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Vergence-induced
accommodation
(V-A) and accommodation-induced
vergence (A-V) were measured
in human subjects before and after they had worn various optical devices
for 30 min. Laterally displacing
periscopic
spectacles,
which
increase the required
change in vergence
per unit change
in accommodation,
caused decreases
and increases
in the
gain of V-A and A-V responses,
respectively.
These observations are consistent
with the view that the gain of the
neural cross-linkages
between
vergence and accommodation are subject to adaptive regulation.
However, there were
strong asymmetries:
Medially displacing
periscopes
(cyclopean spectacles),
which reduce the required change in vergence per unit change in accommodation
to zero, were almost totally without effect. Base-out prisms, which increase
the required convergence
by an amount that is constant for
all viewing distances,
caused downward
and upward shifts
in the V-A and A-V response
curves, respectively.
Base-in
prisms, which reduce the required
convergence
by a constant amount for all viewing distances,
caused downward
shifts of A-V curves but had no significant
effect on V-A
curves. These effects of prisms are in essential agreement
with the work of others and confirm the existence of adaptive
elements that regulate the bias in the vergence and/or accommodation
control systems. Secondary effects of wearing
periscopes
and prisms indicated a certain lack of specificity
in the sensing of gain and bias errors: vertical shifts of V-A
and A-V curves (resembling
those seen with base-out prisms)
often occurred with the laterally displacing
periscopes,
and
gain changes (generally resembling
those seen with laterally
displacing
periscopes)
often occurred
with the base-out
prisms.

The transfer of fixation from a distant object to a near one
involves the adduction of one or both eyesto align them with
the new object (convergence), and an increase in the dioptic
power of the lensesto bring the retinal imagesof the new object
into focus (accommodation). Ordinarily, the 2 responsesproceed roughly in concert and, when complete, the subject perceivesa singlesharp image of the new object. Accommodation
and vergence are each controlled by negative feedback mechanisms,one operating through the ciliary musclesand lens to
reduceblur, and the other through the extraocular musclesand
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globe to reduceretinal imagedisparity. Moreover, the 2 control
systemsare cross-coupled.
During monocular viewing, when there are no disparity inputs
to the vergence system, blur-induced changesin accommodation also result in parallel changesin vergence: the accommodative vergence (A-V) response(Mueller, 1826; Westheimer,
1955; Alpern and Ellen, 1956a, b; Flom, 1960a, c; Semmlow
and Venkiteswaran, 1976; Kenyon et al., 1978). Thesechanges
in vergenceare usually linearly related to the changesin accommodation, and the slopeof this relationship-often referred to
asthe AC/A ratio-is usedas an index of the strength, or gain,
of the cross-coupling(Alpem et al., 1959; Flom, 1960a). Two
measuresare distinguished, dependingon whether the accommodative state of the subject is assumed(the stimulus AC/A)
or measured(the responseAC/A).
The accommodation and vergence systemsare also coupled
through a secondmechanism.During binocular pinhole viewing, when blur inputs to the accommodation system are negligible, disparity-induced changesin vergence result in parallel
changesin accommodation: the vergence accommodation (VA) response(Morgan, 1954; Fincham, 1955; Fincham and Walton, 1957; Kent, 1958; Balsam and Fry, 1959; Kersten and
Legge, 1983). The changesin accommodation are usually linearly related to the changesin vergence, and the slope of this
relationship-often referred to asthe CA/C ratio-is usedasan
index of the strength, or gain, of this cross-coupling(Fincham
and Walton, 1957).
In recentyears, it hasbecomeapparentthat numerouscontrol
parameters in the oculomotor system are subject to adaptive
regulation to ensureoptimal performance [seeBerthoz and Melvi11Jones (1985) for recent reviews]. The object of the present
experiments wasto determine whether the cross-couplingsbetween vergence and accommodation-as represented by the
V-A and A-V responses-were subject to adaptive regulation.
The strategy employed to answer this question was to see if
these responseswere sensitive to optical devices that alter the
gain of the required coupling between vergence and accommodation.
A number of studieshave reported changesin the AC/A ratio
following orthoptic therapy (Manas, 1958; Flom, 1960~; Ogle
et al., 1967), but these changeswere invariably small and the
optical geometry of the visual challengeunclear. It hasrecently
been pointed out that the strength of the desired coupling between vergence and accommodation under normal binocular
viewing conditions is a function of the separationof the 2 lines
of sight (Judgeand Miles, 1985; Miles, 1985). For example, the
greater the separation, the greater the required changein vergence per unit change in accommodation. Thus, devices that
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increase the apparent separation call for an increase in the AC/A
ratio and a decrease in the CA/C ratio. In fact, laterally displacing periscopic spectacles have been used to more than double the apparent interocular
separation and, when worn for only
30 min, result in large increases in the stimulus AC/A ratio
(Judge and Miles, 1985). Medially
displacing periscopic spectacles that decreased the apparent separation had much more
variable effects (Judge and Miles, 1985). Nonetheless, it seemed
clear that the coupling between accommodation
and vergence
could be modified by experience, and the present study extends
these observations to include the response AC/A ratio and the
CA/C ratio.
While periscopic spectacles challenge the gain of the coupling
between vergence and accommodation,
wedge prisms introduce
a fixed offset into the disparity input to the vergence control
system which challenges the bias in the coupling. Thus, while
the optical demand of periscopes is inversely related to viewing
distance, that of prisms is largely independent
of viewing distance. Wedge prisms have been shown to alter the resting vergence during monocular viewingknown as the phoria-in
many
studies [see Alpem (1969) and Schor (1983) for reviews]. The
present study also examined the effect of wearing wedge prisms
on the response AC/A ratio and CA/C ratio. Preliminary
accounts of some of these findings have appeared elsewhere (Miles
and Judge, 1982; Miles, 1985).
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Table 1. Required change in vergence (in meter-angles) per unit
change in accommodation (in diopters) when viewing with laterally
displacing periscopic spectacles: gAVa
Subject
SC

JG
KG
GH
JH
SJ
UK
ML
AP
JW

Age
(years)
23
20
18
25
24
33
22
20
26
25

9
(mm)
65
61
64
63.5
63.5
62
64.5
63.5
62
61

&v
2.54
2.64
2.56
2.51
2.57
2.61
2.55
2.51
2.61
2.64

EL.4
0.39
0.38
0.39
0.39
0.39
0.38
0.39
0.39
0.38
0.38

uThe converse required change in accommodation (in diopters) per unit change
in vergence (in meter-angles) is also indicated: g,,.
hs, Interocular separation.

4. Base-in prisms, which deviate the light medially before it enters
the eye. Those used in the present study each deviated the light -4”
and were worn before both eyes, requiring the subject to decrease the
amount of convergence by -8” to align both eyes on any given object,
regardless of the viewing distance. Effects on the required accommodation were negligible.

Materials and Methods

Adaptation procedure

Vergence-induced accommodation (V-A) and accommodation-induced
vergence (A-V) were measured in human subjects before and after 30
min of exposure to various optical devices that altered the required
coupling between vergence and accommodation.

Subjects wore the spectacles for 30 min, during which time they were
seated at a window and were instructed to transfer fixation every few
seconds between objects at different distances, with the nearest generally
at -30 cm and the most distant ranging from -50 to - 1000 m. After
removing the spectacles, care was taken to avoid normal binocular
experience, usually by patching one eye.

