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Eye-Head Coordination in Homonymous Hemianopia
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Summary. Quantitative studies of latencies and trajectories of eye-head
movements during visual search and fixation in patients with occipital
hemianopia show that (1) the latency of head movement is bilaterally increased,
with significantly greater delays in movements toward the blind side; (2) the
compensatory eve movements (CEMs) during head movements toward the
blind side have increased velocity; (3) these CEMs entail a non-vestibular
anticipatory component: and (4) head movements toward the blind side are
comprised of multiple steps similar to staircase eye movements documented in
previous studies. Hemianopic patients seemingly simplify search and fixation
strategics by minimizing or entirely eliminating head movements and relying on
eve movements instead.
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Zusammenfassung. Quantitative Untersuchungen der Augen- und Kopfbewe-
gungen, die von Patienten mit occipitaler Hemianopsie zum Erfassen und
Fixieren visueller Ziele verwendet werden, zeigen: (1) beidseits verldngerte
Latenzen fiir Kopfbewegungen, bei einer signifikant zusitzlich verlingerten
Latenz fiir Kopfbewegungen zum blinden Halbfeld; (2) erh6hte Geschwindig-
keit der kompensatorischen Augenbewegungen fiir Kopfbewegungen zum
blinden Halbfeld; (3) eine nicht-vestibuldre, antizipatorische Komponente
dieser kompensatorischen Augenbewegungen bei Kopfwendungen zum blin-
den Halbfeld, und (4) multiple treppenformige Kopfbewegungen, dhnlich den
treppenformigen sakkadischen Augenbewegungen dieser Patienten bei Wen-
dungen zum blinden Halbfeld. Patienten mit homonymer Hemianopsie
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vereinfachen und sichern offenbar ihre Strategien zum Aufsuchen und Fixieren
visueller Zicle dadurch, daB sie ihre Kopfbewegungen zugunsten von Augen-
bewegungen eliminicren.

Introduction

In looking to either side, normal persons coordinate eye and head movements in a
single act consisting of a rapid saccade to the target followed by a head movement.
To keep the gaze fixed on target during the head movement, the eyes are driven in
the opposite direction by the vestibular ocular reflex. The quantitative aspects of
these movements have been determined in monkeys [7, 11, 21, 26] and normal
human beings [4. 5, 13, 17, 35, 42]; and some abnormalities in those movements
have been reported in studies of patients [1, 19, 43].

Various clinical studies of eye movements of patients with occipital hemianopia
have defined the adaptive ocular motor strategies employed by these paticnts [14,
23,29, 30, 32, 36], and the possible role of extrastriate vision in these strategies has
been considered [12, 25, 28, 39]. When searching for targets in their blind hemifield,
such patients at first cmploy a safe but slow strategy consisting of a stepwise series
of saccades (Fig.1). Subsequently, they adopt more efficient strategies for
particular situations. When the position of the target is predictable, they usc a
strategy consisting of a single, large saccade that slightly overshoots the target.
When fixating targets in their seeing hemifield, they use a saccade that slightly
undershoots the target.

This report documents and analyzes the adaptive changes in combined eye-
hcad movements of patients with homonymous hemianopia.

Methods

Eve Movemenr Recordings

Horizontal eve movements were recorded by means of the infrared reflection method [2, 34]. The
recordings were linear within the range of the eye movements examined. The system bandwith
was 0 to 150 Hz, with the upper frequency limit determined by the range of the rectilincar chart
recorder. A chart speed of 100 mm/s was used in order to allow measurement of latencies and
detailed analysis of trajectories. In addition, all data were stored on an Ampex FR 1300 tape
recorder and, as necessary, could be played back at different speeds or further analyzed ona PDP
N Minicomputer.

To prevent interfersnce from vergence movements, eye movements were recorded monoc-
ularly from the eve with the wmporal ficld defect. The other eye was covered with a patch. In
patient 1. comparison of recordings from cach eve alone and both together showed no differences
in movement patterns.

