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Distance adaptation depends upon plasticity
in the oculomotor control system

SHELDON M. EBENHOLTZ and SHERRY K. FISHER
University of Wisconsin, Madison, Wisconsin

Maintaining binocular fixation on a target at 20 cm in the absence of secondary cues to dis­
tance produced changes in apparent distance and lateral phoria. Positive lenses of 0, .5, 2.0, 3.5,
and 5.0 spherical diopters (SD) were used to manipulate the level of accommodative convergence
in force during the period of maintained fixation. An inverse relationship was found between the
stimulus to accommodation and the magnitude of the induced esophoria, the phoria being lin­
early related to an increase in apparent distance. The distance aftereffect obtained in the condi­
tion with the lowest net accommodative stimulus (Le., 0 D) equaled that typically produced by
base-out prism adaptation with full secondary cues to distance available. In a second experi·
ment, subjects walked through a well·lit hallway while viewing through a pair of 5A base-out
prisms. It was shown that increasing the stimulus to accommodation by adding negative lenses
of 0, 1.5, 3.5, and 5.5 SD reduced the adaptive change in apparent distance, as well as the
change in phoria produced by the conventional base-out prism adaptation paradigm. It was con­
cluded that a change in the resting tonus of the disparity vergence system underlies such adap­
tation, rather than recalibration of the oculomotor cues to distance. Monocular exposure data
indicated that a small change in the tonus control for the accommodative system may be
present as well.

Adaptation of perceived distance mediated by ocu­
lomotor cues was first investigated by Wallach and
Frey (1972a). The method entails wearing spectacles
with prism and lens combinations that effect either
an increase or a decrease in the optical distance to
targets. The result of relatively short viewing periods,
of, say, 15 to 20 min, is sufficient to alter perceived
distance, and hence also the apparent size and depth
of test targets (Wallach, Frey, & Bode, 1972). Since
apparent distance is increased after exposure to a
shortened optical distance and decreased after expo­
sure to a lengthened optical distance, the effect may
be regarded as adaptive, in the sense that the per­
ceptual result serves to counteract the immediate ef­
fects of the optically imposed transformation.

Two theoretical interpretations of the cause of the
phenomenon have been proposed. The cue-discrepancy
theory proposed by Wallach (1976) requires the
presence of two or more cues (stimulus conditions)
that normally lead to the same perceptual end-state.
When the end-state associated with a subset of the
total available cues is made to vary, as with the use of
prisms, a cue conflict is said to exist, and this state
represents the basis for perceptual adaptation. The
latter occurs through a process of perceptual learning
in which one cue becomes "reeducated" so as to elicit
a percept more closely allied to that of the remaining
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cues than previously. When prism and lens combina­
tions that decrease optical distance are worn, the oc­
ulomotor distance cues provided by vergence and ac­
commodation signal a distance magnitude that is less
than that of other cues not influenced by the optical
system. Such remaining cues as motion parallax,
texture gradients, linear perspective, familiar size,
etc., continue to cue distance as usual and presum­
ably serve to alter the cue function of the oculomotor
system. The net result is thought to be "a recalibra­
tion in the relation between oculomotor adjustment
and registered distance" (Wallach, Frey, & Bode,
1972, p. 116). In the specific case of diminished op­
tical distance, according to the theory, a given mag­
nitude of convergence and accommodation will come
to represent distance greater than that signaled prior
to the cue-discrepancy experience.

The second interpretation is based upon physio­
logic properties of the oculomotor system itself and,
in contrast to the recalibration theory, requires no as­
sumptions about learning or even that are-pairing
between oculomotor innervation and perception is
necessary. At the heart of this approach is a hysteresis­
like phenomenon associated with the control of tonus
of the extraocular muscles. In general, when eye posi­
tion either is maintained in a fixed posture (Ebenholtz
& Wolfson, 1975; Park, 1969; Schor, 1979a) or is
exercised in asymmetrical postures (Shebilske, 1977),
subsequent measures of the resting level such as the
phoria or "straight-ahead" eye position reveal a con­
sistent eye-position bias. Because the bias, which per­
sists when the inducing conditions are no longer
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Figure 1. Elements of a control system model showing relation­
ships between vergence and accommodation systems.

present, is always in the direction in which the eyes
were last held, and because it can be brought to zero
only by reversing the posture or asymmetry of the
inducing ocular movements,l it has been termed a
hysteretic phenomenon, by analogy with instances of
physical hysteresis (Ebenholtz, 1981; Shebilske,
1977).

The perceptual implications of ocular-motor
hysteresis for several forms of prism adaptation such
as eye-specific adaptation, displacement, and dis­
tance adaptation have been suggested previously
(Ebenholtz, 1970, 1974; Paap & Ebenholtz, 1976,
1977; Welch, 1978). In the case of distance adapta­
tion, the central fact simply is that adaptation in­
duces a shift in resting level of convergence as mea­
sured, for example, by the lateral phoria (Ebenholtz,
1981; Schor, 1979b). It follows that, in order to
verge on a particular target, the requisite level of in­
nervation of the extraocular muscles will be a func­
tion of the target distance as well as the level and
direction of induced phoria. From these considera­
tions, a distance illusion or adaptation aftereffect can
be deduced with the aid of the premise that the inner­
vation used to overcome (or complement) the in­
duced phoria is "read" by the system as a change in
perceived distance.