Optical devices
Four kinds of optical devices were used:
1. Laterally displacing periscopic spectacles, which increase the apparent interocular separation. Those used in the present study displaced
the line of sight of each eye laterally by 50 mm. Such spectacles have
a negligible effect on distant viewing, but with near viewing increase
the amount of convergence required to align both eyes on the object of
regard -2.6 times, the exact amount depending on the subject’s interocular separation. There is no effect on the amount of accommodation
required to maintain a focused retinal image of distant objects and only
a very minor effect (reduction) on that required to focus near ones. Ifs
is the interocular separation and x is the lateral displacement of the line
of sight of each eye, then the effective interocular separation becomes
s + 2x and, when wearing these spectacles, the required change in
vergence per unit change in accommodation is approximated by the
expression (s + 2x)/s. This quantifies the optical challenge to any adaptive mechanism regulating the AC/A, and the value of this entity for
each subject is given in Table 1 (gAv). The challenge to any adaptive
mechanism regulating the CA/C is simply the inverse function; these
values are also listed in Table 1 (gVA). For further details, see Judge and
Miles (1985) and Miles (1985).
2. Medially displacing periscopic spectacles, which decrease the apparent interocular separation. Those used in the present study displaced
the lines of sight so that both were exactly superimposed on the midline
(cyclopean configuration). Such spectacles require the wearer to maintain zero convergence at all viewing distances in order to align both
eyes on any given object. There is no effect on the amount of accommodation required to maintain a focused retinal image ofdistant objects
and only a very minor effect (reduction) on that required to focus near
ones. For details, see Judge and Miles (1985) and Miles (1985).
3. Base-out prisms, which deviate the light laterally before it enters
the eye. Those used in the present study each deviated the light -4”
and were worn before both eyes, requiring the subject to increase the
amount of convergence by -8” to align both eyes on any given object,
regardless of the viewing distance. Effects on the required accommodation were negligible.

Measurement of V-A
A haploscope was used to present identical fixation targets in Maxwellian view to the 2 eyes (Fig. 1). The left limb of the instrument could be
rotated horizontally to induce convergence, and the right limb included
a laser optometer to measure the accommodative state of the right eye.
The vergence
stimulus.Black cross-hairs inscribed on clear acrylic
(0,, 0, in Fig. 1) were transilluminated by light from a pinhole source
(-0.5 mm) collimated by an achromatic planoconvex lens (B). The
cross-hairs had a width of - 3 min of arc and the illuminated area was
limited by the stop (S), whose image subtended 20” to the subject.
Maxwellian viewing was used to minimize blurring of the retinal images
due to the accommodative state of the eyes, the pinhole aperture being
imaged in the pupillary plane [assumed to be 3.3 mm behind the pole
of the cornea (Westheimer, 1972)] by a second identical lens (L). The
left eye saw the image reflected by a front-silvered plane mirror (M),
and this whole optical arrangement could be rotated horizontally about
the center of rotation of the left eye (assumed to be - 15 mm behind
the pole of the cornea) to induce disparity and thereby stimulate varying
degrees of convergence. A protractor scale attached to this limb of the
haploscope indicated the amount of rotation. The right eye saw the
image through a beam-splitting cube, which allowed simultaneous viewing of the speckle pattern in a laser optometer.
The cross-hairs were seen as a single fused image, and fixation disparity was assumed to be only a few minutes of arc at most (Carter,
1964) so that the vergence actually achieved (vergence response, Vd
was assumed to approximate the vergence required (vergence stimulus,
Vs).
Laseroptometer.
Accommodative responses (A,) ofthe right eye were
assessed using a laser optometer with Badal lens viewing arranged as
shown in Figure 1 (Hennessy and Leibowitz, 1972). The subject viewed
an expanded laser beam reflected from the surface of a small rotating
drum. The drum was painted matte white, had a diameter of 61 mm,
and rotated about a vertical axis at a rate of -0.01 Hz. The subject saw
a speckle pattern that appeared to move with or against the drum,
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Figure 1. Apparatus used to measure vergence accommodation. Pinholes at A are imaged in the pupillary plane to minimize blur. Crosshairs (O,, 0,) positioned in the collimated beam produced by lens B
are seen through a Badal lens (L): Maxwellian view. The image seen by
the left eye is reflected in a mirror (M), and the experimenter adjusts
the vergence stimulus by rotating the whole assembly about C. The right
eye sees the cross-hairs through a beam-splitting mixing cube (MC)
superimposed on the speckle pattern in a laser optometer. The speckle
pattern is imaged by a Badal lens (BL), with a stop (s) limiting its extent
and an electromechanical shutter (S/z) limiting it in time. The subject
adjusts the position of the drum with respect to the Badal lens to render
the perceived speckle pattern stationary, allowing the subject’s accommodative state to be estimated. HSM, Half-silvered mirror.
depending on the subject’s plane of focus, and he or she was required
to adjust the position of the drum with respect to the Badal lens to
render the pattern stationary. The plane of stationarity is known to be
midway between the center of the drum and its surface (Charman, 1974).
The Badal lens was positioned so that its second focal point coincided
with the nodal point of the eye, which was assumed to be 7.3 mm
behind the Dole of the cornea (Westheimer. 1972). After the subiect had
positioned ihe drum so that the speckle was stationary, a virtual image
of the speckle was seen at distance x’ from the subject’s nodal plane;
this distance could be derived from Newton’s relation xx’ = f, where
fis the focal length of the Badal lens and x is the distance between its
first principal focus and the plane of the speckle. If we neglect the small
(-6 mm) separation of nodal and principal planes, and express x, x’,
and fin meters, then the accommodation of the eye, A, in diopters is
l/x’ (= x/f). An advantage of the Badal lens arrangement is that A is
a linear function of x.
The rotating drum was mounted on an optical bench with a millimeter
scale to allow the investigator to record its position. The Badal lens had
a power of 6.3 D, so that each millimeter on the scale represented -0.04
D of accommodation. The highest level of accommodation that could
be determined reliably was -4.4 D. The speckle pattern was limited by
the stop (S), and subtended -5” to the subject. An electromechanical
shutter controlled by a waveform generator was used to restrict the
subject’s viewing of the speckle to periods of % set, generally with
intervening 1 set intervals; this reduced the likelihood that the speckle
pattern itself would stimulate changes in accommodation.
Testingprocedure. The subject was carefully aligned with the optical
paths in both limbs of the haploscope, and was held in position with
the aid of a chin test and forehead supports. Testing began with the
haploscope set for zero convergence and the drum at the far end of its
scale (equivalent to -2 D accommodation). Using a bracketing procedure involving successive positioning of the drum on either side of
the null position by means of smaller and smaller displacements, the
subject converged on that position at which the speckle pattern appeared
to be stationary. After the subject indicated verbally that he or she
achieved a best estimate of the null position, the experimenter recorded
the position of the drum on the millimeter scale. The subject was then
asked to make another determination, but only after first displacing the
drum to the far end of the scale. After 4 such null determinations were
carried out, the experimenter rotated the left arm of the haploscope to
increase the desired convergence. Subjects were cautioned to maintain
a single, fused image of the cross-hairs at all times. No determinations
were made if the subject reported diplopia. Generally, a complete test
involved 4 determinations at each of 10 desired vergence angles ranging
from 0” to 18”. However, in some of the earlier experiments-especially