Head Movement Recordings

Rotational head movement in the horizontal plane was measured with an apparatus previously
described [41]). Briefly. it consisted of a bicycle helmet, on top of which was mounted an acryl rod
flevible enough o act as & universal joint: to the top of the rod was clamped a low-torque, low-
backlash potentiometer fixed in a parallclogram linkage frame. The electrical signal from the
potentiometer varied directly with torsional movement of the helmet. The apparatus was
strapped on the subject’s head and positioned at the center of a horizontal arc perimeter.
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Fig. 1. a Eye movement traces in a patient with acquired hemianopia: LE = left eye position, RE =
right eye position. RE dot = right eye velocity, T = target position. Note that in attempting to find
and fixate an unpredicted target yields stairsteps to the BHF. b T'= target, £ =eye, H=hecad, G =
gaze (i.e., eye position plus head position, which represents eve position in space) response to a
jump of the target to 20° left. The thick line indicates unity in compensatory eye movement (CEM)
gain; the short-dashed line, increased CEM gain; the long-dashed line, decreased CEM gain

A rigid mctal rod 37cm long, with a small, red fixation target at its end was attached to the
front of the helmet so that it pointed straight ahead. This apparatus showed lincarity over + 90° to
cach side of center with an accuracy of +0.3°. Bandwidth of the entire system was 150 Hz.

Standard statistical techniques were used in analyzing our data [8]. In all cases, at least 35
samples from the recording were used for r-test and lincar regression analysis.

Stimudus Presentation

The target was a small, green spot presented on aTektronix 611 cathode ray tubce; it subtended a
visual angle of 10 min and had a luminance of 6 ft-lamb (20.6 cd/m:). The luminance of the screen
was 0.4 fi-lamb (1.4 cd/m®). The overall room illumination was about 6 cd/m’. equivalent to a low
photopic level.

The target was always presented in the horizontal plane within 10° of cither side of center.
Target presentation programs were controlled by a PDP 8 Minicomputer that produced target
steps between 17 and 20° at an eye distance of 37cm. Three programs of target presentation were
used, each with difterent spatial and temporal parameters. In addition, predictable ramp targets
moving at different velocities were used for testing head and eye pursuit movements.

Prozram I: Predictable Amplitude and Time (Prediciable Prozram). For the Predictable Program
(Fig. 1). the eccentricity and duration of presentation were constant, the side alternated, and the
turget light was on continuously. Recordings were made with target shifts of 207, 107, 5%, and 2.5%.
The interval between target shifts was 2.5s.

Program 2: Rundom Amplitude and Time (Random Program). For the Random Program, the
eccentricity, side. and duration of presentation were all randomized, and the target light was on
continuously. Target cccentricity varied randomly between 0 and 202, The target remained in one
position for anywhere from 100 ms to 2.5s.

Program 3: Predictable Amplinde with Random Time (Random On/ Off Program). For the Random
On/Off Program. the duration and side of presentation were randomized, the eccentricity was
constant, and the target light was randomly off. Recordings were made for eccentricitics of 20°,
10°, 5°, and 2.5-,
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Protocol

The Predictable and Random Programs presented “forced-choice™ situations [29, 32] in that as
soon as the target moved, it had to be sought in either the seeing or the blind hemifield since it was
continuously illuminated. The patients were instructed always to search for the target and to
fixate on it as long as it did not move. For the Random On/Off Program, the patients were told
that they should look at the target as soon as it appeared.

To avoid fatiguing the patients, each program was run in several short segments with frequent
pauses. For the first run of each program, patients were instructed to move their eyes and head as
accurately as possible in the way that felt natural. For subsequent runs, they were instructed to
turn their head toward the target as accurately and quickly as possiblc (attempted time-optimal
head movements [41]).

Patients

The subjects for this study were six patients with homonymous hemianopia. Paticnts 1,2, and 3
illustrate acquired visual defects producing respectively decreasing degrees of disability in
evervday life. Patients 4, 5, and 6 illustrate striking adaptation in cveryday life to lifelong
homonymous hemianopia.

Paticnt 1

Eight ycars before the study, this 55-year-old man with metastatic renal cell carcinoma
experienced the sudden onset of left hemiparesis and complete, dense left homonymous
hemianopia with macular splitting. Computerized tomographic (CT) scans and angiograms
revealed a right occipital hemorrhage originating from a metastatic tumor extending into the
parictal lobe and another located in the left temporal region. The hemiparesis completely resolved
in the following weeks, but total hemianopia remained. The patient’s vision was 20/40in the right
eye and 20/25 in the left. Optic fundi were normal. At the time of the study, the patient was still
moderately disabled.

