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Abstract Purpose: This study was undertaken to identify visual search
strategies performed during refixation tasks in four patients with central
scotomas. Methods: Eye movements of tested patients were recorded while
they alternately fixate a central spot and recognized letters successively
projected in various locations. Results: Five oculomotor behavior patterns
could be identified: (1) a ‘foveation-defoveation’ strategy, directing the
anatomic fovea, then the PRL. close to the target image; (2) a ‘direct
refixation’ strategy, orienting the preferred retinal locus (PRL) straight onto
the target image: (3) a “staircase” strategy, bringing the PRL by means of
short successive saccades progressively closer to the target image: (4) a
“withdrawal” strategy. in which the scotoma was directed far away from the
target image and then the PRL was brought onto it; and (5) a ‘no-move-
ment’ behavior, in which the subject attempted to decipher the letter from
his initial gaze position. Conclusion: Findings suggest that the visuomotor
behaviors in the four studied patients were related 1o a variety of factors,
including the location of the target image relative to the scotoma, the spatial
characteristics of the defect, and the duration of the disease.

Key words Eye movements; macular disease: preferred retinal locus
(PRL): visual field: visual search

Introduction Clinical observations of patients with central scotomas
due to macular disorders have shown that, with time and practice, most
affected subjects employ at least one eccentric retinal area, the ‘preferred
retinal locus” (PRL). The PRL is required to accomplish tasks involving a
fixation, such as inspecting visual details and reading."® It is usually lo-
cated on the edge of the lesion. in the inferior part of the visual field >s"
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TABLE I. Clinical characteristics of
the patients.

Most authors agree that the PRL is stable, usually being located in a single
place for a given subject and a given task.*"*

Few studies have been performed on the oculomotor behavior of patients
with macular disorders. White and Bedell’ recorded eye movements per-
formed by 21 subjects with central scotoma, using a frame-by-frame play-
back video. Fifteen patients were reported to show normal eye movements,
imaging the target at the PRL, while two others performed more than three
movements to direct the target’s image near the PRL. Two more patients
did not reliably make eye movements and the last two patients showed ocu-
lomotor behaviors that could not be analyzed. More recently, Schuchard
and Fletcher' showed that during visual search, the latency of the saccades
is increased and, on average, more saccades of shorter size occur in af-
fected subjects than in normally sighted individuals.

The aim of our study was to develop a procedure allowing the analysis of
oculomotor behavior patterns in patients with central scotomas. This method
was used for the identification of oculomotor behavior patterns in four af-
fected patients performing simple tasks of refixation. In this series of pa-
tients, five oculomotor behavior patterns were recognized.

Methods and patients We investigated four patients with central
scotomas due to macular disorders. For this study, we selected subjects
showing relative fixation stability in a simple fixation task. This was achieved
by asking eleven affected patients to look at the tip of a vertical stick. We
took a series of ten photographs of each tested patient using a fundus cam-
era. Of these patients, four individuals consistently used one PRL that was
circumscribed in a 2x2 degree area, i.e., showed relative stability according
the criteria proposed by Timberlake et al.* and Whittaker et al.'* Their clini-
cal characteristics are displayed in Table 1.

We evaluated visual field defects using a tangent screen at a distance of
one meter. The first stimulus used was 2 mm in diameter, and the defects
thus delineated were referred to as ‘moderate scotomas’. Stimuli 10 mm in
diameter and, when necessary, 14 mm in diameter were then used to delin-
eate so-called ‘deep scotomas’. In Patients 1, 2, and 4, the PRL was located
at the border of the visual field defect. In Patient 3, the PRL was located
within the altered area of the visual field (Fig. 1). Then, we verified that the
localization of the scotoma relative to the fixation locus observed using the
fundus camera was in accordance with the localization of the scotoma rela-
tive to the fixation locus observed using the tangent screen examination.

We then recorded eye movements during refixation tasks. For testing
refixation strategies, the patients were asked to fixate a 30 min of arc white

Patient  Age(yr) Uni- or bilateral Tested eye Visual Diagnosis Duration of the
lesion acuity disorder (yr)

1 43 Unilateral oD 0.16 MH Vi

2 63 Bilateral 0s 0.5 AMD 2

k) 81 Bilateral oS 0.12 AMD 5

4 84 Bilateral oS 0.10 AMD 4

AMD, age-related macular degeneration; MH, macular hole.
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Patient 1 1