those with slower subjects-fewer desired vergence angles were used
after adaptation. In addition, after spectacle adaptation, subjects were
sometimes unable to fuse the 2 images at one or the other extreme of
the range.
Subjects were given practice in order to develop their speed and
reliability before proceeding with the experiment proper. Once confident
of the task, they were urged to follow the same procedure every time,
and most were able to complete a single test run, with 44 determinations,
in 1O-l 5 min.
Data analysis. To facilitate comparisons between subjects and to
provide some estimate of the functional significance of V-A, the measured accommodation, A,, was expressed in terms of the ideal accommodation, A,, which is the accommodation needed to focus the eyes
on that point in space where the 2 lines of sight intersect. The slope of
the regression line relating A, to A, is a dimensionless parameter that
was used as an index of the gain of V-A. Since the accommodative
response was always measured in the right eye, which remained in the
straight-ahead position, convergence resulted entirely from adduction
ofthe left eye. Thus, A, (in diopters) was approximated by the expression
(tan 0)/s, where 0 is the angle (in degrees) between the 2 lines of sight
(assumed to approximate the protractor reading), and s is the interocular
separation (in meters). [We ignore the small (- 13 mm) separation of
principal plane and center of rotation of the eye.] Numerically, the V-A
gain is approximately equivalent to the conventional CA/C ratio (measured in diopters/meter-angle).
The basic method of analysis was a statistical comparison of slopes
and intercepts from linear regression on data from subjects in the normal
and adapted conditions. Linear regression can provide not only estimates of the slope and intercept of a line, but also the standard errors
of those estimates (Brownlee, 1965). Using these values, 2 lines could
be compared in several ways. First, the lines were tested for equality of
slope with a t test (Brownlee, 1965). A separate test was performed to
see if the intercepts were statistically different. In this test, the estimates
of the intercepts and their standard errors were assumed to come from
a population with a normal distribution. The number of degrees of
freedom of that population was reduced by one, since both the slope
and intercept were estimated from the data. A standard t test was used
to test whether these estimates were significantly different (Freund, 1979).
Since adaptation can lead to changes in both gain and bias, it often
can be difficult to interpret differences in the slopes and intercepts. A
new variable, X,, the x-coordinate of the point of intersection of the 2
lines, was calculated to help assess the change in bias: X, = (b, - b,)l
(a, - a,), where b,, b, are y-intercepts and a,, a, are slopes. If the 2
lines differ significantly in bias, then they will intersect at large values
of X,. If the 2 lines differ only in slope, they will intersect at small values
of x,.
In all of these comparisons, it was assumed that the linear regression
model provided a good fit to the data and that the slopes and intercepts
provided a reasonable representation of the data. The validity of this
assumption was assessed in 2 ways. First, the variation of “true group
means about the line” was compared with the variation “within the
groups,” where the groups were formed by the multiple A, values at
each V, value. An F test was then used to assess linearity (Brownlee,
1965). The second method was to determine whether a higher-order
polynomial model gave a significantly better fit to the data than the
linear model. Since the information obtained from the data was limited,
there had to be a tradeoff between reducing the residuals by increasing
the order of the model and including parameters not observable from
the data because of noise. The residuals test assessed whether including
new parameters was justified when the amount of noise in the data was
considered. Since higher-order terms in a polynomial expansion are
orthogonal to lower-order terms, such a test of goodness of fit can be
performed by looking at the correlation between the independent variable, V,, and the residuals from the linear regression (Candy, 1986). A
statistic was formed by correlating the residuals with Vs2. (Note that
linear regression removed all the correlations with V,.) If this yields a
correlation coefficient that is significantly different from 0 @ < 0.05;
Bevington, 1969), a higher-order model would provide a better fit to
the data; otherwise, the linear fit must be considered adequate. Thus,
the first test (“the variance test”) asks whether a linear model accounts
for all of the variations in the data, and the second (“test of residuals”)
whether a nonlinear model would fit the data better. For the linear
model to be rejected, both tests must fail, since if one test does not fail,
the hypothesis of nonlinearity is rejected and the linear model may still
be accepted.
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of accommodative vergence

A haploscope was used to present an accommodative stimulus to the
right eye while the left eye viewed a screen that was blank except for
alignment markings (Fig. 2). These markings were offset vertically to
avoid disparity cues, and were viewed through a mirror-galvanometer
system that, when suitably aligned by the subject, indicated the horizontal position of the left eye and permitted estimation of the vergence
angle (V,). The right limb of the haploscope included a laser optometer
for measuring the accommodative state of the right eye.
Accommodation
stimulus.The subject’s right eye viewed back-illuminated black cross-hairs via a 7.35 D Badal lens. The experimenter
set the accommodative stimulus by adjusting the position of the crosshairs with respect to the Badal lens. The dioptric challenge to the subject
is determined by the distance between the image of the cross-hairs and
the nodal point of the subject’s eye, and is given by the expression xF”,
where x is the distance in meters between the target and the first focal
plane of the Badal lens and F is the dioptric power of the latter (see
above for the derivation from Newton’s relation). The advantages of
this arrangement are that the dioptric challenge is a nearly linear function
of target displacement, while the size and illuminance of the retinal
image are constant (Campbell and Westheimer, 1960). The cross-hairs
had a width of - 2 min of arc and extended for - l”, while the remainder
of the field was masked off with a black card. This accommodative
stimulus was seen through a beam-splitting cube, which allowed simultaneous viewing of the speckle pattern in a laser optometer, permitting measurement of the subject’s accommodative response, exactly
as described earlier.
Vergence
measurement.
The left eye faced a featureless black background and viewed a black screen off to one side through a half-silvered
mirror that was mounted on a servomotor (General Scanning, G-300PD)
and rotated about a vertical axis. A vertical white line was inscribed on
the small screen visible through the mirror. The subject could rotate
the mirror by adjusting a IO-turn potentiometer that controlled the DC
bias in the servoloop, and could thereby accurately align the white line
seen by his or her left eye with the cross-hairs seen by the right eye. To
eliminate disparity cues, the central 3” of the white line-including
the
1” contiguous with the cross-hairs-was
blacked out. The position of
the mirror was monitored by recording the output ofthe servotransducer
with a digital voltmeter. The latter was calibrated in relation to horizontal rotations ofthe subject’s left eye by means ofa sighting technique:
The background screen was removed, revealing a scale calibrated in
terms of angular rotation about the center of rotation of the left eye;
the subject adjusted the DC bias to align the image of the white line
with the distant scale, while the experimenter read the digital voltmeter.
This revealed that the transducer output was linearly related to the
angular rotation of the eye, with a range of >25” and a resolution of
- 1 min of arc.
Testingprocedure.Before proceeding with the measurement of the
A-V response the first task was to calibrate the mirror-galvanometer
in
terms of the rotation of the left eye, using the sighting technique described above. Then the experimenter set the accommodative stimulus
to the desired level by positioning the cross-hairs in relation to the Badal
lens. The subject was asked to focus carefully on the cross-hairs while
positioning the drum in the optometer so that the speckle was stationary
and adjusting the mirror so that the white line was aligned with the
cross-hairs. The experimenter noted the readings on the optometer scale
and the digital voltmeter. The subject was then asked to repeat the
adjustments, but only after first displacing the drum and mirror to the
end of their ranges. After 4 such determinations, the experimenter adjusted the accommodation stimulus to a new level by repositioning the
cross-hairs. Generally, a complete test involved 4 such measurements
for each of 10 accommodative stimuli, ranging from 0 to 4.5 D. After
practice, most subjects were able to complete a single test run in < 15
min.
Pilot studies had revealed that, after adaptation, subjects sometimes
showed some recovery during the initial test run. This caused the measured A-V response to become nonlinear if the sequence of data collection involved progressively increasing or decreasing accommodative
stimuli. This effect was less pronounced when the sequence was randomized, though at the expense of increased scatter. Except in some
pilot experiments, when progressively increasing stimuli were used, a
random sequence was employed.
Dataanalysis.As with the V-A data, the A-V response measures were
expressed in terms ofthe ideal response, that is, the convergence needed
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Figure2. Apparatus used to measure accommodative vergence. The
right eye sees cross-hairs (0,) through a Badal lens (L), and these are
superimposed on the speckle pattern in a laser optometer by means of
a beam-splitting mixing cube (MC). The latter was arranged exactly as
in Figure 1, and permitted estimation of the accommodative state of
the subject’s right eye. The experimenter varies the accommodative
stimulus by adjusting the position of the cross-hairs with respect to the
Badal lens. The left eye sees a black screen (0,) with a vertical white
line (offset) through a mirror mounted on a servocontrolled galvanometer (MC). The subject adjusts the mirror-galvanometer
to align the
white line seen by the left eye with the cross-hairs seen by the right eye,
permitting the experimenter to estimate the subject’s vergence state. See
Figure 1 for other abbreviations.
to align both eyes on that point in space upon which the eyes are focused.
The slope of the regression line relating the measured vergence (V,) to
the ideal (V,) is a dimensionless parameter that was used as an index
of the gain of A-V. Since the convergence was achieved entirely by
adduction of the left eye, V, (in degrees) was approximated by the
expression tan-l(sA,), where s was the interocular separation (in meters)
and A, was the accommodative response (in diopters). (Again, we ignore
the small separation of principal plane and center of rotation.) It should
be noted that a gain measure was preferred over the conventional response AC/A measure (in prism-diopters/diopter)
because it allowed
direct comparisons between subjects with different interocular separations. The response AC/A can be estimated by multiplying the A-V gain
by the interocular separation (in centimeters).
Once more, the data analysis involved statistical comparison of the
slopes and intercepts from a linear regression on data from subjects in
the normal and adapted conditions. These calculations were carried out
exactly as described for the V-A data. In addition, the residuals from
the linear regression were used to determine whether a higher-order
model gave a significantly better fit to the data than did the linear model.
Since the regression in the present case involved 2 dependent variables,
V, and V, (the latter being derived from the dependent variable A,),
the F test could not be used to directly assess the linearity.
qesults