Patient 2

Three years ago. this 42-year-old man presented with “migraine™ and signs of right homonymous
hemianopic paracentral scotomas. Angiograms and CT scans revealed a left occipital arterio-
venous mallormation. After resection of the lesion, he had a total right homonymous
hemianopia. Visual acuity was 20/20 in each eye. The fundi were normal, and neurological
examination revealed no other abnormalities. When studied, the patient was not taking
medications. He felt moderately disabled by his visual field defect, but it had been several weeks
since he had walked into an object on his blind side.

LPaticnt 3

Upon awakening after a cardiac operation, this 55-year-old man had a right hemiparesis and
complete, dense right homonymous hemianopia that spared fixation. Angiograms and CT scans
showed a left occipital infarction. The paresis resolved completely in the following weeks, but the
visual defect remained. Visual acuity was 20/20 in cach eye. Optic fundi were normal. The patient
had ceased taking medication months before he was studied. He had not walked into an object on
his right side for three months and no longer regarded himself as disabled by his homonymous
field defzet.

Patient 4

This 30-year-old man had had total left homonymous hemianopia all his life. Ocular fundus signs
suggested transsynaptic degeneration from an occipital lesion. Visual acuity was 20/20 in cach
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eve. CT scans showed right occipital porencephaly. No additional neurological abnormalities
were found. The patient had compensated so well for his congenital visual field defect that he had
a record of 10 years of accident-free driving.

Patient 5

This 33-year-old man had a perinatally acquired total right homonymous hemianopia with
typical ophthalmoscopic signs of transsyvnaptic retrograde degeneration. His visual acuity was
20/20 in cach eye. CT scans revealed no occipital lobe abnormality. His lifelong compensation for
his hemianopia was excellent.

Patient 6

This 23-year-old man presented with a total right homonymous hemianopia acquired at 2 months
of age from an intracerebral hemorrhage. Since early childhood he had had generalized motor
seizures involving the right side of the body. CT scans showed moderate ventricular enlargement
and left posterior porencephaly. Ophthalmoscopic examination indicated transsynaptic retro-
grade degeneration in both optic fundi. Visual acuity was 20/40 in each eye. Reflexes in his right
extremities were hyperactive, the right plantar reflex was extensor, and he had variable nystagmic
eye movements during fixation. His lifelong compensation for his visual ficld defect was excellent.

Results

Patients with hemianopia differed in important ways from normal subjects
described previously [41, 42]. The patients often reduced or altogether omitted the
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Fig.2a-d. Eve- and head-movement patterns in target-searches by four patients with homo-
nymous hemianopia, showing tendency to omit head movements, which is most pronounced in
congenital (CG) cases b, c. and d, but present also in a. a patient with acquired (AQ) hemianopia.
Note the more frequent use of head movements in the patient with acquired defect. Compare slow
head drift to BHF in b to fast eye drift away from BHF in d
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Fig.3a and b. Latencies of eye (EL) and head (/L) movements of hemianopic patients when
sceking unpredictable targets. a Original recording sample in a patient with acquired right
hemianopia shows FL is similar in the time required for gaze shift to the BHF (290 ms) and to the

/11 (240 ms). but FIL takes significantly longer for gaze shift to the BHF (520 ms) than to the SHF
(330ms). b Model lines for EL and HL, including standard deviation [42] in normal subjects with
random (R) and predictable (P) target jumps of 15°: head movement shows an additional delay of
40 ms with R (EL, 210ms; HL, 40 ms). With P, EL and 7L decrcase to averages of 90 and 60 ms,
respectively—the head predicting better than the eye. Correlation cocefficients for R and P lines
are: in normal subjects (R) r = 0.86, (P) r = 0.90; in hemianopic patients (S r=0.95, (BHF)r =
0.85. Mode! lines show, besides the increased EL (320 ms) and HL (370 ms), an additional head
movement delay of 80 ms with gaze to the BIF