~ Patient2

spot. projected using a shide onte the center of a sereen. After five seconds,
the slide was replaced by another one showing an eccentric letter 0.8° in
height. The patient was made aware of shde replacement by the slight noise
produced by the mechanical part of the projector. The patient then had 10
seconds 1o attempt 1o recognize the projected letter. This procedure was
performed 18 times 1n succession. Euch time. o different letter was ran-
domly projected in one ol the following positions : 57, 10% and 15° to the
left and right of the vertical axis on the horizontal meridian: 37 and 10°
above and below the horizontal meridian on the vertical axis: and 57 and
10" eceentrically on the 45°-225% and the 135°-315% oblique mendiuns (Fig.
2). The test was conducted twice in succession. Eye movements were re-
corded with a bright pupil. infra-red technique.'* ' using an instrument made
by Metrovision (Lille. France).” This technique is based on the evaluation
of the relative positions of the first corneal reflection and the center of the
pupil. The measurements were performed 30 times per second. Precision
was within a range of 20 min of arc. Limuns of gaze eccentricity were £30°.
To analyze oculomotor behavior patterns in relation to spatial characteris-
tics of the visual field defect. we used software developed in our lubora-
wory " Trallowed a step-by-step two-dimensional analysis of eye-movement
recordings and enabled us to supenimpose continuously on the display the
arca of the scotoma relative to the fixation Jocus, According to their posi-
non with respect to the scotoma and the PRL, target letters were considered

Viswal seareh straiegies

“Patient 3 3
10°
R F"atlén't 4 4

Fig. 1. Visual Deld in the tested eve ol
pauents, evaluated using a tangent
screen. Light gray areas represent
defects which were dehneated using o
a2 em sumulus. medium eray areas
show defects dehneated with a1 em
stimulus, and dark gray areas show
defects delimeated witha 1.4 cm
stimulus. Cireles are 2o degrees in
diameter. In Pauent 3. the scotoma
extended bevond the limits shown on
the left, superior, and upper right
horders. For practuical reasons. linear
limits have been acbitran ly driawn im
the corresponding sectors, Similarly,
in Patent 4. the scotoma extended
hevond the left border of the visual
field defect shown, The PRL are
centered on the point ol x/y
coordinates toin). Location of the
orteinal fixanon pomt could not he

o

indicated precisely. but, conside

the condiuon. prabably hes ¢lose to
the center of the seotomi.



Fig. 2. Locations of the successively
projected letters, with a schematic
representation of the position of the
scotoma (light gray area), and of the
preferred retinal locus (x). Dotted
lines delineate the area including the
target position (A) opposite the
scotoma from that including the target
location within (C) or beyond (B) the
scotoma, with respect to the position
of the PRL.
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to be located ‘opposite’ the scotoma, ‘beyond’ the scotoma, or *within’ the
scotoma,

Analysis was limited to those traces which met the following criteria: (1)
there were no repeated interruptions by blinks, making the analysis unreli-
able; (2) the oculomotor pattern could be clearly recognized; and (3) the
identified pattern was observed more than five times in our recordings (in
other words, the strategy was used with some consistency in our patients).
Our research conformed to the Declaration of Helsinki. All patients gave
their informed consent to the testing procedures and approval was obtained
from the appropriate human experimentation committee.

Results Five oculomotor behavior patterns were recognized (Fig. 3).

1 A ‘foveation-defoveation’ strategy. A first saccade brought the anatomic
fovea close to the location of the target letter onto an area of moderate
scotoma. Then, an upward corrective movement of about 2° in amplitude
directed the PRL onto the image of the target. An example of such a record-
ing is shown in Figure 4.

2 A ‘direct refixation® strategy. This consisted of a saccade performed
onto the target letter, followed by a second corrective eye movement, com-
pleting the refixation, when the saccade was hypometric (up to 3°) or
hypermetric (up to 2°). An example of such a recording is shown in Figure
5.
3 A ‘staircase’ strategy. The PRL was progressively brought closer to the
target image by a series of short successive saccades. The saccades were
four to six in number and less than 5° in amplitude. An example of such a
recording is shown in Figure 6.

4 A ‘withdrawal’ strategy. Using one or two saccades, 10°-20° in ampli-
tude, the scotoma was projected farther away from the image of the target
letter. Then, the initial PRL was brought closer to the image of the letter
using a sequence of saccades. An example of such a recording is shown in
Figure 7.

5 A ‘no-movement’ behavior. The subject tried to decipher the target let-
ter from his initial gaze position. This behavior occurred at the beginning of
the testing procedure.