No change is posited in the calibration function
that relates a given convergence posture and the
associated perceived distance. All that changes after
adaptation is the innervation level (or muscle tonus)
needed to maintain binocular fixation on a target,
due to the necessity to compensate for the induced
phoria.

The mechanism underlying the induced phoria, its
function in the control of vergence movements, and
the factors that condition the phoria magnitude can
best be understood in the context of a control system
model fashioned after the work of Krishnan and
Stark (1977) and Schor (1979a, 1980). In Figure 1 are
represented two components of the triple synkinesis
that normally exists between vergence, accommoda­
tion, and pupillary response, with the latter omitted.
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Both vergence and accommodation are governed by a
rapid error-correcting feedback mechanism whose
controllers are labeled "C" in the diagram. Each sys­
tem is, in addition, served by a feed-forward signal
from the opposite system, producing accommodative
convergence (A/C) and convergent accommoda­
tion (CIA), respectively. The lateral phoria, when
measured after opening the disparity vergence loop
by covering one eye, reflects both the adequacy of
the AIC response and the level of open-loop tonic in­
nervation in the convergence system. The two sources
labeled "tonus control" are thought to control the
steady state innervation to the ciliary muscles in the
accommodation loop and to the extraocular muscles
in the vergence system. Although in the former case
the tonus control mechanism is largely hypothetical,
in the latter instance there is good empirical support
for a slow vergence component with a long time
constant (Schor, 1980). The tonus control mecha­
nism may be the locus of control of the physiologic
position of rest, that is, the dark vergence (Owens &
Leibowitz, 1980), and is proposed as the source of
distance adaptation and aftereffects (Ebenholtz,
1981).

The model represented in Figure 1 presumes that
distance perception is derived primarily from the
steady-state levels of convergence and accommodation,
and hence the role of the "distance operator" is to
extract this information and to assign proper weights
to the two sources. When both accommodation and
convergence are in their respective resting positions,
it is assumed that they correspond to a set of refer­
ence distances, and when departures from these rest­
ing states occur, there is a corresponding increment
or decrement in distance perception. This is, there­
fore, a "set-point" theory similar to proposals made
by Foley (1980) and von Hofsten (1976) in which a
reference egocentric distance is posited. In the pres­
ent model, the reference, or set-point, is identified
with the mechanisms responsible for the steady-state
tonus control. Perceptual adaptation is inferred as a
direct outgrowth of changes in the reference level or
system set point.

Previous research (Ebenholtz, 1981) has shown
that variables that influence the level of distance
adaptation, such as monocular vs. binocular ex­
posure and induction vs. adaptation paradigms, also
produce proportional shifts in the lateral phoria, as
the model requires. Also consistent with the model is
the finding of proportional shifts in distance adap­
tation and measures of the dark vergence (Owens &
Leibowitz, 1980).

In the adaptation paradigm, subjects wear prism­
lens combinations, usually while walking in a typical
indoor environment rich in monocular cues, whereas
in the induction paradigm, a luminous target is fix­
ated in otherwise total darkness. In the latter case,
although distance adaptation may readily be found,
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it is typically lower than that obtained under the
adaptation paradigm. It may be thought, therefore,
that veridical distance cues such as those present in
the adaptation paradigm actually do serve to recali­
brate the oculomotor cues (e.g., Wallach & Halperin,
1977). The present experiments demonstrate that
there are conditions under which the induction para­
digm (Experiment 1) matches the adaptation para­
digm (Experiment 2) in the level of adaptation and
that, therefore, monocular distance cues are unnec­
essary to the process. Experiments also will show that
a critical variable capable of modulating the level of
distance adaptation and lateral phoria is the level of
accommodative convergence in force during the ex­
posure period. As Figure 1 shows, high levels of A/C
may be expected to lower the activity of the disparity
vergence controller (C), with less of a consequent in­
put to the tonus control mechanism, and hence less
of a change in distance perception to be expected.

Schor (1979a) has already shown that these results
apply to the lateral phoria for short-term fixation pe­
riods, up to 1 min, but implications of the model for
the interrelationships between long-term prism adap­
tation, induced phoria, and distance perception re­
main to be tested. In Experiment 1, A/C was manip­
ulated in the context of an induction paradigm by
systematically decreasing the stimulus to accommo­
dation while disparity vergence was held constant.

EXPERIMENT 1

Method
Desiin. Each of five groups of six subjects each was assigned to

one of five conditions in which the subjects binocularly fixated a
luminous target while viewing through positive lenses of 0, .S, 2.0,
3.S, or S.O spherical diopters (SO). Since the target was at 20 cm,
these conditions provided, respectively, -S, -4.S, -3.0, -I.S,
and 0 SO stimulus to accommodation. The subjects were assigned
to conditions according to appearance at the laboratory and were
alternated among conditions after every two subjects.