head-movement component of gaze shift (Fig. 2); consequently, the eye movement
was more pronounced. Head movements tended to be more diminished in patients
with congenital hemianopia (Fig.2a, b) than in those with an acquired defect
(Fig. 2¢, d). Head movements to the seeing hemifield followed eye movements with
the same 50 ms delay observed in normal subjects [42], but there was an additional
delay of 80 ms on the average in head movements to the blind hemifield (Fig. 3a).
Eye movements, by contrast, were symmetrically delayed by about 110 ms more
than in normal subjects [23, 27, 37] (Fig. 3b).

In patients with acquired hemianopia, head movement velocities—and
conscquently the compensatory eye movement (CEM) velocities—varied con-
siderably. The ratio of CEM velocity to head velocity (CEM gain, Fig. 4) was small
with head movements toward the seeing hemifield, great with movements toward
the blind hemifield. Moreover, the CEM on the blind side often preceded the head
movement, resulting in an increase in the CEM gain. This anticipatory CEM could
not have been driven by the vestibular ocular reflex. The fast CEM, whether
resulting from an increased vestibulo-ocular reflex gain or from the addition of the
anticipatory component, was often combined with a superimposed saccade as the
head moved toward the blind hemifield.

Paticnts with congenital hemianopia had more complex patterns of eye-head
movement (Fig. 4c, d). In eye-hcad movements toward the blind hemifield, there
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Fig. 4a-d. Eye- and head-movement traces in two hemianoptic patients: a and b patient with
acquired hemianopia, ¢ and d paticnt with congenital hemianopia. Note the especially high CEM
gain in gaze shift to BFF in both a, b and ¢, d; the patient with the congenital defect shows, in
addition, a fast, continuous drift away from the BHF that increases its velocity in relation to
cceentricity an the blind side; this drift also occurs in eyve movements to the S/F, where there
is hardly any CEM and eye drift, and saccades appear to be used in 2 compensatory manner

was not only a high CEM gain. but also a continuous drift of the eye toward the
sceing hemifield, regardless whether there was a head movement. The drift was
faster when the eves turned to the blind hemifield (Fig. 2d; 4c, d). The continuous
drift was present also during eve movement toward the seeing hemifield, but the
CEM was suppressed (Fig. 4d).

Hcad movements toward the blind hemificld often showed a staircase pattern
(Fig.5) that was similar to that of visual saccades but irregular and variable.
During these staircase movements there was synkinesis of head and eye move-
ments. Often, there were two to four saccades that interacted with the CEM
(Fig. 5). Bv contrast, head movements into the seeing hemifield often consisted of a
single, large movement.

For acquiring targets in the blind hemifield, patients with acquired hemianopia
employed staircase patterns in their head movements more frequently than those
with congenital hemianopia, who tended to eliminate head movements and
substitute single, large, overshooting saccades with contraversive drifts.

To find and fixate Random On/Off targets in their blind hemifield (Fig. 6a-d),
patients usced various patterns of eye-hcad movements. In this task, more than the
others, performance was strongly influenced by the patient’s attentiveness. A
frequently employed strategy was to move the head back and forth. Sometimes,
these head movements were accompanied by simultaneous stairstep head move-
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Fig. Sa-d. Eye- and head-movement traces in both a paticnt with congenital hemianopia (a, b) and
a patient with acquired hemianopia (c, d) show staircasc patterns of head movement, either b
without CEMs or a, ¢, and d with CEMs of high gain (especially a); compensatory eye saccades (as
in a and c) are frequently superimposed upon ongoing CEMs
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Fip. 6a-d. Eye- and head-movements of a patient with congenital hemianopia (a and b) and a
patient with acquired hemianopia (¢ and d) attempting to find targets presented with the Random
On/Off Program. a Large, searching head movements and b omission of hcad movements,
including a slow drift of the head to and from the BHF. ¢ The patient with acquired defect shows
smaller searching head movements. d Amplitude-predicting head movements with idiosyncratic
use of fast, continual eye dritt to the S//F. Eye movements often show staircase and searching
patterns
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ments similar to the paticnt’s eye movement patterns. Another strategy for dealing
with Random On/Off targets was to eliminate head movements in favor of eye
movements (Fig. 6b). A strategy sometimes employed by patients with congenital
hemianopia was to shift their gaze into the blind hemifield as soon as the target
disappearcd and then to wait there for it to rcappear. These four strategies were
very similar to the strategies patients employed when they were allowed to use only
eyc movements to find targets.