F. Duret et al.
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Table 2 provides an overview of the occurrence rate of these oculomotor
patterns in our patients. In Patient 1, who presented a unilateral defect, the
‘foveation-defoveation’ strategy was frequently used. In Patients 1 and 2,
owing to the fact that they had a scotoma less than 10° in diameter, the
target letter was frequently projected opposite or beyond the scotoma. In
these conditions, therefore, both patients used a ‘direct refixation’ strategy.
Hypermetric saccades occurred only when the target was projected onto the
side of the scotoma opposite the PRL; hypometric refixation occurred when
the target was projected beyond the scotoma. In Patients 3 and 4, owing to
the fact that the scotoma was more than 10° in diameter, the target letter
was frequently projected onto an altered retinal area. When the target letter
was in a moderately altered area, as mainly occurred in Patient 3, the ‘stair-
case’ strategy was employed. When the target letter was projected onto an
area of deep scotoma, as occurred commonly in Patient 4, the ‘withdrawal’
strategy was employed. In addition, at the beginning of the testing proce-
dure, both patients with a large scotoma used a ‘no-movement’ behavior
when the target letter was projected onto an area of moderate scotoma and
when it was opposite the scotoma.

Discussion In our four patients, we identified five types of oculomo-
tor behavior patterns that were used with some consistency. With the ‘fo-
veation-defoveation’ strategy, the anatomic fovea was directed close to the
image of the target letter, then the PRL was brought onto the image of the
letter. With the ‘direct refixation’ strategy, the PRL was directly oriented
onto the image of the letter. With the ‘staircase’ strategy, the PRL was
brought closer to the target image by a series of short successive saccades.
With the ‘withdrawal’ strategy, the scotoma was first directed far away
from the target image, then the PRL was brought onto the projected letter.

Finally, with the ‘no-movement’ behavior, patients attempted to decipher -

the target letter while the initial gaze position was maintained.

Visual search strategies

Fig. 3. Schematic representation of the
identified refixation strategies. The
‘direct refixation’ strategy orients the
PRL straight onto the target image. In
the strategy shown here, the first
saccade is hypometric. The
‘foveation-defoveation’ strategy
directs the anatomic fovea, then the
PRL, close to the target image. The
‘staircase’ strategy brings the PRL by
means of short successive saccades
progressively closer to the target
image. The ‘withdrawal’ strategy
directs the scotoma far away from the
target image and then brings PRL onto
it. The ‘no-movement’ behavior, in
which the subject attempts to decipher
the letter from his initial gaze position
is not shown. Light gray area, scotoma
location and variations in relative
depth of the defect; PRL, preferred
retinal locus; F, estimated initial
position of the anatomic fovea; dotted
lines, intermediate scotoma positions;
continuous lines, final scotoma
positions; A, locations of the projected
letters.
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Fig. 4. Examples of the ‘foveation-
defoveation’ strategy performed by
Patient 1. (A) A 2-D representation of
the strategy. 1. Initial fixation pattern
and position of the target letter. 2. A
first saccade directs the target image
close to the anatomic fovea. 3. A
second corrective movement directs
the target image closer to the PRL. 4.
Final pattern of fixation with the letter
being projected onto the PRL. In the
representation of the trajectory
followed by the eye. the last
connecting lines are thicker. The time
shown in the lower right-hand corner
is the time elapsed since the beginning
of the fixation. (B) Another 2-D
representation of the strategy.
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The pattern defined as *foveation-defoveation’ strategy was only observed
in Patient 1. This patient differed from the others in that his retinal defect
was unilateral and the scotoma was less than 5° in diameter. Thus, in this
patient, the tested eye had apparently not been used for visual search since
becoming affected. As a result, these recordings show the way a patient
with a small central scotoma adapts to his condition with little or no previ-
ous training. In a study involving patients with central scotomas, White and
Bedell* noted that, at least initially, eye movements brought the target’s
image to the affected fovea and then the motor reference shifted progres-
sively to a nonfoveal locus. Their clinical observation was corroborated by
the experimental findings of Heinen and Skavenski,* who reported that a
monkey with bilateral lesions of the macula had a tendency to bring the
lesioned fovea to the target and then to use a second saccade to fixate with
the PRL. As a result, the ‘foveation-defoveation® strategy observed in our
subject can be interpreted as a nonsuppressed oculomotor behavior, using a
normal foveation reflex for refixation.

