for repetitive gaze shifts
together with high concentration: only some-
times true while watching tennis matches, but
mostly true in patients with congenital ocular
motor apraxia.

CONCLUSION

In conclusion, it was demonstrated that several
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