Vergence accommodation responses
Linearity
Accommodation-induced convergence, A,, and ideal accommodation, A,, were highly correlated, but the relationship was
linear only to a first approximation. Serious deviations from
linearity occurred at low levels of convergence,when A, tended
to level of, a typical example of this is seenin Figure 3B. This
leveling off was seenin 32 of 38 testscarried out on 8 subjects
before adaptation, and the value of A, when A, waszero ranged
from 0 to 1.94 D (mean, 0.45 D). Becauseof this problem, the
data obtained with low levels of convergence were excluded
from the quantitative analyses.After this treatment, the mean
correlation coefficient beforeadaptation was0.989 (range,0.9670.998, n = 38) and, after adaptation, 0.982 (range,0.910X1.996,
n = 111). However, about % of the data setsobtained before
adaptation still showedsignificantdeviations from linearity when
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Figure
3. Effect of wearing laterally
displacing periscopic spectacles on the
vergence accommodation responses of
2 subjects. Ordinates show accommodative response, as estimated with the
laser optometer (A,). Abscissae show
accommodative state that would be required to focus the eyes on that point
in space where the 2 lines of sight intersect (A,). The straightlinesare leastsquare best fits; see Table 2 for the
regression coefficients. In B, the regression lines have been extrapolated beyond the range used for the data fits
(indicated by the dashed
line).Error bars
indicate HE when equal to or greater
than 0.07 D.
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assessed with the variance test: p > 0.05 in 26 of 38 tests(68%).
The situation was very similar after subjectshad adaptedto the
various optical devices: p > 0.05 in 17 of 24 tests(70%). Nonetheless,sincethe test of residualsindicated that, in all casesboth
before and after adaptation, a higher-order model did not provide a better fit, the linear approximation was accepted as an
adequaterepresentation for our present purpose.

Preadaptation responses
Prior to adaptation, the gain of the V-A response,as indicated
by the slope of the linear regressionfor A, versus A,, ranged
from 0.55 to 1.19 (mean, 0.89) with y-intercepts ranging from
- 1.56 to 1.24 D (mean, -0.18 D). In the short term, V-A
responses for a given subject showed

very little variability.

For

example, for consecutive test runs separatedby a few hours at
most, the differencesin the gains (expressedas a percentageof
the first measure)ranged from -8.4 to 9. I%, and the changes
in the y-intercepts ranged from -0.21 to 0.28 D (n = 13 pairs).
The meanabsolutedifferencesin the gainsand y-intercepts were
only 4.3% f 3.4 (SD) and 0.13 D f 0.09 (SD), respectively.
However, in the long term, subjectscould show considerable
variability. The 4 subjectsfrom whom data were obtained on
more than 1 d showedgains ranging from 0.62 to 1.14 (subject
SC), 0.65 to 0.94 (JG), 0.64 to 1.07 (KG), and 0.55 to 0.85 (JH).
Efects of laterally displacingperiscopes
At first, subjectsreported diplopia and/or blurring when objects
nearer than -2 m were viewed through the laterally displacing
periscopic spectacles.However, by the end of the 30 min adaptation period, all reported that they wereable to obtain single,
sharp images over the full binocular range of the spectacles
(viewing distances,-0.3 m and beyond). In 12 experimentson
8 subjects,linear regressionrevealed that the gain of the V-A
responsedecreasedsignificantly in all cases.Representativedata
obtained before and after adaptation from 2 subjectsare shown
in Figure 3. Note that in Figure 3B there is a significant downward shift in the whole curve, as well as a decreasein slopea common finding. The data from the regressionanalysesfor
all 12 experiments are summarized in Table 2. The decreases
in slope, i.e., gain, ranged from 17 to 55%, averaging 37%.
Significant downward shifts, suchasthat seenin Figure 3B, were
evident in 7 of 12 experiments, where the mean changein the
y-intercepts was -0.7 1D (range, -0.41 to - 1.29 D), and values
for X, were invariably negative (range, - 1.3 to -6.7 D). In 2
of 12 experiments, there were significant increasesin the y in-

I*

,wcommodation

(D)

tercepts (upward shifts of 1.13 and 0.35 D), but values for X,
were within the normal operating range(2.4 and 0.9 D). Thus,
in these2 cases,adaptation resulted in a clockwise rotation of
the responsecurves. In the remaining 3 experiments, there were
no significant changesin the y-intercepts and values for X, were
closeto zero, indicating a pure downward tilting of the response
curves. Figure 3A showsan example of this type of response,
which approximates a pure gain change. None of the changes
in gain were significantly correlated with either the gain prior
to adaptation (r = -0.52) or the change in y-intercept (r =
-0.30).
Following adaptation, each subject’sleft eye was patched to
prevent

binocular

experience,

and their

V-A

responses

were

testedfor up to 4 hr (Fig. 4). All 6 subjectswho were monitored
for 30 min or more showedsomerecovery in gain, which proceededroughly linearly over time in 4 of the 5 subjectsfor whom
3 or more measureswere obtained. (The only clear exception
to this wassubjectJW, whoserecovery wasquite irregular.) The
average rate of recovery, basedon the slope of the regression
line fitted to the data in Figure 4A, was 5.4%/hr. Four of the
subjects whose response

curves had shown

significant

vertical

shifts (bias) with adaptation were among those whoserecovery
wasmonitored. Recovery of the biasin thesecases,asindicated
by the y-intercept, wasidiosyncratic, with one being linear (SC)
and at least one other being roughly exponential (KG; seeFig.
4B).
Efects of cyclopean spectacles
As with the laterally displacing periscopic spectacles,subjects
who wore the cyclopean spectaclesinitially reported diplopia
and/or blurring with near viewing, with an effective near point
of -2 m. By the end of the 30 min adaptation period, subjects
had decreasedtheir near point down to -0.5 m. However, the
effects of cyclopean spectacleson the gain and bias of the V-A
responseswere relatively minor and inconsistent: In 4 experiments carried out on 3 subjects,statistically significant changes
in gain were seenin all cases,but thesechangeswere invariably
small, ranging from 10 to -2 1% (mean, - 12%). Significant
changesin bias,asindicated by the y-intercept, werealsoevident
in 3 of the experiments, but only averaged 0.32 D (range, 1.14
to -0.32 D). Further details are given in Table 2.
Effects of base-outprisms
The effect of wearing base-out prisms was examined in 3 experiments on 2 subjects. Both subjects reported some initial
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Table 2. Effect of various optical devices and “exercise” on V-A responses
Slope
Subject

Date

After (SE)

Before (SE)

After (SE)

Change (p)

(0.024)
(0.012)
(0.013)
(0.013)
(0.041)
(0.013)
(0.035)
(0.027)
(0.019)
(0.030)
(0.044)
(0.035)
(0.026)

0.64
0.53
0.56
0.65
0.66
0.38
0.64
0.47
0.41
0.46
0.53
0.39
0.53

(0.021)
(0.025)
(0.016)
(0.016)
(0.038)
(0.011)
(0.043)
(0.031)
(0.024)
(0.024)
(0.035)
(0.025)
(0.026)

-29 (0.001)
- 17 (0.001)
-29 (0.001)
-36 (0.001)
-42 (0.001)
-44 (0.00 1)
-27 (0.001)
-45 (0.001)
-25 (0.001)
-43 (0.001)
-55 (0.001)
-51 (0.001)
-37

-0.20
0.07
0.21
-0.18
-1.40
0.30
-0.29
0.28
0.60
1.24
-0.32
0.43
0.06

(0.085)
(0.040)
(0.042)
(0.039)
(0.145)
(0.042)
(0.134)
(0.073)
(0.054)
(0.052)
(0.103)
(0.086)
(0.075)

-0.90
-0.69
-0.38
-0.87
-0.27
0.28
-0.41
0.63
0.19
-0.05
-0.39
-0.09
-0.25

(0.075)
(0.084)
(0.051)
(0.053)
(0.126)
(0.034)
(0.165)
(0.083)
(0.073)
(0.069)
(0.107)
(0.072)
(0.083)

