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” ABSTRACT

This study is concerned with the repeated measurement
of lateral heterophoria over'af%tme 1nterval of up to 3 minutes.
Such measurements were made possible by the use of a computer-
controlled phorometer which was devised especially for this
project., This phorometer was programmed to sinulate a number
of different phoria tests. The results obtained from these

- tests indicate that the commonly used methods of dissociation

are not as free from fusional interference as had been supposed

Two new phorla tests are introduced., One is an
automated version of the cover test and the other, the fused-
images method, is original to this study.

Results of clinical interest are presented. Those .
regarding strabismus are particularly interesting.

Heterophorla is given a new deflnltlon and a new phoria
test is proposed T
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RESUME

Ce travail porte sur la mesure répétée des hétéro-
_phories latérales pendant des périodes de 3 minutes. Ces
mesures ont €été faites au moyen d'un phorom2tre contrflé par
un ordinateur. Ce phorométre avait été programmé en vue de
simuler différents tests de phorie. Les résultats obtenus
d partir de ces tests indiquent que les méthodes de dissociation
habituellement utilisées ne sont pas aussi libre d*interférence
fusionnelle qu‘'on ne l‘'avait supposé.

Deux nouveaux tests de phories ont été suggérés.
Un de ces tests est une, version automatisée du “"cover test"
et l'autre, soit celui de la méthode des images fusionnées,
est unique 3 cette rech:rche.

Des résultates d'intéré&t clinique sont apparus, surtout
‘dans les applicatic . au strabisme,

Une nouvelle définition des hétérophories est présentée
ainsi qu'un nouveau test pour les mesurer.
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The tern lateral heterovphoria describes the vergence
change which occurs when a persoan's nower of binocular fusion
is artificially inhibited. UYhen fusiow is rendered impossible,
the rclative anzular position of the eyes alters and the amount
of this change is called the heterophoria. '‘/hen the angular
change is measured in the horizontal plane, with the head in
the erect position, it is called the lateral heterorhoria,.

when binocular vision 1s normal the eyes are automatically
positioned so that the images on the retinae will be aporovriately
located for use by the visual cortex. The corth analyses the
imaze vattern and, among other thinzs, creates the perception
of depth. It also gives the spatial localization of objects
without any noticeable diplopia. The cortical mechanism which
vorxs to maintain single binocular vision is called fusional
compulsion, If for any reason the fusion 1is disrupted, objects
will appear doubled. “hen fusion is rendered inoperative by
an artificial means the eyes are said to be dissociated,

In order for single binocular vision to occur, it is
necessary that the eye's position be controlled with great
precision. The visval system has within it a sub-system called
the vergence system. This system is responsible for the
binocular fixation of <the object being regarded. The term
vergence refers to the included angle between the visual axes.
Convergence indicates a relative increase in vergence and
divergence indicates a relative decrease.
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If an object is fixed binocularly the total positional
error of the two visuzl axes must remain within about 10 min
of arc otherwise diplopia will occur, ‘The angularterror that
can be tolerated without the onset of 3iplopia differs from
verson to person, It alst depends on the part of the visual
field in which the object is located. Luring single binocular
vision, errors of fixation .are not percelvéd and it is only
by some artificial means that these disparities of fixation

e

can be noted, T

For heterophoria to occuff%fka conmpulsion for fusion
must be suppressed. A number oi methods have been used for
this purpose; all of which rely on the use of a special device,
Since all dissociating devices musi work so as to defeat
sinzle binocular vision, it is obvious that heterophoria is

an artilicially produced condition.

The measurement of lateral heterophoria is complicated
by the varliety of dissociating devices that can be used. Over
the last 100 years a number of means of dissociation have been
used, Of these only three enjoy general use today. These are:

1. An ophthalmic vrism placed before one é&e with the
prism's base-apex line parallel to the median plane of the
subject's head.

2, The l.addox~rod placed before one eye with the axes
of the cylindrical lenses in the horizontal plane,

3. The cover test, in which one eye is alternately
covered and uncovered by an opaque Sscreen,

The ophthalmic prism produces true diplopia without
any appreciable distortion of the images seen, The raddox-rod
does not produce diplopia in the normal sense’but instead it
distorts the images seen by one eye to such an extent that’
fusion is considered to be impossible. The cover test makes
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fusion inoperative because one eye 15 lookins at a blank screen,
Diplopia does not occur in the cover test ‘except when the eye
is uncovered briefly. Uncovering-«is necessary so ﬁhat the
change in eye nosition kan be determined.

.D,..L‘

The deviation of’the non—lixafing eye 1is ﬁspalby measured
by neans of optical cancellation. “hen this eye adopts its
he%egophoria position, the imazes seeh by ;t appea} to be dis-~
placed with respect to those seen by the fixating eye. The
amount of this dlaplacement can be determined by using a
variable prism vhose prlom pover can te used to ulaplace\the
images seen througzh 1t. The.prism power necessary to restore
the images to tHeir position of zero heterophoria 1is the amount
of the subject's heterovhoria. In the case of lateral heﬁefo-

- ohoria, the prism's bask-apex line is nlaced norizontally and

the power is adjusted untll the relenence images are seen “

to be in vertical alig nment The prism's power, in prism
diopters (&), is holrmally used to quantify this change in,
vergence, .

It is also possible to measure thé heterophoria
objectively by nmeans 6f an electronic eye movement monitor.19
This is a procedure that has been neélected but iis potential
for phorometry 1is great because with it the phoria can- be
measured coﬁtinuously.

The numerical value of the heterophoria depends, to
sore extent, on the distance between the object regsarded and
the observer, A distant object requires little vergence and
accommodation whereas'a near one requires a larze vergence for
fusion and considerable accomnodation for clear vision. . The
synergy between accommodation and-convergence always enters
into play so that even when dissociated, the eyes increase
their vergence when the accommodation 1is incre‘ased.9 It is

1
N
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*for this reason that the refractive state of the eyes nust
be corrected before heterochoria rmeasurements are made, other-
wise mislezdins results are ob‘ta:’med.LL

Thoria measurenents have been an integral part of
ovhthalnoloszy and refraction for many years. Thié was so
bzzgﬁsg heterophoria Wéé-th9ught to indicate a preferred
vergenéé\for éugiven obgecpfﬁistance. ‘;f'the heterophoria viere
not zero } was felt that fusional conpulsion had to work
against the phoria in order to provide binocular fusion. This
idea was never properly expressed tut it was implied that
additional oculomotor work was required to move the eyes from
the dissociated to the fused vergence, It was felt that this
additional work coanstituted an unnecessary load on the neuro-
muscular comvonents of the eye and was therefore undesirable,
Symptoms of ocular discomfort or fatigue were attributable to
heteropﬁoria, according to this theory, and in some cases
surcery was¢performed on the extraocular fuscles to reducée or
eliminate the phoria.27 In other cases additional prism or

dioptric power was added to the patient's ophthalmic prescription.18

Although the cause of lateral heterophoria is still

unknown, it was thought by some to be an indication of latent .
x strabismus.zu Others suggested that anatomical peculiarities

i the orbit, muscles or ligaments were contributing factors.lo

Little interest is shown in. lateral heterophoria at the present

time with the exception of the work of R. A. Crone. His recent

publications show the old, explanations of heterophoria’to be

+ inadeguate and he has prorosedsa theory of his own.8 This

theory suggests that lateral heterophoria is due to a drive

for image disparity which has been perverted due to a lack

of fusible inages.7
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Althouch héterophoria nad,_ been measured routinely for
over 100 years its dynamic characteristics had never been
determined, It was known from simple observation that the
heterophoria could have short term changes in value but the
arount and time course of these changes was never studied.
If phoria measurements were repeated during an examination it
vas, as a rule, to check on the quality of the initial measure-
ment. Studies in which phoria measurements were repeated after
many years showed the phoria to be’essentially unchanged by

the passage of tine.38

The object of the present study was to record the
short term variations in lateral heterophoria and to determine
its time course following the disSOCiation*of the eyes. In
order for this to be done the vhoria had to be repeatedly
measured with the elapsed time between measurements kept as
short as possible. [lo existing phorometer vias capable of this
performance because they were all €bntrolled manually. Since
automatic coatrol was a pre-requisite for effective operation,
a computer-controlled phorometer was devised.

A motorized rotary prism, called a stepping prism, had
already been developed by me so this was used as the key
element in the new phorometer.20 This prism was used to
determine the amount of the phoria, by optical cancellation,
in the manner already mentioned. A PDP-8 digital computer was
interfaced with the stepping prism so that the prism's power
was under programmed control at all times.° Computer-control
was indispensable because of the high operating speed required
of the phorometer, Various dissociating methods were used
in conjunction with the steppins prism. In general the compdter-
controlled phorometer met the requirements of this study.

L.,

“
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It should be boran i 1nind that all nrevious Dphoria
neasurements had becen made by hand usins 2 Risley rotary vrism,33
Althouzh simple to use, this pricm requires coasiderable
manual dexterity if its pover is to be chansed smootnly.

It also suffers from a nonlinear relationship between the
rotation of the ianut shaft and the orism power that this
produces., A further limitation on the prism's performance is
that the power scale, marked on the prisn unit, is graduated

in steps of 24, Because of this, the phoria is often recorded

to the nearest diopter and at best is estimated to half a diopter.

If one compares the performance of the same prism under
conputer-control with its manually operated countervart the former
is obviously superior. By its nature the stedninz prism cannot
change its power continuously., Instead it Ehanges pover in
small increments. These changes are produced by means of a
stepping motor which is coanected to the prism's input shaft. .
Since the rate of stepping is under the control of the program
running in the computer, any nonlinearitles in the system can
be eliminated through programming, The.resolution of this
stepping prism was ¥ 0.1A, The prism was calibrated by means
of the displacement it produced on a laser beam passed through
it., The maximum rate at which the prism's power could be
altered was 0.1A/msec. Eecause of these features, the phoria
measurements made with the computer-controlled phorometer were
close to the ultimate in precision for sudjective phoromg}sy.