Apparatul and Procedure. The first activity of all subjects was a
walk in the hallway for two cycles around the laboratory wing
lasting about S min. This served to mitigate any short-term ver­
gence adaptation (e.g., Schor, 1979a) that might have been trig­
gered by near work activities, such as reading in the period im­
mediately preceding the experiment. This was followed by a mea­
sure of the interocular axis and the lateral phoria. The latter mea­
sure was taken with a Green's refractor and a target consisting of a
red LED with cross hairs, at 33.3 cm from the front surface of the
cornea. The optics of the measurement procedure are represented
in Figure 2. In front of the left eye was a set of Risely prisms at 0
prism diopters (PO) and a clear Maddox rod that caused the LED
to project as a vertical red line. The right eye viewed the target
through a pair of prisms also at 0 PO so as to equate the slight
magnifying effect of the glass between the two eyes. After placing
his or her chin in the chin cup behind the refractor, the subject
was told to maintain fIXation on the cross hairs over the red dot, to
report whether the line was located to the right or left of the dot,
and to report when it was centered in the dot. The left eye was un­
covered for about a .S-sec interval and then occluded, during
which time the experimenter adjusted the prisms so as to bring the
line into the same apparent direction as the dot. Exophoria was in­
dicated if the line was initially seen to the right of the dot, whereas

Apparent location I
of Maddox Rod in
esophoria

"--------Fovea--------'

Fillure 2. In esophoria, the nonflxatinll eye Is overconverlled.
Phoria mallnltude Is equal to the prism displacement needed to
place the Imalle of the Maddox rod at the retinal location corre­
spondlnll to the Imalle of the tarllet In the flxatlnll eye.

esophoria caused the line to be located to the left of the dot.
Phoria testing, measured to the nearest diopter, was accomplished
quite rapidly, usually within about I min.

Exophoria is the normal physiologic state at near target distance
(Duke-Elder & Wybar, 1973). Consequently, subjects exhibiting
esophoria, or an exophoria in excess of 16 PO on the pretests, did
not participate further in the experiment.

Upon completion of the phoria measure, with the subject's eyes
closed, the refractor head was displaced and a foreheadrest was
substituted in preparation for a manual measure of apparent dis­
tance. To do this, the subject moved a slide with the index finger of
the unseen preferred hand until it matched the position of a lumi­
nous target, shown in Figure 3. The target, viewed binocularly
in darkness, was stationed at eye level, 33.3 cm from the anterior
surface of the cornea. Two measures were taken, one each from
starting positions at 10 cm on either side of the true position. Prior
to the main test trials, four practice trials (two settings each) were
given with the target at 30.0, 38.S, 3S.9, and 31.0 cm. The mean of
the two settings at each target position was used as the subject's
score. If mean errors exceeded 20 cm or the subject failed to
discriminate among any of the four practice targets, he or she was
eliminated from the study.

A IS-min exposure period followed the manual distance mea­
sure, in which a luminous target at 20 cm, shown in Figure 4, was

Fillure 3. Taraet used on manual distance tests. Outer square II
12 x 12 mm; diaiionailines are 10 mm lonll.
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Figure 4. Fixation target used during the Induction procedure.
Black areas are luminous. The outer square was 4 x 4 cm; the Inner
square was .S x .S cm. Bars were 1.6 mm wide.

binocularly fIXated through a pair of positive spherical lenses
with power as described above. The bars surrounding the central
square pattern constituted a square-wave frequency of 1.1 cycles
deg- 1 and were useful in maintaining fusion while the lenses re­
laxed accommodation.

Immediately after the exposure period, the lenses were removed
and there followed two settings on the manual distance test, a
phoria measure, and a test for visual acuity on the Bausch and
Lomb Orthorater for near targets (Le., 33.3 em). In units corre­
sponding to a 2O~ft test distance, scores over both eyes for all but
two subjects ranged from 20/17 to 20122. One subject scored at
20/20 and 2012S and another scored at 2012S and 20122 over the
left and right eye, respectively.

Subjects. The participants were students who had volunteered
and had no known history of oculomotor or other visual disorders
and no prescribed correction. Eight subjects were replaced in the
study for excessive or inadequate performance on the preexposure
tests. Reasons included evidence of suppression in one eye (one
subject), esophoria of 8 PO (one subject), exophoria of -22 PO
(one subject), pointing on the manual distance test by 20 em or
more beyond the target (two subjects), and inability to maintain
fusion during exposure (three subjects).

Results and Discussion
Preexposure. The five groups did not differ on the

preexposure distance settings [F(4,25) = .93, p> .05].
Over all 30 subjects, the mean overreaching error
was 5.5 cm for the target at 33.3 cm, an error
commonly found in this type of task (Ebenholtz,
1981; Foley, 1975). There were likewise no differ­
ences among the groups on the magnitude of the
preexposure lateral phoria measurements [F(4,25)
= .40, p > .05]. On average, subjects exhibited

- 7.6 PD (exophoria), a value within the orthophoric
range at near test distances (Duke-Elder & Wybar,
1973).