-0.70
-0.76
-0.59
-0.69
1.13
-0.02
-0.12
0.35
-0.41
-1.29
-0.07
-0.52
-0.31

(0.0001)
(0.0001)
(0.0001)
(0.0001)
(0.0001)
(NS)
(NS)
(<O.Ol)
(<0.0001)
(<O.OOOl)
(NS)
(<O.OOOl)

-2.7
-6.7
-2.6
-1.9
2.4
c-o.1
-0.5
0.9
-2.8
-3.7
-0.1
-1.3

(0.015)
(0.025)
(0.015)
(0.028)
(0.021)

0.73
0.85
0.89
0.53
0.75

(0.016)
(0.013)
(0.024)
(0.05 1)
(0.026)

-15 (0.001)
-21 (0.001)
10 (0.001)
-20 (0.001)
-12

0.01
-0.72
-0.34
0.88
-0.04

(0.053)
(0.077)
(0.054)
(0.099)
(0.07 1)

0.00
-0.26
-0.66
2.02
0.28

(0.053)
(0.044)
(0.086)
(0.162)
(0.086)

-0.01
0.46
-0.32
1.14
0.32

(NS)
(<O.OOOl)
(<O.OOl)
(<0.0001)

-0.1
2.1
4.0
8.4

(0.027)
(0.018)
(0.020)
(0.022)

0.64
0.87
0.50
0.67

(0.022)
(0.035)
(0.025)
(0.027)

-40 (<O.OOl)
- 10 (0.01)
-38 (<O.OOl)
-29

-0.60
-0.54
-0.69
-0.61

(0.082)
(0.060)
(0.076)
(0.073)

-1.12
-2.06
-0.77
-1.32

(0.073)
(0.142)
(0.115)
(0.110)

-0.52 (~0.01)
- 1.52 (<O.OOOl)
-0.08 (NS)
-0.71

-1.2
-15.9
-0.3

(0.023)
(0.017)
(0.030)
(0.023)

0.83
0.88
0.86
0.86

(0.023)
(0.023)
(0.029)
(0.025)

5 (cO.05)
-9 (0.001)
1 (NV
-1

-0.57
-0.29
-0.16
-0.34

(0.084)
(0.049)
(0.098)
(0.077)

-0.20
-0.07
0.04
-0.08

(0.082)
(0.066)
(0.094)
(0.08 1)

0.37 (<0.0001)
0.22 (cO.01)
0.20 (NS)
0.26

-8.4
2.4
-34.3

(0.0 13)
(0.025)
(0.019)

0.71 (0.014)
0.82 (0.012)
0.77 (0.013)

-24 (0.001)
-22 (0.001)
-23

Before (SE)

Laterally displacing periscopes
KG
15 July
0.90
17 July
0.64
22 July
0.79
27 July
1.02
SC
16 July
1.14
JG
23 July
0.68
ML
24 July
0.88
JH
15 Dec.
0.85
18 Dec.
0.55
AP
15 Dec.
0.80
GH
19 Dec.
1.18
JW
24 Dec.
0.80
Means
0.85
Cyclopean
KG
23 July
0.86
30 July
1.07
JG
3 Aug.
0.81
0.66
SC
7 Aug.
Means
0.85
Base-out prisms
KG
24 July
1.06
0.97
29 July
JG
4 Aug.
0.80
Means
0.94
Base-in prisms
KG
17 July
0.79
28 July
0.97
JG
19 Aug.
0.85
Means
0.87
Exercise
JG
28 July
0.94
KG
31 July
1.05
Means
1.00

Intercept
% Change
@)

-0.36 (0.043)
-0.42 (0.072)
-0.39 (0.058)

-0.20 (0.046)
-0.35 (0.038)
-0.28 (0.042)

0.16 (~0.01)
0.07 (NS)
0.12

Intersect
(4)

0.7
0.3

Regression coefficientsfor A, versus A,; slopes are dimensionless, while intercepts and intersects (X,) are in diopters.

difficulty in obtaining single,sharp imagesof objectswith these
spectacles,but this problem apparently cleared up within a few
minutes. After 30 min of exposureto the prisms, V-A response
curves showed a downward shift that was particularly evident
with the higher-vergencestimuli; at the lower end of the vergencestimulusrange,accommodation tended to level off at some
minimum. These effects are evident in Figure 5, which shows
responsecurves before and after adaptation for both subjects.
Linear regressionapplied to the data in this upper stimulusrange
revealed a statistically significant decreasein the slope in all 3
experiments, accompaniedby a negative shift in the y-intercept
in 2 instances.In the latter 2 cases,X, had negative values. The
data from these regressionplots are summarized in Table 2.
Clearly, the responseto base-out prisms resembledthat to laterally displacingperiscopes,though, on average,the prismshad
a greater effect on the bias while the periscopeshad a greater
influence on the gain.
Following adaptation, the subjects’left eyeswere patched to
prevent binocular experience, and their V-A responseswere
tested at intervals for up to 4% hr (Fig. 6). The recovery in gain

in the 2 casesthat showedappreciableadaptation wassomewhat
irregular. An estimate of the average rate of recovery was obtained from the slopeof the regressionline fitted to thesedata:
3.5%/hr. So far asthe recovery of the intercept was concerned,
the only casein which the downward shift in the curves resulted
in an appreciable negative change in the intercept showedan
initial phaseof rapid recovery, followed by a more gradual one
(triangles in Fig. 6).
Effects of base-inprisms
The effect of wearing base-in prisms was examined in 3 experiments on 2 subjects.Both subjects reported difficulty in obtaining single, sharp imagesof distant objects with these spectacles. At first, the far point was only a meter or so away, and
this moved out to a few meters during the 30 min adaptation
period. The effects of base-in prisms on V-A responseswere
very minor, with negligible changesin the slope and small,
upward shifts in the intercept in 1 of the 2 subjects.The data
from the regressionplots are summarized in Table 2.
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carried out on 2 subjects-those for whom the most data were
available-and both showedvery similar effects. Linear regression revealed a moderate decreasein gain (22 and 24%), with
a negligiblechangein bias; for details seeFigure 7 and Table 2.
The recovery in gain during monocular viewing after the period
of exercise was quite rapid, being complete within 30 min in
both cases(Fig. 8).
Accommodative vergence responses
Linearity
Accommodative vergence,V,, and ideal vergence,V,, werehighly
correlated: the mean correlation coefficient before adaptation
was 0.976 (range, 0.941-0.994, n = 31) and after was 0.980
(range, 0.943-0.996, n = 64). However, since V, and V, were
both dependentvariables, it wasnot possibleto usethe analysis
of variance to test directly for nonlinearities in their interrelationship. Nonetheless,the test of residualsindicated that in all
cases(before and after adaptation), a higher-order model did
not provide a better fit; hence the linear approximation was
acceptedasan adequaterepresentationfor our presentpurpose.

Preadaptation responses
In 31 tests on 7 subjects, the gain of the A-V response,as
indicated by the slopeof the linear regressionfor V, versus V,,
ranged from 0.48 to 1.35 (mean, 0.94), with intercepts ranging
from - 1.19”to 2.47” (mean,0.52”). It wasnot usualto run more
than one preadaptation test. However, in the 8 experiments
where 2 such tests were performed, the differences in the 2
measuresof gain (expressedaspercentagesof the first measure)
Time (minutes)
ranged only from -9.4% to 4.5%, while the differencesin the
y-intercepts ranged only from - 1.06” to 0.44”. The mean abFigure 4. Recoveryof vergenceaccommodation
responses
after exsolute differencesin thesegains and y-intercepts were 3.2% f
posureto laterallydisplacingperiscopic
spectacles
(monocularviewing).
3.1 (SD) and 0.46” f 0.34” (SD), respectively. Thus, in the short
A, Recoveryof gain,asindicatedby the slopeof the regression
line for
term (a few hours at most), A-V responsesfor a given subject
A, versusA,, expressed
asa percentage
of the preadaptation
gain.B,
Recoveryof bias,asindicatedby they-interceptof the linearregression showedlittle variability. In the long term this was not so: The
for A, versusA,. Cross-hatching indicatesthe adaptationperiod.
5 subjectsfrom whom data were obtained on more than 1 d
showedgains ranging from 0.78 to 0.90 (subject JH), 0.79 to
1.35(JG),0.65to0.99(SJ),0.48to0.89(GH),and0.86to1.12
Efects of exercise alone
(JW.
Since the subject was required to repeatedly transfer fixation
Efects of laterally displacingperiscopes
between objects at various viewing distancesthroughout the
adaptation period, it is possiblethat performing such exercises Linear regressionrevealed that 30 min of exposure to the latmight have affected V-A responseseven when the subject was
erally displacingperiscopic spectacleswas sufficient to increase
not wearing any of the specialspectacles.This control was only
the gain of the A-V responsesignificantly in 7 of 8 experiments

Figure 5. Effect of wearingbase-out

prism spectacles
on the vergenceaccommodationresponses
of 2 subjects.
Ordinates,abscissae,
error bars, and
otherdetailsasfor Figure3. Note that
afteradaptation,neithersubjectwasable
to fusethe zero vergencetargetsin the
test apparatus;subjectJG also could
not fusethe vergencetargetscallingfor
an idealaccommodation
of 0.58D.