Over 160 phoria iests were made usinz the computer-
controlled phorometer. Ii:05t of these lasted for 2 minutes

and 55 ‘seconds, The number of phoria ¥alues recorded during
5 test depended oa the method being used but the.maximun was
in the order of 175. A typical prism-dipilopia recording
would require about 70 respbnses duriﬁg the test period. At
this rate, the total number of individual phoria measurements
must have exceeded 11,200, o

a
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The results obtained from the tests vere inmvortant for
a nunber of reasons. These were: )

1. These were the first subjective phoria measurenents
to be made in rapid succession.

2. The duration of the test, about tThree minutes, wasg
lonz enouzh to show the variability inherent in the phoria,

3. Different dissociating methods were comprared under

y Otherwise identical test conditions.

L, iew information was obtained on the behaviour of

the hurian vergence system under dissociated conditions,

Althouzh the results of thié study are valuable they are
also disconcerting because many of the conventional ideas
concerning heterophoria are placed in jeopardy, This is
particularly true regarding dissociation and the choice of

. the dissociating device. '




CHAFTER II
LATERAT HETEROPHORTIA AID I LRASURENENT

I. FI%ATION DISPARITY

-

It has been pointea out thdt there 1s more often tThan
not an anzular disparity betwecn objects seea with one eye and
those seen with the other. Since objects rezarded directly
nmust have an image which falls directly at the centire of the
fovecae, this anzular dicoarity is usually thouzht qf,as beiqg‘
relative to the object beinz fixed.,' Any two inazes oif the
same object, one on each retina, wvhich have the sane anzular »
position relative to the foveae are said to fall on corresponding
poi_ﬁ:s.z6 Since there will be no anzular disvarity between
these images they Vi1l be as unique ag those vhich fall directly
on the foveae. The spatial: localization of all possible object
positions which will regult in zero disparity between the inages
is called the horopter. The horovter of Vieth-illler is a
geometrical coastruction used to determine the position of all

objects having zero disparity.28

This horopter is a circle

which passes through the object fixed and the anterior nodal
point¥ of each eye. The construction of the Vieth-ililler
horopter is illustrated in Figure 1. In part A of the figure

tvo horopters are shown, one passinz through point F and the
other throuzh point 4, The points labelled 6 and 7 will not

give rise to any disparity in their image positions relative

to the foveae Dbecause they lie on the horopter.h This correspond-~
ence between the points is expressed schematically in part B

of the fizure, The presentation follows that suzzested by
Ronne.Bu The rows of voints are considered as cortical
representations of the corresponding points for one retinal

nmeridian which passes throuzh the central fovea. The fovea is
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Figure 1. A schematic representation of a subject
regarding objects located in a horizontal plane. See the

text for details.
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in@icated by the black dot. ?he meridian for the rizht eye
is naried R and that for the leit L. Perfect fixation of P
is shown vhen P falls on both blacli dots. The solid line

joining the images is intended to indicate that there is no

N} . - r 2 .
disvarity betvieen <then. :

Une might suvpose that when an object, such ags P, vere
regarded directly the corresvondence between the imazes would
be as shovm in I -of Figure 1, This is often not the case
because it is possible for someone to think that he is
Tixatinz; a rparticular point when in fact his eycs are not
perfectly directed at it. The reason that such a fixation
disparity is not normally evident is that There is a certain
range of dismnarities vhich vwill never result in dinlopia. Objects
which fall within this range are always seen as sinzle and the

name given to this zone of single binocular vicion is Panum's
28

’4

point 4 were regarded directly and points 6 and 7 were within
Panum's area, they would be seen without diplopia, If point
3 lay outside Panum's area 1t wvould be seen double., If one

wvere to regard U but with a fixation disparity such that the
visual axes crossed at P, the general impfession would be the

fusionzl area, Thus if, as is shown in Figure 1 part C,

same as long as. remained within Panum's area. The extent of
this area Variés‘between individuals and also between central
and peripheral vision. Disparities which occur within the
central visual field can amount to 10 min of arc vithout
causing diplopia. Peripheral disparities can amount to 40 min
of arc before diplopia is noticed.

A fixation disvarity can only be nade manifest by
special-techniihes.jo/ These invariably nake use of polarized
light. The subject looks at a tarzget which is seen normally
by both eyes. This tarfet stimulates binocular vision in all

Ky
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resvects except for the precsence of two lines of polerized
Tirht., One of these liaes is seen by the right eye and the
other by the left, Any fixation disparity which exists will
be exvosed by the aliznment of these two lines. Often the
lines are adjusiable and the subject noves them into anparent
aliznnent vhile wearin; polarizing zlasses, Any error in this
alirnnent is said to be due to a disparity of fixation. The
anount of this disvarity is usually expressed in minutes of
arc, )

The amount of the fixation dispvarity depends on the
vergence of the eyes and oa the state of accommodation. Thus
the dicparity for distance vision may differ from that for
near vision, In addition, it is Tfound that the amount of
dismarity alters if a change in vergence is forced by neans
of prisms. A forced chanse in accommodation, through the
addition of ophthalmic lenses, also chanzes the fixation
disparity. Sonme of Ogle's results for such forced chanzes are
shovm 1n Figure:ZﬁO It should be noted that an enormous change
in vergence 1is required to produce a small change in the
disvarity. 1In a sense, the vergence system may be said to prefer
the disparity because 1t apvears to make every effort to retain
it., This is also true for forced chanzes in accommodation as
is showvm in graphs A-2 and 3-2 of Figure 2. The other”graphs
in the fizure show how the disparity changes with a change in
forced vergence, The forced vergence necessary to abolish the
disparity is called "the associated horizogtal phoria". This
name apnears to have been coined by Ogle.20 It is unfortunate
that "phoria" appears in this name because this has nothing to,
do with heterophoria as it is normally understood. \

o3
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II. ODISSCCIATIO!

Under normal circumstainces binocular vision resists
diplopia. If one wished, for some special reason, to disrupt
the normal reflex for fusion it would be necessary to use some
snecial dissociating device. Jissociating devices are
particularly imporiant to the study of lateral heterophoria
because the whole concept is based on their use,

Perhaps 'the most obvious means for producing dissociation
is to simply block the vision of one eye by neans of a screcean.
The imazes seen by that eye will not only be different from
those seen by the other but they will also be out of focus
because of the proximity of the screen, ‘/hen one Qye is covered
in this way the other eye is used for Zfixation, This neans of
dissociation nhas a serious fault in that the stimulus for
accomnodation 1s different for each eye when the cover is in
vlace. When the cover is removed and replaced an accommodative

change may take place in the occluded eye,

The human eye can only sustain a limited demand for
a vergence change in the vertical direction. If a prism with
its base in the vertical direction is placed bvefgre one eye,
diplopia will result if the prism povier exceeds about 3A (1.7 deg,
It is common practice to use a 6A prism as a means for
producingz dissociation, ‘iith this .device the accommodation
of botq eyes can remain as 1t was bpefore dissociation,

The [laddox-rod is an ingenilous dissociating device
consisting of an array of Cxlindrical lenses placed before
¥ " [y - -~ L
one eye, In order for the laddox-rod to function, a small

brizht object must be regarded.26

The inaze of the object is
distorted by the cylindrical lenses and the object appears‘to
be a bright vertical line. Sometimes the lenses are tinted

red.as 2 means of further inducing dissociation., Dissociation
<
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. rasults becavse the “ree ey2 sees a different scene to that
seen by the eye lookinz throuzh the iladdoxz-rod, Accommodation

is not vell controlled because the poiwter of the cylindrical

[ ]

lens system. varies from zero alonz the axis of the cylinder
to a large value at 90 des To the axis., If the liaddox-iod
is tinted red,matters are complicated by the chromatic

aberration of the eye.

-7

The polarization ol lizht offers a convenient neans
for dissociation but it hzs not been applied to phorometry.
If the subject wvears polarized leases, such as are used for
viewing stereoscopic pictures, the images seea Dy one eye can
be made different from those seen by the other, In essence, two
pictures are vrojected on 2 screen with the 1lizght from one
picture nolarized at 90 deg with respect to the light from
the other, 1In order for comnplete disgociatlon to occur, the
field of view of the subject must exclude all sources of un-
nolarized light.

ITI. LATIRAL HETEROPHORIA

As far as can be determined, von Graefe (1867) was the
first to develop a method for disrupting the fusion of the eyes
and to measure the position adonted by them under this
c:ondi’t:ion.u2 The systen of names used to describe the dissociated
position relative to the fused condition, 1is due to George
Stevens (1887).39 A complete description of the terns used
is given by Dukxe-Zlder in his Text-hook of Gohihalnolorzy,lS

ul.?

Of interest in the present study are the words orthonhoria (to
bear straight), heterophoria (other beariaz), esovhoria (bearing
inwards) and exophoria (bearins outwardés). The word cyclo-
phoria was introduced by savage in 1891 to descrive a torsional
phofia.js




— As defined by Duke-zlder, orthophoria is said to be

- the ideal coadition whercin the ocuvlomotor apparatus is in
merfect equilibrium so that both eyes retain their normal

oositional relationship (that is, remain directed upon the
fixation point) even when their activity is dissociated by
the withdrawal of the coatrollin? influence of fusioa., Yhis
ideal equilibrium is, howvever, not common for distant objects

15

and non-exissent for near.