Postexposure. The change in phoria and in dis­
tance settings as a result of the IS-min fixation period
are presented in Table 1. The mean post-pre shifts
in phoria were all in the esophoric direction and dif­
fered significantly across conditions [F(4,25) = 4.35,
p < .01], as did the differences in pointing responses
[F(4,25)=5.57, p < .01]. Note that in the condition
requiring maximum accommodative relaxation (0 net
stimulus to accommodation) with no prisms worn,
the distance aftereffect is equivalent to that obtained
in a 15-20-min prism adaptation paradigm, usually
with full secondary cues available (Ebenholtz, 1981;
Wallach, Frey, & Bode, 1972).

The function relating the changes in phoria to the
net stimulus to accommodation is shown in Figure 5,
where a linear function has been fit to the data. The
esophoria induced as a result of target fixation de­
creases linearly with increases in the stimulus to ac­
commodation. Even with the aberrant point2 at
-5.0 SD, the linear fit is excellent, yielding an r of
.96. Thus, it is clear, as Figure 1 illustrates, that the
more relaxed the accommodation, the greater will be
the induced change in esophoria as required by the
proportional decrease in accommodative conver­
gence. The rate of change in induced esophoria per
unit shift in accommodation exposure is expressed as
the slope of the fitted function. This corresponds to a
group mean accommodative convergence per unit of
accommodation ratio, that is, an aftereffect AC/A
ratio of 1.5 PD SD-I. Unlike the conventional AC/A
ratio (Alpern, 1962), in which increases in the stimu­
lus to accommodation cause increases in accom­
modative convergence, the aftereffect AC/A ratio re­
flects the decrease in disparity-vergence aftereffect
associated with the increased accommodative conver­
gence as the stimulus to accommodation increases.
This reciprocal relation between the two AC/A ratios
is precisely as required by the model represented in
Figure 1.

In order to evaluate the relation between changes
in esophoria and distance settings, the two measures

Table I
Mean Changes in Phoria (PO) and in Oistance Settings (in Centimeters) According to the

Net Stimulus to Accommodation (SO) Ouring the Exposure Period

Net Accommodative Stimulus (SO)

0 -1.5 -3.0 -4.5 -5.0

M aM M aM M aM M aM M aM

Phoria 10.33* 2.16 7.58* 1.91 4.50* 1.29 2.17* .65 3.67* 1.41
Distance 11.33* 1.59 5.28* .77 6.63* 2.05 3.32* .96 3.34* 1.24

Note-Positive scores indicate a shift toward esophoria and an increase in pointing distance. *Significant at p = .05 or better.
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Figure 5. Mean Induced esopborla as a function of tbe net stim­
ulus to accommodation. Vertical segments represent ± 1 standard
error. Continuous line Is tbe best-fit linear function.

were transformed into a common metric, namely,
convergence distance expressed in degrees. Conver­
gence distance based upon the induced esophoria was
determined by subtracting the postexposure change
in phoria from the actual convergence angle of each
subject when fixating the test target at 33.33 cm. For
example, a subject with an interocular axis of
6.20 cm who binocularly fixates a target at 33.33 cm
does so with a convergence angle of 10.64 cm. If this
subject showed a change of +10 PD (eso), then
5.73 deg was subtracted from the subject's actual
convergence angle, yielding 4.91 deg. The result was
a hypothetical convergenceangle generated "as if"
the subject were fixating a point beyond the actual
target by an amount precisely enough to compensate
for the induced esophoria. Convergence distance
based upon manual distance settings was calculated
by adding the postexposure shift in distance settings
to the actual fixation distance of 33.33 cm and then
computing each individual's convergence angle based
upon this "effective" distance. However, since the
relation between pointing distance and actual target
distance, although linear, was shown to have a slope
greater than 1 (Ebenholtz, 1981), it was necessary to
calibrate the pointing increments against true dis­
tances before calculating the final convergence dis­
tance. In order to accomplish this, a weighting factor
was determined by taking the difference in preex­
posure manual settings to the farthest practice target
at 38.5 cm and the test target at 33.3 cm, and then
dividing by the true difference of 5.2 cm. This
yielded an average ratio over all subjects of 1.35:1.3

Each pointing increment was therefore reduced by a
factor equal to the reciprocal of this number, that is,
by .741. According to this procedure, a subject
whose pointing distance increased by, for example,
10 cm, as a result of the fixation period behaves as
though he were pointing at a target that was dis­
placed by 7.41 cm from its preexposure position. For
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this hypothetical subject, the "effective" conver­
gence distance equaled 4O.74cm (Le., 33.33+7.41)
which, for an interocular axis of 6.20 cm, corre­
sponds to a convergence angle of 8.70 deg.