Discussion

Our previous studies of patients with homonymous hemianopia [23] have shown
eye movements to be highly able to predict target locations; the head movements
measurcd and analyzed in the present study are much less effective in this capacity.

Not only is the head-movement portion of coordinated eye-movements more
variable and definitely less able to predict target locations than the eye-movement
portion, it is frequently omitted altogether from movements toward either
hemifield. Perhaps the problems of finding and fixating targets are so difficult for
hemianopic patients that they simply choose the safer strategy of keeping their
head still and relying on eye movement.

When hemianopic patients move their eyes alone, the eye movement latencies
to either side are increased equally; but when they move their head to shift gaze
laterally, the latency of the head movement shows a definite increase; this is greater
when shifting gaze toward the blind hemifield. We do not know why the latency is
greater in the latter instance. We think it may be that, with unpredictable signals,
head movement programming, which entails more complex movements than eye-
movement programming alone [22, 42], takes more time for patients (such as our
subjects) who have posterior hemispheric lesions.

The CEM plays a critical role in coordinated eye-head movement. CEMs are
controlled not only by vestibular reflexes [16, 20, 40], but also by inputs from the
visual [6, 9, 26, 38] and cerebellar [3, 10, 15, 18, 22, 24, 31, 33] systems. The
modifications in CEM gain that we noted in our patients, whether with congenital
or acquired hemianopia, were highly asymmetrical, the gain being greater with
gaze shift toward the blind hemifield, and less with gaze shift toward the sceing
hemificld. During gaze shift toward the blind hemifield, high-gain CEMs are
usually preceded by an overshooting saccade. Here, high-gain CEM serves to keep
the sceing side of the macula on target. However, high-gain CEM is a handicap
when the patient employs a sequence of undershooting, staircase saccades to find
and fixate the target on the blind side. Perhaps this maladaptation is one of the
reasons that patients prefer to keep their heads still-—and thus eliminate the need
for anvy CEM—while searching for targets on their blind side. During the extended
intcrval between saccade and head movement, hemianopic patients often employ a
post-saccadic backward drift beginning before the initiation of the vestibularly
driven CEM. While such an anticipatory component can occur as a normal
component of synkinesis during eve-hcad movement [22, 42], it becomes
pronounced in hemianopic patients because of the prolonged latency of head
movement during gaze shift toward the blind hemifield.
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The similarity of the staircase head movents employed by hemianopic patients
in looking toward their blind hemifield to the staircase saccades they employ when
secking targets with the eye alone implies that there is a common, higher-level
control of eye and head movements. We believe that the much greater variability of
the staircase head-movement reflects greater volitional control over their genera-
tion.

Our previous studies of eye movements in patients with homonymous
hemianopia clearly suggest the presence of useful compensatory strategies for
finding and fixating objects. Our present study of the head-movement component
in the gaze shift of hemianopic patients shows that there are compensatory
modifications in head movements and their synkinesis with eye movements, but it
does not provide any evidence of useful adaptations for finding and fixating
targets. Rather, our study reveals erratic patterns that appear to demonstrate
definite limitations in the capacity of the brain to adapt usefully to a complex
sensorv-motor task. The modifications in head movement latency, CEM gain, and
anticipatory drift represent low-level effects in hemianopic patients. To make the
adaptations that arc necessary to achieve normal performance of complex sensory-
motor tasks, a higher level of brain function is required. Finding and fixating
targets in the presence of homonymous hemianopia presents a sensory-motor
adaptive challenge so complex that the brain seemingly responds by simplifying the
task: it chminates the head-movement component of the synkinesis, stabilizing the
head in the service of vision.

Acknowledzement. For clinical assistance, the authors are grateful to Dr. M. Rosenberg, Fellow in
Neuroophthalmology, University of California, San Francisco.
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