2 . .
It ig also said that normally both eyes are nmalantained

1w
on tahe fixation noint only under stress with the aid of
corrective fusion reflexes., I fusion is made impossible by
‘dissociation, one eye deviates and this condition ic termed

heterophoria or latent strabismus.15

The preceding definition of heterophoria is the conventional
one., In it orthophoria is implied to be the ideal state and
heterophoria to be a devarture from the ideal., The statement
that orthophoria is not a condition commonly founld shous the
definition to be inadequate,

In 1928 Ames and Glidden compared lateral heterophoria
values with those found for, what was later to be called,
fixation disParity.Z The discovery of fixation disparity and
its correct interpretation was due to Lau.?3 The vossibility
of a link between heterophoria and fixation disparity wvas
considered by 0Ogzle and recently Crone has advanced the theory

that fixation disvarity is the cause of lateral heterophoria.8

Aside from the work of Crone there seens to be little
interest in heterophoria at the present time. The o0ld idea

of muscle imbalance still holds swvay, as was indicated by

snydacker when he wrote that "the value of the lladdox-rod as

an instrument for measurinz muscle imbalance has been amply
. demonstrated by widespread clinical use,"”38
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One fairly recent develooment in the orthodox
intervretation of heteropheria is the study of variations in
the phoria wigb’élevation and depression of the gaze. It is
suggested that there is a connection between this and the

A and V syndromés,pf lateral heterotropia.ul

The reason_wﬁy heterophoria occupies such an important
place in Ophthalméibgy‘was expressed concisely by Uuke-ilder
when he said that, "there is . . . no fundamental distinction-
between latent and-hanifest squiant; the difference is

‘qualitative, lyimg partly in the degree of dissociation, but

essentially in the effectiveness of the patient's efforts to
compensate for it by fusional reflexes, . . . In terms of
strabismus, heterophoria is a latent squint made manifest by

. o 1
the suswnension of fusion." 5

The notion that lateral heterophoria is a latent squint
nade manifest through the suporession of fusion has given it
the reputation of being something that had to be overcome
before single -Binocular vision was possible, The effort of

continuously ‘overconing the phoria has been singled out as
18

P

a cause of asthenopia and eye-strain. Because of 1its

™

association with strabismus, heterophoria has been treated by
orthoptic methods as well as by surgcry.25

=

It has been suzgested that heterophoria causes a decread#s”

in the ability to perceive depth throuzh stereopsis. Vision
tests«fdr pilots include measurements for heterovhoria and if
certain values are exceeded the candidate will be disqualified,
This restriction may be quite unjustified because some. claim
that there is little relationship between lateral heterovhoria
and stere@psi;.3

Ll
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It has been su~~ested that certaln cases of heterophoria
are caused by certain anatomical conditions.lo /hile this mnay
be true, anatonical abnornalities neecd not lead to heterovhoria,
Crone cites a case in which one eyc was disvlaced by 13 mm over
a period of 40 ycars.7 buriaz this chanze of position, eye
novefents were unimpaired and orthopnoria was rectained.

s - N

Because of the synerZy between accomnodation and convergence,

3

the measurement of heteronhoria is commonly performed during

. ; L5 . s
the reiraction of the eyes.§'18 The ratio of accomrodative

convergence to accommodation (AC/A) is often determined by

<

chansins the accommodation required for a given object distance
. . ) . . 2
and measuring the resulting chanze in phor1a.9’ 9

N
~

ilot everyone azrees with %he,traditioﬁ%?‘views on
heterophoria. Abrzham sucsesss that, "the older concept, still
retained by faulty definitions, g wnich suzzests a direct
rclation to the position of rest is outmoded and only -confusion
can result thercfron."l He takes the vievwy of Dobson that
heterophoria, as measured by the usual tests, giQes evidence
as to the state of activity of the converzence function under
test conditions.12 In contradiction to the view held by some,
Abrahan says, ".lo real evidence exigts to support the opinion

that phorias determine the type of strabismus_which may occur,”

Crone has made the zreatest break with tradition. In
his article on micro-anomalous correspondence and its role in
heterophoria he states five "facts"\ﬁhich he considers to. be
a challenze to the usual exvplanation of hetdronhoria, These

<

. ] - . -~
facts are sumnatrized as follows:7 o

1, i{.ajor anatonical abnornmalivies are freaquently J'i“
acconpanied by orthophoria, o ~
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2. Orthonhoric subjects to whom prigmatic lenses are
applied are found to be ortnophoric arain aiter a period of
adaptatioa with such lenses.

3. In the majority of cases of severe heterophoria,

P
no evident anatorical cause exists for an abnornal position
of rest. (& - )

L, uherg\co wctive prisms are prescribed in cases of

heterovhoria, it will oftea ve found that the condition, as
measured throuzh the lences, returns after a time,

5. « o« o Dprismatic or surgical correction frequently
leads to failure,

Crone's study on noipr fusion at constant disparity led

ct
&

2]

him to note that, "the concention of the motor funcﬁibn of
fixatioan disparity points to an intimate connection between
fixation disparity and the fusional tonus of heterpphoria . . .

hasi S L

in which the dis:ari<ty nizht even be the primary cause of the

heterophoria."6

IV, LETHCDS rCR DeVERLINING THE PHORIA

3 'Q . - -
The methods of phoria neasurement discussed in this

» . - - 3 . . 4
. sectlon are limited to those cealinzg with lateral heteronhoria.

In some cases the sanme methods are usea for measurinzg the
vertical phoria, A more corplete listing is given by Cridland.”

Von Graefe's nrism-dinlopia test. The prism-cdiplogia

method of von Graefe is tased on the dissociating effect of 2

» - . ~ > L ! -
rrism vnlaced, base vertical, tefore one eye.b The e:nsuing

vergence chanze is usually measured vith o Risley rotary vorism,

As recommended by savage, the dissoclatinzg prism should
be placed before the same eye as the rotary prisn.36 He also
stated that, "the pnrincisle on which all the tests possiblew
to a phorometer rest, is that the image in one eye, thraughout

)
- “
- o
—. o
N €y

-
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° overy test, shall be undisturbted; that the head shall Dde erecv;

and thet Vboth c¢yes and the odject . . . chell dbe on the extended
o

e
horizoatal olanc of the head.," 3avazse's cescriontion of the
o

~ith the iastrunent opronerly levelled befort the risht
eye, the axiis of the rotary prism vertical, zna the 6 diopgter
prism base up, 1n the slot Tovard the face, the false object
is made to anpear below the true, and if directly under iT,
there is ldteral orthonhoria. The rotary pricm turned in
elther direction will marxe the false object go either to the
ri~ht or to the left of the wvertical line throv-h the true
object, vinich must be, at all Times, the one loolrea at,
Should the false object not be under the itrue, turninz the
rotary pricm in the vroper direction will nlace it there.
The test for lateral orthovhoria, in the near, is made by
holding a card with a dot or cross in its ceatre, 2t the
| reacdinz distance.

“The pover of the dissociating prism is considered
adeguate if it exceeds the subjecti's ability to maintain fusion,

The dissociating power used by voa Graefe, according to .Laddox,
vas 3.5Afor distant vision, while for near a power of 8A was

N

voed, <0 Savage suggested the use of a 6A prism and Scobee and
. S . . 2 .
\ Green used 54 durings their study.3°'37 Appendix A shows the

conversion between prism diopters and degrees of deviztion.

In svite of criticism azainst it, the prism-divlopia
tect ic freauently used, Scotee and Green, in 1947, concluded
that it d a high correlation with the-test that they considered
to be the\best, the screen and parallax test.o! '

4

“he mpoveritests, Tests for lateral heteroshoria based |

on the coverind¥and uncoverins of one or both eyes alternately -
are co.asidered by nost to be the standard by which other methods

should be jud;ed.lj’lb scobee and Green stated that, "of all
heteronhoria tests, the screen and parallax test eliminates a

sreater nunber of innervational factors than any other test

L “




and thus allous the closest avproach to the position of

atsolute rest,"37 The screen and paralla: version of the

cover test 1is the preferred one and sometines it is nerformed
with a l.addox-rod before one eye., scobee and Green's description
of the screen and parallaz test is as follows: \

A1 cm 1light was used at 20 feet and 2n ophthalnoscone
with the head removed vas used at 13 incnes. A cover vas
shifted from one eye to the other; sqguare prisms being
chanzed behind the cover until any objective movement of -
the eye and any subjectiive movernent of the lizht had ceased.,

Jith the addition of a i;addox-rod, Dolman created the
'addox-rod screen test.l3 Scobee and Green's version of this,
called "the screen-Maddox rod test, is described as follows :37

At 20 feet, the test object was a nmuscle lizht 1 cm in
diameter; at 13 inches, it vas an ovohthallnoscope witn the
head removed, All lizhts in the immediate vicinity of the
muscle light were turned out but the room was not entirely
darkened, ‘ith the Maddox rod placed before the non-
doninant eye, a cover is also neld before the same eye
and removed regularly for a period of 1 second at about
3 second intervals, meanwhile allowing the dominant eye
to maintain fixation constantly. This very brief uncovering
or "flashinz" of the non-dominant eye has for its purpose
a further vieakening of the fusion control. For the
measurenent of heterovhoria, a Risley rotary prism is
rotated into vosition (also before the non-doninani eye)
and set between 3 and 4 diopters "off" of the zero position;
this forces the examinee to maie some adjustment even
though ortnovhoria is present. The examinee grasps the’
handle of the rotary prism and, while the nuscle light is
being "flashed" vefore the eye behind the laddox rod, he o
is instructed to adjust the line so that it visects the lizht.

~

_ Cover tests are considered to be "delicate" in that
skill jis required of both examiner and subject. ‘hen the cover
test 1s performed objectively by adjusting the prism until the
eye no lonzer moves vhen covered and wacovered, the wvhoria
can usually be measured to within 2 deg, Loncaster claimed that,
"aith a good lizht, a loune and & good patient it was possible
to measure 24 (1.2 dcg)."ls )
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The ;addox-rod. The most popular means of detvernining

the phoria is the liaddox-rod test., It is sinilar to the prism-
diplozia test except that dissociation is produced by the use
of the i.addox-rod. Maddox's oricinal rod was a short length
of ¢lags rod, about & mm in diamcter, but current practice is
to use 2 system similar to a number of rods gtacked together
with the axes of the rods lying in the same plane Q;d the rodc
in contact with each other.26 Each rod is a cylindrical lens
vith great dioptric power in the meridian at right enzles to
the axis and zero power in the meridian parallel to the axis,
“hea an object such'as a flame or a small lamp is rezarded
throucsh the Maddox-rod, its width in the axial neridian is un-
chanzed but its width in the direction at rizht an~les to the
axis becomes very large to the effect that the lizht source is
dravm out into a line of lizht., Res arding the use of the
“addo“-fod test Dulie~Elder said that: 15

The i‘addox-rod is the mbst widely used, the most simple
and accurate of all tests for small deviations and high
testinony hac rightly been paic to its value. It cannot,
however, be said to be perfect since there is undoubtedly
some tendency to attain fusion even although the images
are so dissimilar, ‘and a tendency to convergence may
introduce a bias towards esophoria, If, however, it is

used in combination with the cover test, these difficulties are

removed and the combined test becomes one of the greatest
possible accuracy.