Figure 6 represents the relation between two inde­
pendent estimates of convergence distance, viz., that
based upon the manual response as ordinate against
that inferred from the change in phoria on the ab­
scissa. The least square procedure applied to the
mean values for each of the five groups yielded an
excellent linear fit with an r of .92 accounting for
85010 of the variance. The adequacy of the fit is
further demonstrated by the small standard error of
estimate (oest) of .21 deg and also by the fact that if a
value of x corresponding to the absence of any in­
duced phoria, that is, 33.33 cm, is substituted in the
equation, the predicted value of the convergence dis­
tance based on pointing is 34.41 cm. In terms of con­
vergence angle, this value is only .33 deg from the
correct angle of 10.41 des" and within the margin of
error only 1.57 0est units. When the equation is
solved for x =0 deg corresponding to convergence at
optical infinity, a predicted convergence distance of
7.37 deg or 47.12 cm is found. This result, and not a
value closer to optical infinity, occurs because the
slope of the regression line is less than one, which im­
plies that only a portion of the induced phoria is ex­
pressed in the change in pointing distance. 5 The ob­
tained value suggests an upper limit to the adaptation
of convergence distance after target fixation and with
the use of plus-lenses under the conditions of the
present study.

The results of both analyses show an increasing in­
duced esophoria that varies inversely with the stimu­
lus to accommodation and an increase in apparent
distance linearly related to the phoria magnitude.
Since the distance aftereffect obtained with the
lowest net stimulus to accommodation was equiva­
lent in magnitude to that obtained under conven-

Figure 6. Relatlonsblp between predicted convergence angle (y)
based on calibrated distance settings (ordinate) and tbat based on
compensation for tbe Induced pborla (abscissa). Continuous line Is
tbe best·f1t linear function.
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Table 2
Mean Change in Phoria (PO) and Binocular Distance Settings

(Centimeters) by Lens Power (SO) During Each
Binocular Exposure Session

[F(3,21) = .975, p > .05] or when grouped according
to the experimental conditions that they preceded
[F(3,2l) = .975, p> .05]. There was, thus, no evi­
dence of either practice effects or of a bias in phoria
associated with any given condition. Over all four
sessions and subjects, the phoria averaged -5.06 PD
(exophoria).

Preexposure distance settings likewise gave no evi­
dence of practice effects over the four sessions
[F(3,21)= .121, p> .05]. Nor did the subjects vary
when grouped according to the lens power they sub­
sequently received [F(3,21) = 1.885, p> .05]. Over
subjects and conditions, distance settings to the
33.33 cm test target averaged 39.12 cm.

Far acuity scores ranged from 20/17 to 20122, and
the AC/A ratio ranged from 1.25 to 3.00.

Postexposure (binocular sessions). The change in
phoria and in distance settings as an aftereffect of
each of the four 15-min exposure sessions is repre­
sented in Table 2. Consistent with the use of base-out
prisms, phoria change always was in the esophoric
direction and differed significantly, as predicted,
across exposure conditions [F(3,21) = 10.23, p <
.01]. The function relating lens power to the shift
in phoria is represented in Figure 7, in which a lin­
ear function has been fit to the data. An excellent
fit resulted with r = .970. Thus, although the actual
stimulus to accommodation varied as a function of
the particular target observed in the hallway, the
esophoria diminished regularly with the increment in
negative lens power. The slope of the function,
1.3 PD SD-1

, is remarkably close to that found with
the induction procedure of Experiment 1 shown in
Figure 4 (i.e., 1.5 PD SD-l) and clearly indicates that
common processes underlie both the induction and
adaptation paradigm.

Changes in pointing distance, measured under
binocular test conditions, are represented in Table 2.
Apparent distance varied significantly with lens
power present in the exposure sessions [F(3,21) =
5.57], decreasing with increasing negative stimulus to
accommodation. The relationship between changes
in pointing distance and induced phoria was ana­
lyzed, as described previously,6 and is represented in
Figure 8. The linear fit yielded an r value of .854.
When the convergence angle corresponding to the

Lens Power (SO)
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ventional adaptation procedures (e.g., in a lighted
hallway with base-out prisms), even though it oc­
curred in the absence of secondary distance cues, the
latter cannot be necessary for distance adaptation to
occur.

In Experiment 2 in an adaptation paradigm, the
stimulus to accommodation was systematically in­
creased with minus-lens additions and was accom­
panied by a constant disparity-vergence increment
produced by base-out prisms. In this paradigm, ad­
aptation occurred in the context full of monocular
(secondary) cues to distance and hence exposure con­
ditions correspond closely to those used in previous
distance adaptation studies (e.g., Ebenholtz, 1974,
1981; Wallach & Frey, 1972a). In this case, as Fig­
ure 1 suggests, increasing accommodative conver­
gence should once again lead to a decrease in the in­
put to the vergence tonus control center, and hence a
drop in vergence adaptation should occur.