1 .d_,_.
__.._
&2
f)_.
:..::::
___:
::..,:::::::::::
. .. .. .. .. ..~
_..
,_..
,___..
/’
_/
/.:::...
-12
JG 4 Aug

0

Ideal

Act

ommodation

1

2

(D)

3

4

5

6

The

A.

Change

in Slope

Journal of Neuroscience,

Change

August

1987, 7W 2583

in Slope

. .

I.......*.,

100
0

Time
B.

Change

200
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Figure 8. Recovery of vergence accommodation gain after exercise
(monocular viewing). Gain, as indicated by the slope of the regression
line for A, versus A,, expressed as a percentage of the preexercise gain.
Cross-hatching indicates the period of exercise.

in Intercept

in gain were not significantly
correlated with either the gain
prior to adaptation (r = -0.16) or the changein y-intercept (r =
-0.43).

Time

(minutes)

Figure 6. Recovery of vergence accommodation responses after exposure to base-out prism spectacles (monocular viewing). Details as in
Figure 4.

carried out on 7 subjects.Representative data from 2 subjects
are shown in Figure 9, and the regressioncoefficientsfor all data
are summarized in Table 3. The increasesin gain rangedfrom
59 to 122%(average, 77%), and changesin the y-intercept were
quite small in 5 of 7 cases.In the 2 remaining cases(and also
in the experiment that showedno significant gain change),there
were upward shifts of the curves, with significant changesin the
y-intercepts and values for X, that were well outside the normal
operating range (seethe data for subjects SJ, GH, and JH in
Table 3) (data for JH are also shown in Fig. 9A). The changes

These effects of periscopic spectacleson A-V responsesare
similar to thosepreviously reported for the stimulusAC/A (Judge
and Miles, 1985). In fact, the increasesin gain are somewhat
higher in the presentstudy. One possiblereasonfor this difference might have been that the spectacleadaptation causeda
decreasein the slope of the stimulus-responserelationship for
accommodation. However, this seemsunlikely: in the present
study, the slopeof the regressionline for A, versusA, generally
showedrelatively minor changeswith adaptation, actually increasing,on average, by 5.3% (range, -2.2-16.3%). Representative data can be seenin Figure 10, which showsthe stimulusresponserelationship for accommodation for the experiments
illustrated in Figure 9.
Three of the subjects who showed significant increases in A-V
gain wore a patch over one eye after adaptation and the time
course of their recovery was monitored. In all 3 cases,gain
showedan initial phaseof rapid recovery (averageslope,about
-8O%/hr), after which recovery was more gradual (Fig. 11).
Two of the subjectswere monitored until they were fully recovered, which took lessthan 3Y2 hr for both gain and bias.

A
c
0

6

Ideal

Accommodation

(D)

Figure 7. Effect of exercise (without
any special spectacles) on the vergence
accommodation responses of 2 subjects. Ordinates, abscissae, error bars,
and other details as for Figure 3.
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Table 3. Effect of various optical devices and “exercise” on A-V responses
Intercept

Slope
Subject

Date

Periscopes
SJ
20 Nov.
GH
21 Nov.
AP
21 Nov.
JW
26 Nov.
JW
19 Jan.
JH
12 Jan.
UK
1 Dec.
JG
8 Jan.
Means
Means
Cyclopean
JH
14 Jan.
*JH
15 Jan.
JG
15 Jan.
*JW
5 Feb.
Means
Base-out
prisms
GH
5 Dec.
JH
7 Jan.
JW
21 Jan.
JG
9 Jan.
JG
12 Feb.
Means
Base-in prisms
JH
8 Jan.
JW
28 Jan.
JG
29 Jan.
Means
Exercise
SJ
5 Dec.
JH
8 Jan.
JG
19 Feb.
Means
Regression

Figure 9.

coefficients

(SE)

After

(SE)

0.99
0.48
1.09
1.07
1.07
0.90
0.64
0.91
0.89

(0.044)
(0.021)
(0.070)
(0.038)
(0.058)
(0.028)
(0.030)
(0.019)
(0.039)

0.97
1.06
2.26
2.36
1.78
1.43
1.02
1.64
1.57

(0.037)
(0.030)
(0.136)
(0.060)
(0.074)
(0.036)
(0.026)
(0.034)
(0.054)

-2
122
107
121
66
59
59
80
77

0.90
0.85
0.88
1.12
0.94

(0.031)
(0.030)
(0.029)
(0.037)
(0.032)

0.86
1 .OO
1.05
1.24
1.04

(0.030)
(0.029)
(0.024)
(0.044)
(0.032)

-4
18
19
11
11

0.89
0.80
0.87
1.13
1.16

(0.022)
(0.015)
(0.027)
(0.025)
(0.042)

0.97 (0.026)

0.58
1 .OO
1.25
1.38
1.13
1.07

(0.026)
(0.028)
(0.048)
(0.027)
(0.042)
(0.034)

-35
25
44
22
-3
11

0.86
1.03
1.35
1.08

(0.023)
(0.054)
(0.058)
(0.045)

1 .OO
1.05
1.33
1.13

(0.024)
(0.043)
(0.066)
(0.044)

2 (NS)
- 1 (NS)
6

0.65
0.78
0.98
0.80

(0.049)
(0.018)
(0.041)
(0.036)

0.79
0.89
0.96
0.88

(0.054)
(0.021)
(0.039)
(0.038)

22 (NS)
14 (0.001)
-2 (NS)
11

Before

for V, versus V,; slopes are dimensionless,

Effect of laterally
displacing
periscopic
spectacles
on the accommodative
vergence responses of 2 subjects.
Ordinates
show vergence
response, as estimated
from the alignment
of the mirror-galvanometer
(V,). Abscissae show vergence
state that would
be required
to align both eyes on that
point in space where the right eye is
focused (V,). The straight lines are leastsquares best fits; see Table 3 for regression coefficients.
Error bars indicate
&SE when equal to or greater than 0.25”.