. The theoretical justification for the preference of the
i:addox-rod is usvally based on two arzuments: (1) that the
vrisn~diplopia test is unsatisfactory because it gives false
results if the dissociating prism is not placed with its axis
in the correct direction and (2) that if bvoth imazes to be
suverposed or alizned vertically do not fall on the foveae
then there will be a stimulus for fusion. The reas oning behind
the second arzunent is given Py Cridland who said: 5
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Any method of measuring heterophoria, and this applies
to all tests, whatever the position of rest which they tend
to sive, may be falsified if the two images do not both
fall on the maculae of the respective eyes which perceive

them, [For if the image of any object, and in particular the

imaze of the object to vhich atteantion is directed, falls
off the macula, the fixation reflex is immediately called
into play, and the more vigorously if the object stands
out more clearly from the btackground.

A basic difference of opinion is found in this quotation

from Savage:36
The l‘addox-x®d is objectionable in all tests of the recti

for the reastn that a part of the streak of light, whether
it be vertical or horizoatal, will fall on the field of
binocular fusion, unless the error be great. The false
image, whatever may be its character, should never be on
any vart of this-field; otherwise a greater or less effort
at fusion will be made.

o . [
The latter opinion seems to be the correct one because

O
MXL@Q

sestheimer and !litchell found that, "disparate visual configurations

may be quite dissimilar in shape and contrast in the two” eyes
and nay even be separated by about 100 msec in time and several
degrees in the vertical direction and yet elicit normal
horizontal vergence movements.43 Even more telling than this
is their statement that, "a vertical line segment as short as

3 min of arc in one eye presented in disparity with a vertical
line of any length in the other eye still elicits horizontal
vergence movenents,"” These observations should disqualify the
laddox-rod as a means of dissociation.

Phoria and fixation disparity. Fixation disparity is

always measured without dissociation. For this reason, there
can be no direct connection between fixation disparity test
results and those for heterophoria. In spite of this, the nane
associated horizontal phoria has been used to describe the

forced vergence which reduces the fixation disparity to zero.28
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.nen the associated phoria is compared with the conventional
nhoria, for the same subject, they are sometines similar and
soretines quitq$different.16 Comvarative yata can De seen 1n
fi~ure 2, parts C and D, where the results of conventional
phoria neasurements are shown along with the fixation disparity
curve, rne arrow labelled 'R indicates the phoria found by
means of the laddox-rod test while that labelled CT indicates
that found bj the cover test. It is worth remarking that, in
vart C, the subject had to force his eyes to converge by 7 deg
in order to eliminate a disparity due to overconvergence,
i'ot only is 1t odd that forced convergence 1s required to cause
2 relative divergence in the disparity but it is also remarkaple
that a vergence change of 7 deg should be required to eliminate
a vergeance error of 7 nmin of arc. (4. far as can be determined
the reason for this/relationship is not knovm and this may be
the first time thaf anyone has remarXed upon it.) This sort
of evidence should have been enough to show that any connection
between atsociated and dissociated phorias was tenuous. Further
proof of this is found in some of the results to be presented
in tHe folloving chapters,

V. DPHOROLETZRS

All phorometers comprise a dissociating device and a
displacement measuring device., The name phorometer is usually
reserved for a self-contained unit. A1l phorometers require
some sort of test ObJECt, or target‘/for the subject to look
at. Although the target is a necessary part of phorometry,
it 1s seldom considered as part of the phorometer.

The firs+t phorometer was invented U Stevens, 0 1%

comnrised two prisms of equal povier, one placed before each

eye. The prisms vere mounted in a metal holder which constrained




them to a rotary motion with the axis of rotation beinzs normal
10 the plane in which the orism lay.3 "he two prisms were ‘
Jeared together by an idler wheel., An actuating rod was
attached to one of thé nrisas such that the operator could
chanze' the orientation of the prisms. To measure the lateral
neterophoria, the prisms were turned so that one was base up ”

and the other was base dowa. The images seen by the subject

were thus dissociated and the operator then moved the isms,

by means of the rod, until the subject reported th the inages
vere in vertical alignment., A scale.éghﬂced on th

indicated the amount of the phoria.” With this sys{en, the

phoromneter

anount of vertical dissociation varied as the later
power was changed., PN

The first phorometer to use the lLiaddox~rod was that
devised by Prince.’l This was simply a hand-held device in
which a l‘addox-rod was placed behind the two prisms of a rotary
prism unit, Thus the unit‘comprised a [:addox~-rod and a Risley
rotary prism mounted on a handle so that both were placed

before the same eye, o levelling device was provided.

The Viilson phorometer comprised a dissociating prism
before one.eye and a Risley rotary prism before the other.36

Savage's phorometer was an inprovement on the Wilson
unit in which the dissoclating and the rotary prisms were placed
before the sameJeye. It also included a spirit level and was
rigidly supported on a stand.36

The phorometer introduced by Je Zeny was the prototype
of all modern clinical p‘norometers.11 It was a nultiple
purpose unit, see Figure 3, in which all the ‘cormonly used
vhoria neasuring devices were included, OAssociated with each
eye was a [iaddox-rod, a dissociating prism and a rotary prism.
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i A multiple purpose phorometer with

Figure 3.
(A) Stevens phorometer attachment, (B) haddox gradgﬁted

multiple rods and (C) universal double rotary prism unit.

1y,
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Zach of these devices was in an independent holder which
nivoted about a comno:n shalt. By this means, any or all of
these devices could be placed before the eye. The choice of
the combination, and the eye before which they should be placed,
was left to the operator. A Stevens phorometecr, which could

be clipped into place, was also included. It is current
practice to provide a lens chanzing unit in front of each eye
in addition to the phorometer elements,

Any of the above phorometers can be used for near
vision as well as for the distance but one near distance
phorometer which deserves mention, because of its popu%arity,
is the [laddox &ing test. Its description nay be found'in
Dulte-Elder, 15

In 1945 Quereau and Putnam introduced an ingstrument
which they called a tropop‘norometer.32 The reference objects
were two small lamps mounted on pivoting arms, Each arm was
hinzed to pivot about 'the centre of rotation of the eye with
which 1t was associated. The angular position of the arm was
determined from scales attached. Each lamp was seen only by
the eye associated with it because af the lanmp's construction,
The trovophorometer must be used in the dark, except for the
cover test., If the lamp used to locate the direction of the
deviating eye is flashed in the darx, it is as if a cover were
used, This device is very useful in that the fixating eye
may be directed in any direction and the phorid} associated
with that direction of rezard, neasured,

)
The phorometer which was used for this study was
developed in 1972 and is bascd on a computer-controlled Risley
rotary prism.22 The phorometer's operation can be prosrarmed

to execute any test which calls for a rotary prisn,
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CHAPRER I1I

A COLIPUTER-CO.ITROLLED PHOROKETER

The vhorometer which was used throughout this stud&
did not differ from, its predecessors in its essential parts,
wnere it did differ was in the use of a motorized rotary prism
whose prismatic power was adjusted by means of a digital
computer. The outstanding feature of this arrangement was that
the phoria could be quickly determined and that the test could
be ribeated with no appreciable délay.

The phoria testsvperformed with this unit were, with
one exception, programmed versions of the tests most commonly
used. The most explicit description of each test was sought
out and used as a guide for programming. .jo test description
was found to be detailed enough for programming purposes so I
was obliged to define each test procedure myself. The programs
prepared for this study are probably the first complete
descripfions of the conventional phoria tests,

The subject whose phoria was being measured was the one
to judge when the phoria was cancelled by the rotary prism.
These tests are therefore all subjective in nature, The
subject indicated the moment of cancellation by means of a
hand-held switch and the current values of time and prism
position were recor?ﬁd by the computer., In this way, reaction
time errors were kept to the absolute minimum,

The automatic recording of data and the ability to
change the prism's power at any required rate enabled the test
to be repeate& without delay. It was thus possible to record
a sequence of phoria measurements with a minimum time interval
between them, The term "sequential measurement of heterophoria"
was used to describe this procedure,
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The phoria measuring prism was a Risley rotary prism
driven by a stepping motor. The name "stepping prism” 1is used
to describe such a device, Some recent publications contain

desariptions of this device and its uses.20’21'22

The original/’
stepping prism was not suited to phoria measurements because

the prism's power changed too much with each step. For this (
reason, a new stepping prism was designed in which the greatest
single step was 0.1A, This differed from its predecessor in
that a speed reducer was interposed between the stevping motor
and the rotary orism. Each motor winding was also provided

with a parallel capacitor and a current limiting resistor so
that the maximum operating speed could be obtained., Under

ideal conditions it was possible to slew the prism at a rate

of 1 step/msec. The prism could be altered from zero to its
maximum power of 304 in slightly more than 0,3 sec. Since

the prism's base could be moved either to the left or to the
right the total range of prism power was *30A, The photograph
in Figure 4 shows the stepping prism unit partially disassembled.
The circuitry on the printed circuit board is used to convert
the TTL logic input into a2 motor step output, Two input
channels are provided, one for the direction of motor rotation
and the other for the performance of a single step.