EXPERIMENT 2

Method
Design. In a within-subjects design, each of eight subjects was

exposed, binocularly, to four levels of increasing accommodative
power while wearing a pair of 5-11 base-our prisms. Lenses were
0, -1.5, -3.5, and -5.5 SO and were worn by the subjects as they
walked through a hallway in IS-min sessions separated by at
least 48 h. The order of exposure was determined by a completely
balanced four-item Latin square, two subjects assigned to each se­
quence. Seven of the eight subjects returned for two additional
IS-min monocular sessions in which no prisms but only a 0- or
-S.o-SO lens was worn over the preferred eye. The order in which
the lenses were worn was alternated over successive subjects. A
minimum of 48 h intervened between sessions.

Apparatus and Procedure. First, the interocular separation was
measured to the nearest half millimeter, using a Titmus P-O scope.
This was followed by a test of eye dominance based upon the
pointing test (Coren & Kaplan, 1973) with a target at about 2.4 m.
The phoria was then measured as described in Experiment I, with
the preferred eye fixating the cross hairs. This was followed in
order by binocular and monocular manual distance tests and the
IS-min exposure period. Immediately after the exposure session,
the phoria again was measured with added lenses and prisms re­
moved, followed by binocular and monocular distance tests. At
the end of the very first exposure period, far visual acuity was
measured in the Bausch and Lomb Orthorater, and no less than
24 h after the last session the ACIA ratio was taken. For this pur­
pose, the subject's phoria was again measured with the target at
33.33 cm, followed by a second measure taken with the addition of
a +2.0-0 lens over the preferred eye. The ACIA ratio was cal­
culated by dividing the change in phoria by the difference in lens
power (Ogle & Martens, 1957).

For the two monocular sessions, the test sequences were the
same as that used in the binocular sessions, except for the post­
exposure sequence in which the monocular manual distance test
preceded the binocular distance test.

Subjects. The subjects were student volunteers who reported no
known oculomotor disorder and had no prescribed correction.
One subject was replaced, because of a low ACIA ratio of .5 PO
SO-I. The same subject was unable to maintain a clear focus
during the exposure session with the -3.5-S0 lenses.

M

o
aM M

-1.5

aM M

-3.5 -5.5

aM M

Results and Discussion
Preexposure (binocular sessions). Phoria scores

did not vary significantly over the four test sessions

Phoria* 10.31 ** .95 8.25** 1.004.63** 1.07 3.63** 1.07
Distance 8.94** 1.17 9.63** 2.067.02** 1.734.30** 1.23

*Positil'e scores indicate a shift toward esophoria and an increase
in pointing distance. **Significant at p = .05 or better.



DISTANCE ADAPTATION AND OCULOMOTOR PLASTICITY 557

10.00.:--------------------,

LENS peWER 15.0.)

7 .00 t:LLLL4 .liS..LLLS .liO..LLLS.LJ.S~6.LJ.0LLl,!6J..,.SLLl,!7J..,.0LJ.J.,!7J..,.SLJ.J.,!BJ..,.OLLLJB-L.S~9.0

HYPBTHETICAL -y BASED BN CBMPENSATIBN
FBR I NOUCEO PHBR 1A (OEG)

Lens Phoria* Monocular Binocular
Power
(SD) M aM M aM M aM

0 -1.57 1.09 .89 1.43 .66 1.59
-5.5 1.71 1.89 2.77** 1.17 4.44** .91

Distance Tests

Table 3
Mean Change in Phoria (PD) and Distance Settings (Centimeters)

After Monocular Exposure Under Monocular and
Binocular Testing

differences in pointing responses occurred on the
monocular test, but these did not differ significantly
as a function of exposure conditions [F(3,21) =1.38,
p> .05]. Averaged over sessions and subjects, the
mean monocular distance increment after binocular
exposure was significantly different from zero at
2.84 cm [t(7) =3.64, p < .01]. It is clear that the dis­
parity vergence system must be implicated at the time
of the test for large changes in pointing distance to
occur, but there is nevertheless a slight monocular
component. This was explored in the final exposure
sessions, in which monocular viewing through 0 and
-5.5 SO was compared.

Monocular exposure. The subjects did not differ
on either the preexposure phoria test [t(6) = .506, p >
.05] or the predistance tests [t(6) =.369 (monocular
test) and t(6) =.706 (binocular test) associated with
the two subsequent exposure conditions]. After ex­
posure, for neither condition was the change in pho­
ria significantly different from zero, although the
difference in phoria shift between the 0 and -5.5 SO
lenses was significant [t(6) =2.30, p < .05]. These
data and the pointing difference scores are repre­
sented in Table 3. Shifts in pointing distance under
binocular and monocular test conditions both were
significant, but only after the -5.5-S0 condition,
and only in the binocular case was the shift signifi­
cantly different from that in the O-SO condition. It is
clear that monocular exposure with a -5.5-0 lens is
sufficient to produce a significant shift in pointing
distance. Although the mean scores suggest that bin­
ocular testing yields higher distance shifts than
monocular tests, statistical analysis did not bear this
out.