% Change

(p)

(SE)

After

(NS)
(0.001)
(0.001)
(0.001)
(0.001)
(0.001)
(0.001)
(0.00 1)

-0.54
2.47
2.20
-0.10
-0.38
1.32
-1.18
0.45
0.53

(0.363)
(0.148)
(0.266)
(0.289)
(0.434)
(0.201)
(0.248)
(0.164)
(0.264)

3.68
5.24
3.40
-2.07
- 1.58
4.97
- 1.74
-0.78
1.39

(0.306)
(0.211)
(0.535)
(0.450)
(0.569)
(0.267)
(0.239)
(0.299)
(0.360)

4.22
2.77
1.20
-1.97
- 1.20
3.65
-0.56
- 1.23
0.86

(<O.OOOl)
(<O.OOOl)
(NS)
(cO.05)
(NS)
(<O.OOOl)
(NS)
(<O.OOl)

308.7
-4.8
-1.0
1.5
1.7
-7.0
1.5
1.7

(NS)
(~0.01)
(0.001)
(NS)

1.88
1.75
1.27
-0.18
1.18

(0.237)
(0.219)
(0.242)
(0.285)
(0.246)

1.04
6.73
-0.52
2.40
2.41

(0.225)
(0.225)
(0.204)
(0.355)
(0.252)

-0.84
4.98
-1.79
2.58
1.23

(~0.05)
(<O.OOOl)
(10.0001)
(<O.OOOl)

-21.0
-34.9
10.8
-22.4

(0.001)
(0.00 1)
(0.001)
(0.001)
(NS)

0.14
0.98
-0.31
-0.62
-1.19
-0.20

(0.174)
(0.109)
(0.224)
(0.211)
(0.361)
(0.216)

9.50
8.32
5.08
3.72
4.90
6.30

(0.199)
(0.203)
(0.411)
(0.207)
(0.367)
(0.277)

9.36
7.34
5.39
4.34
6.09
6.50

(<O.OOO 1)
(10.0001)
(<0.0001)
(<0.0001)
(<O.OOOl)

30.2
-36.7
-14.3
-17.2
237.8

16 (0.001)

while intercepts

1.49 (0.171)
- 1.11 (0.446)
0.5 1 (0.309)
0.30 (0.309)
1.67
1.65
0.08
1.13

(SE)

(p)

-0.96
-4.70
-8.01
-4.56

(0.183)
(0.348)
(0.390)
(0.307)

-2.45
-3.59
-8.52
-4.85

(<O.OOOl)
(<0.0001)
(<O.OOOl)

-0.21
0.91
- 1.04
-0.11

(0.412)
(0.158)
(0.336)
(0.302)

-1.88
-0.74
-1.12
-1.25

(cO.01)
(10.01)
(cO.05)

(0.374)
(0.141)
(0.348)
(0.288)

and intersects (A’,) are in degrees. *Combined

.

Ideal

Change

Intersect
(X)

Before

Vergence

(degrees)

with base-out

17.9
189.7
-355.8

13.4
6.4
-51.4

prism.
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Figure 10. Effect of laterallydisplac-

Accommodation

Stimulus

ingperiscopicspectacles
on theaccommodationstimulus-response
relationshipof 2 subjects.The dotted line has
a sloneof unity. Error bars, tSE when
equaito or greaterthan 0.06 D.

(D)

Efects of cyclopean spectacles
The 2 subjectswho wore the cyclopean spectaclesfor 30 min
showed little effect. Linear regressionapplied to V, versus V,
revealed only minor changesin gain and bias: a small negative
shift in y-intercept (-0.84” and - 1.79”), and a small increase
in gain (19%) in one subject (JG) (seeTable 3 for details).
As mentioned earlier, subjectshad difficulty in obtaining single, sharp imageswhen viewing nearby objects through the cyclopean spectaclesand were never able to overcome this problem entirely. In 2 further adaptationexperiments,base-outprisms
were added to the cyclopean spectaclesto improve the subject’s
ability to fuse nearby objects. (Note that these data are tagged
with an asteriskin Table 3.) The only really significant effect of
adding the prisms was to causean upward shift in the curves,
which wasclearly reflected in an increasein the y-intercept (4.98”
and 2.58”). Gain was still little affected, however, showingonly
a small change (increase)in 1 of the 2 subjects(18%). Values
for X, were substantial(and negative).
Effects of base-outprisms
In 5 experimentson 4 subjects,base-outprismsinvariably caused
appreciableupward shifts in the A-V responsecurves. Figure
12 showsrepresentative data from 2 subjects.Linear regression
applied to V, versus V, revealed increasesin the y-intercept
averaging 6.5” (range, 4.34”-9.36”), while the intersections, X,,
were all well outside the normal operating range (seeTable 3
for details). There were alsoeffectson gain, but thesewere more
variable, with increasesranging from 22 to 44% in 3 experiments, and a decreaseof 35% in a fourth experiment. Note also
that subjectJG showeda 22% increasein gain and a 4.3” increase
in y-intercept after wearing base-out prisms for the first time,
but on a secondoccasion,no significant gain changeswere seen
and the y-intercept increasedby 6.1”.
Recovery during monocular viewing was monitored in 4 experiments, the y-intercept decaying back towards its preadaptation level with a roughly exponential time course (Fig. 13B).
Recovery of gain was quite variable, with one subject (JG) actually drifting away from his preadaptation level and a second
(JH) showing little changein a period of 7 hr (seeFig. 13A).

vealed decreasesin the y-intercept that averaged 4.85”, and
intersectsX, that were well outside the normal operating range.
A changein gain was seenin only one experiment: a modest
increase(16%) in subject JH. Further details can be seenin
Table 3.
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Recoveryof accommodativevergenceresponses
after exposureto laterallydisplacing
periscopic
spectacles
(monocularviewing).
A, Recoveryof gain,asindicatedby the slopeof the regression
linefor
V, versusV,, expressed
asa percentage
of the preadaptationgain.B,
Recoveryof bias,asindicatedby the y-interceptof the linearregression
for V, versusV,. Cross-hatching indicatesthe adaptationperiod.
Figure Il.

Efects of base-inprisms
In 3 experimentson 3 subjects,the useof base-inprismsresulted
in downward shifts in the A-V responsecurves, with only minor
changesin slope. Linear regressionapplied to V, versusV, re-

A.
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Figure 12. Effect of base-out prism
spectacles on the accommodative vergence responses of 2 subjects. Ordinates, abscissae, and other details as in
Figure 9.

Eflects of exercisealone
The effect of repeatedly transferring fixation between objects at
various viewing distanceswhen not wearing any special spectacles was examined in 3 subjects.Thirty minutes of such exercise had only minor effects on A-V responsecurves. Linear
regressionrevealed small negative changesin the y-intercepts
(mean change, - 1.25”) but only 1 subject showeda significant
changein gain and that was quite small (14% increase).These
data are summarized in Table 3.
Discussion
The objective of the presentstudy wasto examinethe hypothesis
that the gain and bias of the neural cross-couplingsbetweenthe
accommodation and vergence control systemsare subject to
independent adaptive control. To this end, experiments examined the effects of wearing medially and laterally displacing
periscopes,which alter the slope (or gain) of the desired relationship betweenaccommodation and vergence,and of wearing
base-inand base-outprisms,which alter the desiredbiasin this
relationship. Laterally displacingperiscopesled to decreases
and
increasesin the gains of V-A and A-V responses,respectively,
exactly in accordancewith the hypothesis. On the other hand,
medially displacing periscopes(cyclopean spectacles)were almost totally ineffective. Base-outprisms generallyled to appropriate vertical shifts-that is, to changesin bias-of both V-A
and A-V responsecurves, while base-in prisms were only effective in shifting the A-V curves.
Thesefindingsimply that the neural cross-linksbetweenvergenceand accommodation are subjectto adaptive regulation, but
that the underlying mechanismshave marked asymmetries. It
is possible,of course, that the 30 min adaptation period used
in the presentstudy wasnot alwaysadequateand that adaptation
would have been more universal with longer exposure times.
Another possiblefactor is rate of recovery: It is known that the
recovery following adaptation to wedgeprismscan be very rapid, and in somecasesis complete within a matter of seconds
(Schor, 1979a), which would be much too soon for the techniques used in the present study to detect the original change.