Previous work with the stepping prism showed that too
much computer time was wasted in single stepping the motor.
This complicated the programming and also left little time for
éxecuting other programmed  routines. To overcome this problemn,
a special interface was designed which acted as a dedicated
motor controller. This controller accepted instructions from
the computer's inpﬁf/output bus and executed them with regard
to the motor's direction of rotation, the number of steps to
be made and the stepping speed. The circuit diagram for this
interface is shovm in Apvendix B, In essence, the motor
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Figure 4., Stepping prism unit shown‘partially'
dis~assémbled. Parts indicated are (A) -stepping motor,
(B) speed reducer, (C) flexible coupling, (D) Risley rotary
prism, (E) motor controller, (F) cover, (G) carrier,
(H) 6A dissdciating prism and (J) slide ways,

29
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controller is a pulse generator and counter circuit., The
computer's instruction is decoded into the number of steps %o
be made and this is set as the count limit. The instruction
starts the pulse generator and with each pulse the motor takes
one step., hen the correct number of pulses has been counted
the generator is turned off. At the same time a flag is set
and an interrupt request is made. The instruction to the
controller also includes the desired stepping direction and

a means of selectively channelling the pulses to two

motors. A separate instruction is required for setting the
stepoing rate, This need not be re-issued until a change in
rate is desired. A pre-set counter outputs a pulse after the
desired number of input pulses have been summed, The counter
is arranged so that pulses can be passed on after a count of
any integer between 1 and 100, "The slowest motor speed was
therefore 0,01 times the fastest one, This control system
proved to be trouble free and well suited to its task,

A PDP-8L computer was used to control the actions of
the prism and to perform the other tasks associated with the
phorometer, A Lab-8 peripheral device control system was also
used, A teletypewriter was used for operator input and
hard cooy and punched tape output. An X-Y point plotter was
used for preparing graphs.

The programming of the phorometer was for the most
part the programming of the movements of the fbtary prism,
The actual vrogramming details dépended on the type of phorometer
that was to be simulated. Certain prograﬁming features were
common to any type of phorometer, such as the'plotting of the
response values as they were recorded and the typing out of
the numerical values when the test was completed. Other details
were quite specific, such as the operation of the covering screen
during the automatic cover test,

@,

-
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The working part of the phorometer, that is to say the
part which the subject looked throuzh, comprised the stepping
prism and the dissociating device or devices, These were
suvported on a floor mounted frame. To allow for variations
in interpupillary distances, the elements of the phorometier
were mounted so that they could be displaced laterally along
a horizontal beam placed above the subject's brow. This
ar¥angement is shown.in Figure 5., Vertically mounted slide
ways are seen in this figure. Thégé-slide ways were used for
holding dissociating devices. One set was permanently mounted
on the front face of the stepping prism unit while another set
was used either for holding a dissociating device before the
other eye or else for supporting the solenoid operated screen,
The screen is shown in both the open and shut positions
in Figure 5,

~—

‘The devices to be placeﬁ‘in the s1ide ways were first
fastened to a carrier, This carrier was free to élide up and 3
down in the ways, if this were necessary for the test. A
solenoid operated clamp, shown in Figure 6, was placed
directly above the phor&meter elements, Strings attached- to
the carriers passed through it. By this means, the carriers
and the dissociating devices mounted on them could be held
out of the line of sight and could be released at the appropriate
time to fall in front of the subject's eyes. A string, attached
to & switch, was pulled to open the clamp that held up the - .

‘carriers.

The input and output of control signals from the computer
to the phorometer were handled by the Lab-8's AX0-3 peripheral
controller, Of the devices provided by the AX0-8 only the
following were used:
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Figure 5. The computer-controlled phorometer with the
solenoid operated screen and the dissociating device in its
carrier. (On the-:left the screen is in the cover Josition and
‘the carrier is in the dropped position, .
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Figure 6. The phorometer and its supporting stand.
The view on the right ‘is that seen by the subject. The )
< solenoid operated clamp is seen near the top. The push button

switch is resting on the bottom beam. The vertical board is used
as a vibration damper.
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1. One analog to-digital converter with 2 9 bit
resolution, )

2. Two digital to analog converters with an 8 bit
resolution, These were used to position the pen on the
X-Y plotter.

3. Two Schmidt triggers, one of which was used to accept
the subject's responses. The other was used to detect the
plot completed pulse given by the plotter.

4, Two relay outputs, one used to enable the plotter p
and the other to control an external device,

5. One pulse output channel used to request a plot
from the plotter,

The choice of peripheral devices depended on the type
of phorometer that was being simulated, A hand-held switch
was used as the input from the 'subject, For some tests the
subject controlled the prism's power himself by means of a

hand-held potentiometer. The voltage from the potentiometer
was used to indicate the prism power desired,

The software for controlling the phorometer was develoﬁed
in stages, All programs and subroutines were written expressly
for this project with the exception of a single precision
divide subroutine which was supplied with the computer. ‘The
memory requirement for the most compléx program was 850 words,
each of which comprised 12 binary bits,

The original programming was written to verform the
prism-diplopia test. As other tests were programmed the
previous program was modified to suit and therefore much of
the software developed is common to all of the tests,

4
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A flow diagram for the prism-diplopia test is given in
Appendix C along with the required switch register settings
that enable the options included in the program. A copy of
an original data plot along with its data listing, as typed,
is found in Appendix G, -

When the phorometer was first used, the disgBciating
device was fixed in place. It was soon realized t this
was a cause of uncertainty in the starting conditipr& aof
the test. This was because the subject's eyes were dissociated
, for an indeterminate period before the test was started. This
was unavoidable because the subject had .to look through the
phorometer while it was being adjusted. To avercome this
problem and to enable the time course of thelphoria to be
measured, a technique called the "drop start" was adopted.
For a drop start, the dissociating or other devices were held
up out of sight until testing was to start. At that time
they were released to fall in place in front of the subject's
eyes., A voltage transient caused by the relea31ng solenoid
was used to signal the start of the test. ~

-




CHAPTER IV

THE PROGRAILED PHORIA TESTS

The phoria tests performed during this study were all
executed under almost identical test conditions. The phorometer
was never moved and the test distance and room lighting
remained constant. Because of space limitations all of the
tests were performed at a distance of 40 cm, The illuminance
on the test target was 30 fc except for one lkaddox-rod test
in which the roon wés in total darkness. The test target most
frequently used was a large sheet of white paper with a 2 mnm
diameter black dot at its centre, The subject's field of
view was so limited by the frame of the stepving prism unit
that there weére no significant clues for binocular fixation

4
other than the dot and the grain of the paper.

The subject was seated at the phorometer with his chin
in a rest, The chin rest was adjusted until his eyes were on
the same level as the centre of the rotary prism and the prism
was moved laterally until the subject looked through its centre.
If the subject normally wore an ophthalmic correction he was
asked to wear it if it were habitually used for near vision.

If the subject were not familiar with the test to be
performed, he was told what to do and was sometimes given a pre-
liminary demonstration. He was advised of the importance of
always looking at the motionless image and that he should
resist looking at the other one., ‘hen using the dissociating
prism, it was sufficient to say that he must always look at the
lower image., The proper use of the push button switch was
also demonstrated and if he were to adjust the prism by means
of the potentiometer, he was shown how it worked. [

a
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Aside from instructing the subject, the operator's
preliminary duties were to place the graph paper in the plotter,
start the program running, plot the corner reference points on
the graph and set the switch register to indicate the desired
actions to the computer program,

'Thé operator was required to look at the scale on the
prism's face before and after the test. If the prism were )
not set at zero power the operator set it so with the direction
of approach to zero being from base left toward base right.

This was necessary because of backlash calculations, If there

- were no error in the prism's action during the test, the prism

would be found at exactly the same position at the end of the
test, This checking method was based on the principle of the
check sum, A record was keot during the test, by the program,
as to where the prism ought to be, The prism was returned to
the zero position, with due respect being paid to backlash,

at the end of the test., The number of steps necesgary to return
to zero was calculated from the prism's supposed position at

the end of the test. Any errors in the prism's response during
the test were shown if the prism were not found at zero, If

an error were found the results were discarded,

The results of the phoria test were recorded in two
ways: (1) by means of a graph produced on the X-Y plotter as
the test proceeded and (2) by means of a typeout of the data
when the test was concluded. Additional data analysis could
be requested after the typeout and the results of this analysis
vere recorded graphically by the plotter., Two auxiliary plot
routines were developed during this study, one for averaging
and the other for a special analysis called "delta-vergence".

A punched paper tape was produced during the typeout. This
was used as inpﬁt data for further analysis,
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It was found that the points, as plotted, did not géve
a good picture of the results so it was usual to join them
with an ink line before studying the graph. Since the points
were dark blue a lighter colour was used so as not to obscure
then.

The typed data was g%esented in a single column with
the signed number of steps from’ zero preceding the time at
which the response was made, The time was shown in tenths
of a second. The length of the typeout became quite unwieldy
when many responses were madé. The typeout served a useful
purpose because sometimes the points were not properly plotted
on the graph,

An auxiliary routine which was particularly useful. was
that used to convert the data into a more readable form. A
FORTRAW program was prepared to run on a larger computer, a
Control Data 6600, and this took the data from the punched
paper tape and converted it into the prism power in tenths of
a diopter at the time of the response. The number of prism
steps corresponding to a given prism power is shown in
Appendix D along with the FORTRAN program.

I. THZ PRISM~-DIPLOPIA TEST

The prism-diplopia test was the first to be programmed gi

for the phorometer. There was no special reason for this
choice other than that it seemed to be the easiest to set up.
At first, the 6A dissociating prism was placed before the eye
not looking through the stepping prism. Later Savage's advice
was followed and both prisms were placed before the~eame eye,
Finally, the dissociating prism was mounted in a vertical guide
so that it could be dropped in front of the subject's eye at
the start of the test.
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The prism-diplopia test procedure was inadeauately
defined in the ophthalmic literature, It was therefore necessary
to perform some preliminary studies to determine the most
reasonable test procedure, The results of this study have
already been published.22 The conclusions were that the
fastest operating speed consistent with the subject's ability
to respond gave the most phoria information., Time delays,
whenever necessary, were best kept to a minimum and the
cancellation of the phoria should be approached alternately
from opposite directions.

The cycle chosen for the test was: (1) to make a
continuous change in prism power in one direction until the
subject indicated alignment by actua}ing the switch; (2) to
record the prism's position and the elapsed time since the
start of the test whenever the subject actuated the switch;
(3) to instantly alter power by 50 steps in the same direction
as the prism's previous motion and (4) to change the prism's
direction of motion andaproceed as in step (1), This cycle
was repeated until the test was stopped by the operator,

v

The name "offset jump" was coined to describe the abrupt
change in prism power which occurred after the subject's
response. The amount of the offset jump was always 50 steps.
Starting the jump from zero power, this corresponds to 4.6A,

The operation of the system is best understood by neans
of a description from the point of view of the subject.