After monocular exposure, a small, but signifi­
cant, distance aftereffect has been demonstrated with
the -5.5-S0 lens. Yet, under binocular exposure,
this condition was expected to yield the lowest after­
effect. Reasoning from the monocular exposure
data, we propose that, as accommodative conver­
gence increases, the binocular aftereffects should ap­
proach a lower limit,/due primarily to the accom­
modative component. This is supported by the fact
that, when distance changes were compared under

*Positive scores indicate a shift toward esophoria and an increase
in pointing distance. **Signijicant at p =.05 or better.
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Figure 7. Mean Induced esopborla as a function of lens power
during adaptation. Vertical ban represent ± standard error. Con·
tinuous line Is tbe best·ftt linear function.

Figure B. Relationship between predicted convergence angle (y)
based on calibrated distance settings (ordinate) and tbat based on
compensation for tbe Induced pborla (abscissa). Continuous line Is
tbe best·ftt linear function.

absence of an induced phoria, that is, 10.10 deg
(33.33 cm), is substituted in the linear equation, a
convergence angle of 9.69 deg (34.74 cm) is ob­
tained. This is within 1.24 0est units of the proper
angle and is indicative of a reasonably good fit. Sub­
stituting a value of zero, which would come about
only if the induced phoria were equal to the conver­
gence angle at 33.33 cm, yielded a predicted conver­
gence of 6.56 deg, or 51.39 cm. This is consistent
with the data of the induction procedure, since a shift
of 18.06 cm, and not an infinite increment, is pre­
dicted. Thus, both paradigms seem to require a lim­
ited effec~ in accordance with the actual data, in­
dicating asymptotic performance (Ebenholtz, 1981),
and in both cases the limit is set by the magnitude of
the induced phoria.

Monocular testing. The subjects did not differ on .
the preexposure monocular distance tests when grouped
according to subsequent binocular exposure condi­
tions [F(3,2l) =.897, p> .05]. After exposure, small
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binocular testing in the -5.5-SD conditions, binocu­
lar and monocular exposure showed equivalent ef­
fects at 4.30 and 4.44 cm, respectively [t(6) = .32,
p> .05].

GENERAL DISCUSSION

Experiment 1 has shown that the induction proce­
dure is capable of yielding high levels of distance
adaptation, in the absence of secondary cues to dis­
tance. Hence, the latter cannot be necessary for dis­
tance adaptation. Experiment 2 has shown that even
in the presence of monocular distance cues in the
conventional adaptation paradigm, distance adapta­
tion can easily be modulated by manipulating accom­
modative convergence. Hence, secondary distance
cues cannot be sufficient to produce distance adapta­
tion, except possibly for the very lowest levels of
adaptation obtained. But even in this case, since
monocular exposure to negative lenses provides a
basis for accommodation as opposed to vergence
aftereffects, there remains very little, if any, adapta­
tion for which distance cues must account.

There is, however, a role for distance cues in the
adaptation process, although it is not to recalibrate
the oculomotor cues. The present experiments have
shown that both adaptation and induction paradigms
cause an induced lateral esophoria that serves to pre­
dict the magnitude of distance adaptation. In both
cases, the phoria and the level of distance adaptation
was increased by decreasing the stimulus to accom­
modation. This, in turn, lowered the level of accom­
modative convergence and thereby enhanced the out­
put of the tonus control mechanism of the disparity­
vergence loop. Thus, the role of distance cues in a
well-structured environment may be thought of as
serving the same function as positive lenses, namely,
to relax the level of accommodative convergence.
Such a role for distance cues is generally accepted
and referred to as a "proximal" component of ac­
commodation control responsive to psychological
factors mediating distance perception (Ittelson &
Ames, 1950). This analysis provides an account of
the results of a recent distance adaptation study by
Owens and Leibowitz (1980). They found the lowest
levels of shift in both dark vergence7 and distance
adaptation among a group of subjects who read text
while others either walked and engaged in various
sensorimotor activities or were passively translated
through a hallway. Since the readers of necessity
would have utilized the highest levels of accommo­
dation and have little opportunity to take advantage
of the hallway cues to relax accommodation and ac­
commodative convergence, it is to be expected that
the levels of adaptation and dark vergence would be
correspondingly low. The remaining two groups may
be expected to perform equivalently, as in fact they did.

It follows that the stimulus to accommodation, not
the level of sensorimotor activity governs the levels of
adaptation in these contexts.

The important role of accommodation and ac­
commodative convergence also represents one of
the reasons for the failure of Wallach and Halperin
(1977) to obtain distance aftereffects in an induction
paradigm. One group moved the head laterally to
view binocularly and in succession $1 bills placed at
optical distances of -3.5, -2.5, and -1.79 SD. A
second group viewed three luminous disks with a thin
vertical wire stretched across them in place of the
dollar bills, but with head constrained, thereby re­
quiring a relatively greater magnitude of lateral eye
movements. Both groups wore spectacles containing
base-out prisms (5 PD) and -1.5-SD lenses. No
phoria measurements were taken, but distance adap­
tation was assessed using a size-estimation task. Only
the former group evidenced adaptation, and hence
Wallach and Halperin concluded that the effect was
attributable to the presence of veridical distance cues,
in the form of the dollar bills, and other monocular
(or secondary) cues as well. The present results and
those of other studies (Schor, 1979b) demonstrate a
likely artifact in these studies in the failure to take ac­
count of the reciprocal relation between accommoda­
tive convergence and the disparity-vergence inner­
vation. It is likely that the dollar bills' offering a rel­
atively low-contrast stimulus actually relaxed accom­
modation (Charman & Tucker, 1977), while the
thin wire on a luminous background no doubt pro­
vided a good accommodative stimulus. Low adapta­
tion under the latter conditions and high adaptation
in the former case are therefore to be expected, and
the presence of veridical cues probably is irrelevant,
as Experiment 2 of the present study shows.