Ideal

Vergence

(degrees)

Rapid recovery might explain why subjectsreported marked
improvements in their ability to seeclearly with the cyclopean
spectacles,while measurementsof their V-A and A-V responses
failed to show any evidence of significant adaptation. Clearly,

vh
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Figure 13. Recovery of accommodative vergence responses after exposure to base-out prism spectacles (monocular viewing). Details as in
Figure 11.
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Figure 14. Blockdiagramof thevergence
andaccommodation
controlsystems
showingtheneuralcross-links
that areassumed
to underlievergence
accommodation
(via gainelementG,,) and accommodative
vergence(via gainelementG,,). Leakyintegratorshavebeenincorporatedinto the
forwardnathsof both controllers.their transferfunctionsbeineshownin Laplacenotation,wheres is the Laplacecomplexfrequency(afterSchor
et al., 1986).

the present negative findings cannot be viewed as strong evidence against the existence of an adaptive mechanism.However, another feature of the data was that gain changeswere
often accompaniedby changesin bias, and vice versa: Laterally
displacingperiscopesoften causedvertical shifts similar to those
seenwith base-out prisms (but seesubject GH in Table 2 for
an exception), while the latter could affect the slope, generally
in a manner resemblingthe effect of laterally displacing periscopes.These secondary effects of periscopesand prisms were
lesspronounced than the primary effects, but nonethelessindicate a certain lack of specificity in the sensingof gain and bias
errors.
Further discussionof suchcomplexities necessitatesmore detailed considerationof the structural organization of the system.
Figure 14 is a block diagram of the vergence and accommodation control systems,with cross-linksmediating V-A and A-V
responses.Our hypothesis is that the gainsof thesecross-links,
G,, and G,,, are subjectto adaptive regulation and mediatethe
gain changesassociatedwith exposure to periscopicspectacles.
Following the suggestionof Schor and his colleagues,we placed
leaky integrators with long time constantsin the forward paths
of both the vergence and accommodation control systemsto
mediate the changesin biasassociatedwith adaptation to prisms
and lenses(Schor, 1979b, 1980; Schor and Kotulak, 1986a,b;
Schor et al., 1986). To the extent that laterally displacingperiscopic spectacleslead to an increasein the amount of convergence associatedwith a given level of accommodation when
viewing all but the most distant targets, such spectaclesmight
be expected to alter the charge on these integrators and hence
change the bias in the measuredA-V and V-A responses.It
should also be realized that vertical shifts of the A-V and V-A
responsecurves can reduce the optical challengeprovided by
laterally displacingperiscopes,especiallyif the visual experience
during the adaptation period is confined to a small range of
viewing distances;when so restricted, it would be sufficient to

simply shift the responsecurves vertically instead of rotating
them. In this event, the changein bias would obscurethe need
for a changein gain. Such factors might be responsiblefor the
failure of others to get reliable changesin the AC/A ratio with
the laterally displacing periscopic spectacles(Fisher and Ciuffreda, 1985). This problem was recognized in an earlier study
(Judge and Miles, 1985), and particular care was taken in the
presentone to exercisethe systemover the full rangeof viewing
distancespermitted by the spectacles.Nonetheless,changesin
biasare known to occur sorapidly-appreciable changesrequire
only a minute or two (Schor, 1979a)-that it would seemto be
difficult to avoid them with periscopic spectacles.
A major deficiency in the model in Figure 14 is the lack of
any mechanismfor sensinggain errors. Without such a mechanism, it is not possibleto explain the gain changesresulting
from exposureto wedgeprisms. However, the system’sinability
to distinguish completely between gain errors and bias errors
doesnot in itself foreclose the possibility of separateadaptive
mechanismsregulating gain and bias. In the above discussion,
the changesin the gain of the V-A and A-V responseswere
assumedto resultfrom alterations in the gain of somemodifiable
elements in the neural cross-links between the vergence and
accommodation control systems.But any gain change downstream of the cross-linkswould also affect the measuredgain of
the V-A and A-V responses;for example, any changein the
sensitivity of the extrinsic or intrinsic ocular musclesto neural
input. Thus, the decreasesin V-A gain and increasesin A-V
gain associatedwith adaptation to laterally displacingperiscopes
(and sometimesto base-out prisms) might result simply from
fatigue of the ciliary musclesdue to the associatedexercise.On
the other hand, the failure to find such changeswith base-in
prismsand cyclopean spectaclessuggeststhat this is an unlikely
explanation. In addition, control exerciseswithout spectacles
generally resulted in only modest, transient changesin gain.
However, it might still be argued that the exercise associated
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with laterally displacing periscopes and base-out prisms is in
some (unknown) way more stressful to the ciliary muscles than
that in any of the other situations. There is some suggestion that
the recovery of V-A gain proceeded more slowly than the recovery of A-V gain, especially during the first hour or so (compare Figs. 4A and 1lA), which could not be accounted for by a
singlefactor, such as fatigue of the accommodative motor apparatus. The differing rates of recovery here may result from
the fact that in one casethe recovery is from a low gain (V-A),
while in the other it is from a high gain (A-V). Interestingly,
recovery of the vestibulo-ocular reflex gain proceeds much more
rapidly from a high value than from a low one (Miles and
Eighmy, 1980).
A cause for concern in the present study is the considerable

long-term variability in the gain of the V-A and A-V responses
of any given subject. The consensusin the literature is that the
responseAC/A ratio is relatively stableover time (Flom, 1960b).
There have been no systematic studies on the long-term

stability

of V-A responses,but the original observationsof Fincham and
Walton (1957) suggestedthat variations over time were very
gradual, and were linked to the development of presbyopia.
From the theoretical standpoint, a parameter that is subject to
adaptive regulation would not be expectedto showconsiderable
variation,

though

some gradual

deterioration

with age might be

anticipated. An exception to this might arisein situations such
as the present one, where 2 parametersare regulated together:
If the systemregulatestheir combined effects, rather than their
individual contributions, then changesin one might be offset
by changesin the other. Unfortunately, we were not able to
make simultaneousmeasuresof V-A and A-V responses,our
experiments being confined to one or the other parameter for a
period of weeksat a time.
Another possiblesourceofthe long-term variability may have
beenerrors in the measurementof the accommodative response
(A,). Thesemight have been due to fluctuations in the subjects’
criteria for stationarity when adjusting the optometer, for example. In this event, one would expect to find corresponding
fluctuations in the stimulus-responserelationship for accommodation in the A-V studies,and the preadaptation gain of the
A-V responseswould be correlated with the slope of the A,
versus A, relationship. In fact, 1 of the 3 subjectsfor whom
multiple preadaptation measuresof A-V responsesare available
did show such a correlation (r = 0.60), which wassignificant at
the 0.02 level. However, in this case,the changesin the stimulus-responserelation for accommodation were much smaller
than the changesin A-V gain: A linear regressionof A-V gain
on the A, versus A, slope gave a slope of 2.26 @intercept,
-0.99); hence the correlation can account for lessthan half of
the change. In conclusion, errors in the measurementof A,
appear to be responsiblefor very little of the variability in the
A-V data.
The adjustments in the biasesof the V-A and A-V linkages
that can be revealed with wedge prisms are generally thought
to reflect mechanismsthat are important for maintaining the
tonic alignment and focus of the 2 eyeswith minimal fixation
disparity

and blur (Carter,

1965; Ogle et al., 1967; Crone and

Hardjowijoto, 1979;Schor, 1979b;Schor et al., 1986).The functional significanceof adaptive gain control in the oculomotor
system has generally been discussedin terms of the need to
establishand maintain appropriate valuesfor important control
parameters. The regulation of the gain of the V-A and A-V
linkagesevident with laterally displacing periscopesmay relate

to the changinginterpupillary distanceduring development. The
steady increasein the interocular separation due to growth of
the skull resultsin an increasein the magnitude of the vergence
movements

that must accompany

given changes in accommo-

dation in order to align and focusthe 2 eyes.If there arepreferred
values for the gains of the cross-linksbetween the accommodation and vergencecontrol systems,then it would be desirable
for the systemto be able to increasethe gain of the A-V linkage
and decrease that of the V-A linkage during

development.

The

apparent failure to adapt to cyclopean spectaclesmight then
relate to the fact that thesedevices offer a challengenever encountered in everyday life. However, while the adaptive mechanismsstudied in the present report may fulfill theselong-term
needs,the rapidity with which thesemechanismscan beinvoked
in mature individuals would seemto suggestthat they are also
involved

in meeting

more short-term,

transient

demands

that

might recur throughout life. One suchsituation might be fatigue
of the extraocular muscles: the increased vergence errors (retinal
disparity) that would result from such fatigue would causeexcessive V-A drive to the accommodation controller, thereby
tending to cause blur in addition to diplopia. This unfortunate
side effect could be reduced by an appropriate
reduction in G,,.
Further, an increasein G,, would help to reduce the retinal
disparity errors by increasing the A-V drive to the vergence

controller. Thus, so far as the neural cross-linkagesbetween
accommodation

and vergence are concerned,

the challenge

pro-

duced by fatigue of the extraocular musclesresemblesthe challengeof laterally displacing periscopes.
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