The subject saw a black dot on a field of white, Suddenly
two identical dots were seen, one directly above the other,
The double images were caused by the dropping in place of the
dissociating prism. Shortly thereafter the upper image jumped
to one side of the lower one and then began to move toward
alignment again., When the inges were aligned vertically the
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subject pushed the switch momentarily. The upper image was
then seen to move to a new position by an offset jump haviqg
the same direction of motion as before. After this the dot
remained motionless for about 0.5 sec and then started to move
back toward vertical alignment again, The rate of movement
was about 2,0A/sec. Vhen alignment occured again the'subject
pushed the switch, the offset jump was made again only this
time in the opposite direction to the previous one, The test
continued in this way.until the operator stopped the test by
depressinz the space bar on the teletypewriter, The subject
then saw the dot move to one side until it stopped and the
test was over,

»

A set of results for 5 subjects’'is shovmn in Figure 7.
They are tyoical in that they all show a fairly rapid change
from zero to some final value which is relatively stable,

The curve for D,S. has drifted to 3.54a of exophoria after 7 sec
have elapsed, Thereafter the average value is 3,84 with the ’
standard deviation being 0.4A. Subject J.C. is seen to take
longer to arrive at a stable average value. It is reasonable
to assume that the initial drift from zero has finished after
37 seconds., Since the average value is in the order of 6,.5A
it might be assumed, incorrectly, that the longer time wasg
required because the phoria was greater. The curve for B.A.
shows that there is no necessary relationship between the
amount of heterophoria and the time required for the subject
to arrive at this value, It took B.A. 17 sec to reach his
average phoria of 114,

As an example, the typeout of data for subject J.C. is
shovm in Appendix E. To conserve space the list was arranged
into columns. The same data arranged by the FORTRAN progrfam
is also shown,

-
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Some atypical results are shown in Figures 8 and 9,

figure 8 shows two subjects who were esophoric and who, it

was later discovered, ¢vhad suffered from convergent strabismus

as children, Subject J.L. had been operated on for the condition
and neither subject showed any obvious sign of excess convergence,
The thingz that makes them atypical is the instability of the
phoria, For example, subject J.,L.'s initial phoria is 94 after

5 seconds. There is then a decrease in esophoria until 120 sec
later the average value is about 3A., In the case of J.F., the
phoria's initial value of 114 soon falls to about 8.5A and then
rises again until it is in the order of 134, This rising and
falling continues throughout the test.

The results for two exophoric subjects are shown iq_
Figure 9, The curve of A.L, is.considered atyﬁical because of
its zig-zég form. This response pattern is not invariable as
can be seen after 140 sec have elap%ed. The response curve
of W.L. is remarkably continuous from 7 to 45 sec after the
start of the test, Thereafter it becomes very choppy and
shows a reduction in exophoria of 4A, An interesting observation
is that if the straight portion from 7 to 28 sec is projected
backwards it intercepts zero time at zero prism power,

II. THE FUSED-INAGES TEST

The test described by the name "fused-images" is a new
procedure which can be applied to the measurement of lateral
heterophoria, The characteristic which sets this test apart
from all others is that it does not use a dissociating device
and yet the subject is in a state of diplopia most of the time.
The means employed to disrupt fusion, and thus force a dissociated
position to be adopted by the eyes, is the offset jump. When'
the prism's power is changed quickly, as it is during an offset

jump, the vergence system doeé not have %ime to respond and so
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for a short time the subject will suffer diplopia.

In the fused-images test, the subject actuated the
switch whenever he saw only one image; that is to say when
fusion had occurred, Shortly thereafter an offset jump was
made at which time two images were seen again. Immediatély
after the offset jump, the prism began moving, at a rate of
2.4ba/sec, toward its power just before the jump., When fusion

+ occurred again the switch was actuated and so on till the end
of the test, The offset jumps were performed on alternate sides.

ATl of these operations were performed at the highest speed
consistent with reliable operation. The programming for this
test method was similar to that already described except that
no delay was made between the end of the offset jump and the
return toward alignment of the images,

During this test the images are dissociated most of the
time and the quicker the response to fusion the less the images
will be fused, This test requires that the subject remain
alert otherwise the moment of fusion will be lost. From the
subject's point of view the test is rather like a game in which

“the object is to always see double, A éubject whose vergence

is moderately stimulated by this procedure will make about 130
responses during 175 seconds,.

This test procedure presents the subject with a vergence
stimulus of about 5A every time he actuates the switch, With ~
each repetetion the vergence stimulus is in the opposite sense.
It is obvious that this test is more a test of vergence -
responses than it is a test for lateral heterophoria. The
remarkable thing is that it gives average values that are
similar to those found by conventipnal phorometry.

2
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Figure 10 shows fused-images results for two subjects
who were typical when tested by the prism-diplowria method.
Subject D.S., is typical of those who were responsive to the
stimulus for a vergence change whereas V,V, is remarkable in
that the stimulus seems to have been ignored, 1In fact V.V.

“behaves as if the images were dissociated by a dissociating

device, Both of these subjects had normal vision without
suppression so this behavioral difference was a characteristic
of the subject and was not due to some visual defect,

Each of the subject's responses is plotted as a point
on the graph. The treatment of the test results is shown
in three sections, each occupying one third of the graph.
The responses alone are shown in the left hand section, The
responses and the prism power at any given time are shown in
the centre section. The right hand ‘section shoes the responses
joined by a line point to point.

The Joining together of the plotted points does not
always serve a useful purpose, as can be seen in the case of _
D.S. 1In order to extract meaning from a graph,it is much ~
better to plot the midpoints between successive responses

and to join these points together. This method of plotting’

has been adopted for all fused-images phoria results. The
actual plotting of the points was performed by the computer.
Response n was algebreically summed with response n+1 and the
result was divided by 2 to obtain the mean, or midpoint. This
value was then plotted at time n+t.

il

Averages alone do not describe the subject's response
to the vergence stimulus. Since this test method had never
ey1sted before, 1t was necessary to create a method for showing
the vergence change which had bee stlmulated by each offset
jumn. The method adopted was glven)the name “"delta-vergence"
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because it consisted of a graph showing the magnitude and

direction of the change in vergence. Delta-vergence was calculated
by subtracting the response value at time n from that at time

n+l and then plotting the result at‘time n+l, If there were

no chanse in vergence the value plotted would be zero. The

phoria would not be shown through this graph but if there were

a phoria change it would alter the delta-vergence values

somewhat during the change.

An example of one subject's results re-plotted to show
the midpeints and the delta-vergence is found in Figure 11,
sione of the original data is lost in this presentation. A
phoria graph for this subject has already been presented in
Figure 9, The phoria values obtained from the midvpoints plot
are seen to be similar to those obtained by the prism-diplopia
test, Plotting details are shown in Appendix F.

III, THE AUTOMATIC COVER TEST

The results obtained with the different phorometer
configurations were by no means clear cut, Iliethods which
seemed to be above suspicion were found to be inherently
variable., For this reason, it was decided to introduce the
cover test as a means of determining the subject's true phoria.
71th this objective a computer~controlled cover test was
devised., This was given the name of "the automatic cover
test”,

It will Ye recalled that the cover test differs from
other phoria measuring methods in that one eye'is blocked by
a screen in order to produce dissociation., From time to time
the cover is removed for a moment and then replaced, ihen the
eye 1s not covered the subject is supposed to estimate the
relative position of the dissociated images. The rotary prism
must then be adjusted to eliminate any misalignment perceived
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and the prism power that eliminates the misalignment indicates
the amount of the phoria., The supposed merit of this method
is that for most of the time there is no stimulus for fusion.
Sometimes an additional dissociating device is used as in the
case of the screen-iiaddox rod test.

The phorometer was modified to perform the autonatic
cover test by providing a remote control system for adjusting
the prismzs power and by adding a solenoid operated screen
which was placed before the phorometer unit. The programming
was modified to suit the test procedure.

During the automatic cover test, the screen was removed
from in front of the eye for 0.5 sec and then replaced. The
subject adjusted the potentiometer, during the 3 sec in which
the screen blocked his eye, so that the images were in closer
alignment when the eye was next uncovered. The prism's vpower
was recorded just before the next uncovering and its numerical
value was plotted at the time of the previous uncovering. This

cycle of uncovering and covering continued until the end of
the test.

A series of identical recorded values indicated that
the subject had brought the images into perfect alignment.
To some extent the rate of change of values could be construed
as a measure of how far out of alignment the images were. This
interpretation was only valid for a skilled subject. Because
of this, the data is only significant when two or more phoria
values in sequence are identical, This indicates that the subject
was satisfiéd with the correctness of the previous setting,
Joiqing the points together, on the graph; does not necessarily
indicate the time course ofr the phoria, In spite of this, the
automatic cover test curves are similar to those plotted by the
other methods. ‘
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Typical results obtained with the automatic cover test
" are showm in figure 12, (Other results for subject A.L. are
shown in PFigures 9 and 11,) A 6A vertical prism was used
__as supplementary dissociation in addition to the screen. The
starting position of the prism was not exactly at zero, The
changes seen between 35 and 40 sec, on A.L.'s curve, are
probably *due to an error in the adjustment of the potentiometer.

The automatic cover test was performed with and without
supplenentary dissociation, The test without additional
dissociation was found satisfactory but when the images were
aligned to within Panum's fusional area the disparity could
no longer be perceived.