The “direct refixation’ strategy was similar to the refixation patterns per-
formed by normal subjects,* except that the fovea is somehow replaced by
the PRL, which acts as a ‘pseudo-fovea’. It has been shown that in normal
subjects, the percentage of undershooting saccades increased as the sac-
cade was aimed at more distant targets.** Similarly, in our studied patients
with a central scotoma, saccades were often hypometric when the letters

Visual search strategies

Fig. 5. Examples of the ‘direct
refixation’ strategy performed by
Patient 2. (A) A 2-D representation of
the strategy. 1. Initial fixation pattern
and position of the target letter. 2.
Refixation saccade and final pattern of
fixation, the letter being projected
onto the PRL. In the representation of
the trajectory followed by the eye, the
last connecting lines are thicker, The
time shown in the lower right-hand
corner is the time elapsed since the
beginning of the fixation. (B) Another
2-D representation of the strategy.
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Fig. 6. Examples of the 'staircase’
strategy performed by Patient 3. (A) A
2-D representation of the strategy. 1.
Initial fixation pattern and position of
the target letter. 2-5. The initial PRL
was then brought closer to the image
of the letter using a sequence of
saccades. 6. Final pattern of fixation
with the letter being projected onto the
PRL. In the representation of the
trajectory followed by the eye, the last
connecting lines are thicker. The time
shown in the lower right-hand corner
is the time elapsed since the beginning
of the fixation. (B) Another 2-D
representation of the strategy.
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were projected beyond the scotoma relative to the PRL (i.e., when larger
saccades were required) and hypermetric when the letters were projected
opposite the scotoma (i.e., when smaller saccades were required).

The ‘staircase’ and the ‘withdrawal’ strategies shared similarities with that
reported by Meienberg et al.* in a patient with hemianopsia, when gaze
was directed toward the affected part of the visual field. These authors noted
that, after training, one patient shifted from a ‘staircase’ strategy 10 a strat-
egy employing one large saccade calculated to overshoot the target. In pa-

F. Duret et al.
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tients with hemianopsia, Zangemeister and Oeschner*s showed that patients
first used a low-level adaptation strategy and then were able to improve
their search performance. It is conceivable that, in our patients with large
macular lesions, a withdrawal strategy may be beneficial in first localizing
the target using a part of the visual field that is more peripheral than the
usual PRL in order to eventually project its image more accurately onto the
PRL. This suggests that in a single task, several retinal areas showing dif-
ferent functions may be used in combination, e.g., one to localize the target
and the other one to recognize it. Thus, the ‘withdrawal’ strategy could
reflect a more adapted behavior than the staircase strategy.

Our fifth strategy, ‘no-movement’ behavior, was used at the beginning of
the testing procedure by both patients with large scotomas and a very ec-
centric PRL. This suggests that, when the defect is extensive, performing
adequate refixation could be perceived initially as a formidable task, and
that refixation strategies were not used until the patient had become more
confident with the test conditions.

Developing adapted refixation strategies involves a variety of parameters.
Some have been discussed above, e.g., the position, size, and depth of the

Visual search strategies

Fig. 6b.
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Fig. 7. Examples of the ‘withdrawal’
strategy performed by Patient 4. (A) A
2-D representation of the strategy. 1.
Initial fixation pattern and position of
the target letter. 2. The subject directs
the scotoma from the target letter. 3.
Sequence of several saccades. 4. Final
pattern of fixation with the letter being
projected onto the PRL. In the
representation of the trajectory
followed by the eye, the last
connecting lines are thicker. The time
shown in the lower right-hand corner
is the time elapsed since the beginning
of the fixation. (B) Another 2-D
representation of the strategy.
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Parient  Target locarion

‘Direct strategy’

‘Foveation-

relarive 1o
the PRL ‘Hypometric

saccades’

saccades’

Adefr i
of ion

‘Normomerric ~ 'Hypermetric sirategy’

saccades’

‘Staircase 'Withdrawal ‘No-move-  Toral
straregy’  srraregy ment

strategy’

I Opposite the
scotoma
Beyond the
scotoma 4
2 Opposite the
scotoma
Beyond the
scoloma 3
Within a
moderate scotoma
3 Opposite the
scotoma 1
Within a moderate
scotoma
4 Opposite the
scotoma
Within a moderate
scotoma
Within a deep
scotoma
Total 8

scotoma and the unilateral or bilateral nature of the condition. Additional
factors should also be taken into account in further studies.

Our study was conducted on a limited number of individuals with macu-
lar disorders with the aim of performing a detailed study of their oculomo-
tor behavior. Further studies, however, need to be undertaken to evaluate
the occurrence rate of the strategies described to eventually identify addi-
tional oculomotor patterns and to determine whether the pathophysiologi-
cal hypotheses presented here are corroborated by observations from larger

series of patients.
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