The role of accommodation and accommodative
convergence may again have been neglected in yet
another study in which changes in distance percep­
tion were brought about by viewing a "luminous fig­
ure that objectively expanded as it moved toward S
and contracted as it moved away" (Wallach & Frey,
1972b, p. 121). Wallach and Frey attributed the
change to a "modification in the relation between
oculomotor adjustment and registered distance"
(p. 165), the latter presumably influenced by the in­
ordinate rate of change in image size, relative to the
actual distance traversed. Unfortunately, however,
no control procedure was investigated in which size
changes were produced without changes in distance
or in which distance changes occurred but without
experimentally manipulated size changes. Further to
the point are the observations by Ittelson and Ames
(1950) that continuous size changes produce changes
in apparent distance and either or both of these fac­
tors produce corresponding changes in accommoda­
tion. Relaxation of accommodation with increasing
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apparent distance would, as discussed above, serve as
the sufficient condition for adaptation in the disparity­
vergence system and account for the obtained
changes in distance perception but without the neces­
sity of reference to the notion of recalibration of con­
flicting distance cues.

The present experiments and previous research
(Ebenholtz, 1981) have shown a close association be­
tween distance perception and the change in lateral
phoria, while other studies have demonstrated a
similar relation between perceived distance and the
resting level of convergence (Owens & Leibowitz,
1980). The present studies have, in addition, demon­
strated a reciprocal relation between the magnitude
of accommodative convergence and change in dis­
tance perception under binocular test conditions.
These results strongly support the view that accom­
modative convergence affects distance perception
only insofar as it interacts with the disparity-vergence
system. This conclusion also is consistent with the re­
sults of Schor (l979b) on the reciprocal relation be­
tween accommodative convergence and the change in
phoria.

If it is true that the presence of a lateral phoria as
such is irrelevant to apparent distance under monoc­
ular viewing conditions, then the perception of dis­
tance under monocular observation must be medi­
ated by the tonus control mechanism regulating ciliary
muscle tension. The obtained effects of monocular
exposure on distance perception make it likely that
there is an independent accommodative input to dis­
tance perception, as suggested in Figure 1.
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NOTES

1. Data are relatively scarce, but available decay studies suggest
that, except for the dissipation of small induced effects, sponta­
neous decay in the dark is insufficient to reduce aftereffects to pre­
exposure levels (Ebenholtz, 1981; Ebenholtz & Wolfson, 1975;
Paap & Ebenholtz, 1977).

2. The slight increase in phoria aftereffect may reflect the fact
that accommodation was somewhat relaxed and not fully main­
tained for the target distance of 20 cm.

3. This was in excellent agreement with the slope of 1.35 ob­
tained from the calibration function of a previous study (Ebenholtz,
1981).
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4. Calculations of convergence angle were based on the average
interocular axis of 6.07 cm.

S. The slope of .26 is smaller than the .6-.7 range found pre­
viously (Ebenholtz, 1981). These differences in gain may reflect
characteristics of the target pattern, such as its spatial frequency,
that modulate its capacity to stimulate accommodation during the
manual pointing procedure (Charman & Tucker, 1977).

6. The post-pre differences in pointing were weighted by a
factor determined by taking the difference in preexposure pointing
scores between the target at 33.33 cm and one at 38.S cm and
dividing by the actual distance between these targets. This ratio
was calculated for each of the four sessions and averaged separately
for each subject. The inverse of the averaged ratio was then used as
the desired individual weighting factor. These ranged from .63 to
2.13.

7. Dark vergence represents the position of physiological rest of
the vergence system as measured in the absence of any accom-

modative stimulus. Although it probably is highly correlated with
conventional measures of phoria, there are no data on this point.

8. Another reason to expect differences in adaptation lies in the
failure of Wallach and Halperin (1977) to equate the groups for
oculomotor activity during the adaptation period. Paap and
Ebenholtz (1977) demonstrated that distance aftereffects can be
completely eliminated by horizontal (version) eye movements of
the same type required by Wallach and Halperin of the group that
failed to adapt. Yet another possible reason for unequal adapta­
tion effects in Wallach and Halperin (1977) is associated with the
fact that their groups were not equated for lateral head move­
ments. Since it is not known what effect there is of the vestibular
ocular reflex on accommodation, it would seem to be appropriate
to equate head movements in the two conditions.
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