IV, THE SEQUENTIAL LEASURENEUT OF FIXATION DISPARITY

The computer-controlled phorometer was also used for
the determination of the associated horizontal phoria., Mallett's,
test for fixation disparity was used in conjunction with the
potentiometer control of the prism. The disparity test unit
is shown in Figure 13, The subject wore polarized glasses
during the test. 411l details were seen binpcularly with the
exceotion of the two vertical lines of lisht seen above and
below the' X in the central circle to the left. O0f these lines
one was seen only by the left eye and the other only by the right.
These lines were in perfect vertical alignment so if they were
seen to be out of alignment it was due to a fixation disparity.
If a disvarity were seen it could often be eliminated by forcing
the subject to change his vergence, This was done by adding
lateral orism power before the subject's eyes. In this study
the forced change in vergence was nroduced by the stepping
prism, The subject adjusted the prism's nower, by means of "~
the potentiometer, until he saw the lines in vertical alignment.
The orism power at alignment was taken as the associated
horizontal phoria,
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Phoria plots for 3 subjects are shovn in Figure 14,

The points are not joined together because, in most cases,

they are closely spaced. As in the case of the automatic cover
test, two responses in a row with the same value indicate the
vhoria. The subjects were chosen to show different degrees

of variability in the response pattern., The heterophoria

of subject V.V. has already been showvm in Figure 10 vhere it
was determined by the fus;d-images method, Subject J.L, shows

a remarkable difference in phoria compared with that determined

by the prism-divlopia method as seen in Figure 8.

In order to measure the associated phoria sequentially,
it was decided that the current position of the prism should
be recorded every second. Thus, after starting the teéﬁ, the
subject adjusted the - prism to obtain alignment and the prism
power was recorded at one second intervals.

&
- )

V. THE LENS DROP PHOROLETE!

Once the system for the prism drop had been constructed,
it was natural to extend its use to include dropping lenses,
The synergy beiween accommodation and convergence has already
been mentioned and this is often used to determine the AC/A
ratio. If one were able to drop lenses in front of both* eyes
so that a sudden change in accommodation were required, the
response to this step change should be a phoria change
proportional to the AC/A ratio. In order to see what would
happen when this was done, a2 second vertical slide unit wvas
placed before the other eye, A -1,0 diopter lens was installed
in each caxrrier and both were held up by the solenoid clamp.
“hen the clamp was ovened, the lenses dropped before the subjecti's
eyes, The fused-images test method was used because there
was no place left to put a dissociating dévice. '
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The test was performed as a normal fused-imagzes test
until one minute had elapsed. At that time the lenses were
dropped and otherwise the test continued without interruption,
“hen the lenses were drooped, the eyes were forced to increase
their accommocdat¥on by 1.0 diopter. The amount of accommodation
required of the éubject,throughout the test, could be adjusted
by the addition of ophthalmic lenses in a trial frame.




CHAPTER V

RESULTS AUD COmMPARISONS '

I. VARIABILITY

The results obtained with the computer-control%ed
phorometer show a certain amount of variability. Traditional
methods of measuring the phoria also showed this but to some
extent it was masked by the lack of Qrecision in the measure-
ments made. Gross phoria changes nay be due to slewing toward
an ultinate value or else to an inherent instability.

The variability caused by errors in judgement or
habitual response patterns can cause local variations in the
vhoria, The subject’'s reaction time plays a part in this,
Local wvariations in the values recorded have already been

cormented on in a recent publication.22

If the phoria amounts to more than a few prism diopters,
there will certainly be an initial slewing toward the typical
phoria . value, Vhen this slewing is finished,the phoria may
be stable or unstable depending on the individual, If the test
is repeated immediately, the subject fépeats the same pattern
of change even though the numerical values recorded may not
be identical., If the test is repeated after a considerable
lapse of time, the same pattern of change is seen and the
numerical values found are similar to those previously recorded,
On the other hand, a change in the test procedure can cause
a considerable shift in the subject's response vattern and

. . gy
in the values recorded.

If tests are repeated after a short lavse of time, say
ten minutes, the recorded values are often similar to those
shovm in Figure 15. Here two subjects have repeated the prism-
diplopia test after a delay necessitated by the completion of
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10 minutes. The prism-diplopia method with the prism drop start
wag used in both tests.
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one test and the start of the next one. It can be seen that

the repetition did not alter the resvonse pattern to any extent.
At the same time, i1t must be remarked that there 1s a real
alteration in the recorded values during the course of any

one test and that local dissimilarities can be quite considerable
even though they may occur about some mean value,

If the tests are repeated after a longer time delay,
such as is shown by the curves of Fisure 16, it is obvious
:ihat the variations are of the same order of magnitude as those
found after a minimum delay. Differences are seen but they
are no greater than those found after short delays. An example
of this is givé% by the two curves of subject W.L. in Figure 16,
Although there is a lateral shift in one of the curves, it can
be seen to be due to an arrest in the initial slewing of the
eyes during the first 7 seconds. If the curve is shifted left
to eliminate this,the graph looks similar to Figure 15.

As a general rule,a single test will reveal mwst of the

" characteristics of the subject's pnoria, Réveated testing

shows only minor differences from the first test,but if unusually
larse changes occur during the test,it is well to repeat it
because these may not occur azain. This rule is probably true
for a manually overated phorometer but with such phorometers
the procedure and the timing are not controlled and changes

in these can cause changes in the phoria,

II. COMPARISOIS

¥

Tﬁggphoria results obtained by different test nethods
are best evaluated by nmeans of gravhical comparisons. This '
method is also good when comparing the resoonse patterns of
different subjects to the same test. The comvarison method
of analysis has been found to be very revealing, particularly
with respect to the degzree and quality of dissociation
associated with a particular test method.

" . ?
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Prism-divlopia and fused-imazes. In some cases, the results
obtained by the prism-diplgpia method and the fuscd-imazes
nethod are quite cimilar, This can be seen in Figure 17 where
the results for two subjects have been obtained by both methods:
Althouzh subject A,L, slews faster initially by the prism-diplopia
riethod, the values recorded are similar after 50 seconds.
This 1s also true for subject D.3. except that the initial
chanze 1is over after 8 seconds, '

Exanples of twp subjects whose phofias are quite different
are shown in Figure 18, The curves for L.F. are in some respects
similar but the average response by the fused-images method
is seen to be more esoohoric by about 24, In the case of V.V,,
the‘difference is more marked and is in the order of 5A more
exovhoric. The orism-diplopia curves for poth subjects are
geen to be quite similar, This denonstrates that the use
of only one test method does not give as nuch information
about therpubjeot as these two different tests do. 3Subject
L.F. complained of asthenopia while V.V. had no visudal problems, -

A portion of the record of V.V. is repeated in the right
hand graph (B) of Figure 19, The upper graph (A) for the same
subject shows the delta-vergence analysis apnlied to the
fused-images method data, The subjectns vergence system is
evidently not étimulated by the offset jumps. The data on the

left hand side of the fizure shows the same analysis applied

to another subject., Subject J.G:. is seen to be stronzly
stimulated b§\the offset jumpéfﬂgﬁ

The delta-vergence analysis procedure may be used out

of its original context own in gravhs «(C) of the sanme
P .

fizure. The data gatherled by the prism-divlovia method has

been analysed as if it had been gathered by the fused-images

method. It is interesfing to note that the curves seen in
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Dissociated vhoria with aad without startine offset,

“"he programming of the phorometé% enabled a start to be mnade
from some prism value other than zero, It was also possible
to remain at this value for a pre-determined time, ‘hen the
subject started the progran by actuatiﬁg the switch, the
amount of the offset required was read fron the switch registér
and the prism was sleved to that value. 1If a time delay
request were also found,the teletypewriter bell was rung

to indicate the start of the timed interval and was rung
again to indicate its end. The phorometer program began to
be executed after the second tell and it continued until
terminated by the operator,

The results of an exveriment using a'starting offset
and a time delay of 10 seconds are shown in Figure 20, These
indicate that the presence of lateral prism before the eyes
can alter the response pattern even though the subject's eyes
are dissociated, The implication is that the eyes were not
completely dissociated, Two starting offsets viere used, 11.6A
eso and 11,6Aexo., The phoria curves found with these starting
conditions are shown along with the curve measured without a
starting offset. From an inspection of this figure, it is obvious
that looking through a fixed lateral prism can alter the time
course and the ultimate value of the phoria. .This has great
practical significance because during conventional phorometry
the prism must be left at a fixed value from time to time.

ilot all subjects resvond to the presence of lateral
prism in the same way. This is illustrated by Figure 21 in
‘which subject V.V., who generally gave steady results and
often aporoximated orthopnoria, was obliged'to look through
a starting offset of 11.64 ego for 53 seconds before the
test was started, It is réggfkable to see that his first

f‘
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2 v

response was in a direction showing that he.had a greater eso
deviation than was necessary to align the dissoclated images.
The test was repeated with the starting offset in the exo
direction and the results were a mirror image of those shown
in Figure 21. 7The curve for no starting offset shows that
after the iﬁitial slewing of the phoria the starting offset
had no further effect., It is worth remarking that the subject
was unawvare of the purpose of this experiment and that no
instructions were given that might have made him try to fuse
the dissociated images together. After the test he stated,
still without prior knowledge, that the images tended to line
themselves up but were seen to be continuously moving into
and out of alignment.

Cover test. The automatic cover test gives results

which are particularly interesting because the cover test is
generally considered to be the closest to the ideal. Results
for 3 subjects are seen in Figure 22. Subject C.P.'s results
are for tests repeated with a minimum of deiay whereas those
for V.V, were separated. by an interval of 7‘days.

A comparison of the fhree curves shown for subject J.F.
‘orings out an interesting point. The fused-images test gives
results closer to the cover test than does the prism-diplopia
method.

The results shown in Figure 22 were obtained using a
6A dissociatipg prism butyit is also possible to perform the
test without this device.~ Comparative results for two subjects
are shown in Fisure 23, This figure proves, beyond any doubs,
that the cover fest does not dissociate the images completely.
If this were not so the slove of the phoria-gurve with and
without supplementary dissociation would be the same,
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Prism-diplopia test results are also shown in the

- figure. It is interesting to note that the phoria [lfound by this

test is not the same as that fouﬁa by the cover test. 1In the
case of subject D.S, the prism-diplopia method shows the phoria
to be avout 24 less than that found by the cover test. The
prism-diplovia phoria for &.D. is, in general, greater than
that found by the cover test. This illustrates the difficulty
in determining which test method gives the “true" value of

the phoria,

Continuous alignment. If the cover test prozram is

used without the cover screen but with the dissocilating device,
the test becomes one in which the subject can keep the images
in alignment at all times., The cover test program was modified

.50 that the screen was held open throughout the test, The

prism's power was recorded at 1 sec intervals., Phorid curves
obtained by this method are showvn in Figupe 24, Two of these

4

have been repeated in Figure 23.

When these results are compared with those obtained by
the prism-diplopia method, they are seen to be huch less )
variabfe. As an example of this compare the curve fér W.L,
with those shovn in Figure 15. The average phoria for this
subject is 4A less by the continuous alignment method. On the
other hand,the results for D.S. are similar by these methods.
An interesting response pattern is shown by C.P. because for
40 seconds the same phoria is maintained until,after an eso
increase of short duration,the vhoria shifts from 2a eso to
24 exo. This illustrates the value of repeated measurements.
iw1thout them, the phoria would have been considered to be stable
at 25 of esophoria, ' l
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Associated horizontal phoria, Phoria data found by

the fixation disparity method is showvm in Figure 25. It is
interesting to compare the cover. test results found in Figure
22 with those in Figure 25. Certain similafities can be fpund
in the results of V.V. and C.P. On the other hand the resulis
already seen for ..L. are quite different to those found in
Figure 25. Subject [1.A. is remarkable for his consistency and
acuteness of judgement regarding the precision of alignment.
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CHAFER VI ) .
2t
UISCUSSION,

Some discussion of the results has "already been made’
in the oreceding chapter. 'his chapter is devoted to findings
of special interest. These-include observations on strabismus,

‘dissociation and the. effect of accommodation changes on the

phoria, Heterophoria is re-defined and new ways to measure it’

are considered. s

» L

I. FINDIIGS OF SPoCIAL ILNTEREST

Findings of special interest have been made during
this study. These were entirely unforeseen., -Those sinzled e

out for vresentation here have some clinical significance.

-

Strabismus. Purely by chance, two subjects were tested

who had a history of strabismus dating from their childhood,
coth subjects were in their early twenties, The vhoria results
for these subjects were so different from the rest that it
prompted(an enquiry into their visual history. VWhen it was
found that they were prone to strabismus, they became the dbject
of a special'study. One of the subjects, J.L. had undergone

an operation for the correction of convergent strabismus, 'while
the other, J.F., had'never been treated surgically.

4

The phoria measurements for. subject J.F. are shown in
Ficure 26, The délta-vergence analysis of this data is found /P
in Figure 27.. The upper mart of Figure 27, marked T2UE DELTA-
VERGECE, -shows the delta-vergence analysis applied to the,
fused-images data, Cgmp&ring this with Fipure 19, parts A;
it seems that J.F.'s responses are unusually variable,
; 1 :

I
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The lower graph &n rizure 27 is an analysis od the
prism-diplopia data by means df the delta-~vergence procedure,
The results of this anhalysils are not, of course, based on
the same test conditions as those shown in the upper gravoh,
The interpretation of the results of the analysis is not as
simple as in the case of the fused-images data. A subject
wimse phoria was steady and who made no errors in his respdhse
to alignment would have two delta-vergepce curves, one on
each side of the zero line. The curves would not fall on
that line because of the subjec%*s reaction time., If th
curves vere not straight lines ‘it could be because there vere
variations in the subject's estimation of the moment of
alignment., If the phoria were to vary between measurements,
this would be reflected .in variations in the curves. Anogher
‘possibility 1€ that the test conditioris stimulated the subject’
to make a change in vergence even though he was dissociated.
In &£ F.'S case, the curves are somewhat different to those .
already shown in Figure 19, parts C. In particular,it should
be noted that a divergent stimulus results in a convergent
posture of the eyes and yicE versa.,

Thé data .of J.L. has been treated in the saﬁe vay as
Phgﬁ of‘J.F; and the results are shown in Figures 28 and 29.
The delta-vergence analyzis applied to the fused-images data
~zZives a picture of a remarkavle vergeiice system. ‘hen this
analysis is applied to the prism-diplopia data;the peéults are
not unlike those of J.F, but are more extrenme, ’

‘ The.resuXts shown 'in figure, 29 deserve svecial cemment
because the subject behaves as if a stimulus for convergence
results in divergence and vice versa., 3Since this interpfetation
will undoubtedly be questioned, the original data and graph .
are given in Appendix G. A prism position plot is included

e '
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to vrove that the resulis are not due to an error of
interpretation, Another check on the validity of the data is
that it is impogsible for the responses to pass the amount of
the offset jump.“ This can only avvear to havpen if the

offset jump limit on the other side of the zero line is crossed,
If the subject were to converze by more than the amount of

the offset jump,he would be on the wronz side of the suvsequent
vergence change and the prism change would ‘make him even

nmore out of alignment. It is also unlikely that his vergence
could change with such a speed that he could ve converged by,
more than the offset jump. The prism-diplovia data, when
analysed by thq{delta—vergence procedﬁre, shows that the
-subject diverges‘when a stimuluys to coanverge is presented.

This serves to confirm the analysis of the results, The
contradictory responses are less éxtreme but this may be due

to dissociation reducing the response to the stimulus.

Figure 30 shows some additional test results for these
two subjects, The upper graph shows the fixation disparity

‘"test results for J.F. while the lower shows both disparity and

cover test results for J.L, It is iﬂferesting to note that
these results are more often than not oh the exovhoria side
of the graph. ,This is ovpposite to the results ob%ained by

the fused-images and prism-dipiopia methods,
’ 1 - 4 ]
The results for J.L. show two unusual features: (1) at

tHe start of the fixation disnparity test, the subject was in

a state of diplopia for 13 sec and (2) during the first 40 sec’
of thé cover test the images were ‘seen in perfect vertical
alignment, These resppnsés were quite atnormal. ‘/hen the
‘cover test results were seen to be consiant the operator
alﬁered the potentiometer setting“as can be seen in the figure,
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Thereafter, the origina; phoria value was never repeated and
<there is every evidence that the sutject was capable of
Judging alignment throughout the test. With regard to the
diplopia, it is strange that a test in which all binocular
clues are present, with the exception of two vertical:lines,
should give rise to diplopia,whereas in the cover test, where
the intention is to eliminate fusion, the subject's vergence
locks itself into a fixed value. After the cover test, the
subjéct was asked if both images were seen during the first
L0 seconds and the answer was yes. Therefore,the results
cannot be said to be due to suppression.

Dissociation., The resu%;s of this study show aspects
of dissociation which are of great practical importance in
phorometry. Three observations about dissociation can be made.
These are: '

1. The phoria response pattern elicited from the subject

by différent test mpthods differs from subject to subject.
2. The amount of lateral prism which the subject

looks through may influence*the valué of the phoria and its

time course. “ '

3. The way in which the subject looks at the dissociated
images durlng the test may alter the phoria,

The proof of the first observation is %o be found in
Figure 31 in which a variety of phoria tests have been
performed by two éubjects.. Four different test methods are
shown for C.P., and 5 for M.A. Among the sﬁbjects tested C.P.
was found to give consistent phoria values of apprbximately

~ihe same magnitude.’ On the other hand i.A. had dissimilar

response patterms for each method. Tests commen to both subjects
weré the associated phoria, the cover test with prism-diplopia
dissociation and the lafidox-rod test in the dark using
continuous alignment. The laddox-roti test with the room lights
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on was performed by C.P. but Li.A. could not do this because
he could not see the vertical line of light throush the
i’addox-rod, Two other methods are shown for li.,A. These
are the prism-diplopia test using the offset jump and the
same test using continuous alignment,

A comparison of the results for these two subjects
shows that the response pattern elicited by a particular
means of dissociation and test procedure is a characteristic
of the subject and not necessarily of the test, It is also
clear that a test that gives a minimum phoria for one subject
may give a maximum for another. The Maddox-rod test performed
vvith <The lights bff illustrates this as does the associated
phoria,

The resul%s for subject ii.A., shown in Figure 31, are
enough to discourage anyone from making generalizations on
the merit%h?f the different methods of dissociation. This
subject claimed to have "funny eyes" and compared to C.P.
his evalustion would seem to be correct, His most striking
characteristic was the ability to perform the associated phgfia
test with great precision. This can be seen by the fine
adjustments that he has made during the course of the test,

Three curves are shown for tests in which a vertical dissociating

prism vas used., Of these, the most erratic is that of the
original prism-diplopia method. At first glance, one might

say that this showed the offset.jump to be an undesirable
feature,but if one looks at the cover test results it-is found
that both curves are similar for the first 50 seconds and
shdw‘the same general trend thereafter. Since the cover test
is often considered to be the2 "ideal" this speaks favourably
for the“prism7diplopia method. ‘hen the prism-diplopia
dissociation is used,but the adjustment 1s made continuously
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the phoria curve is quite unlike that of the cover test.

This serves as additional proof ol the second observation

nade above, The retention of the starting phoria- for 12
seconds and other features suggest that association occurred
even though the images were dissociated. That the offset jump
can serve to disrupt the association of  the images is obvious
when the offset juhp and the continuous adjustment ‘curves .
are compared, : -

Regarding the second observation on dissociation, that
the amount of lateral prism which the subject looks through
may influence the value of the phoria and its time course,
both Figure 20 and 21 show this to be true. When the alignment
of the images is adjusted continuously, the same condition arises
because there is no offset jump to alter the relative position
of the images. When adjustment has been made continuously,
as is shown in Figure 24, the phoria curves are seen to be
much more continuous than those foﬁnd by methods that alter
the prism after each response. Subject C.P.'s curve is a Food
example of this. W.L.'s curve in Figure 24 should be compared
with those in Figure 15. In this case, continuous adjustment
has decreased the amount of exophoria ‘by about &4A,

The third observation was that the way in which the
subject looked at the dissociated images during the test
could alter the phoria. 7his variable in the dissociation
of the eyes is demonstrated in Figures 32 and 33:. Here the
subject, the author, deliberately changed his method of looking
at the dissociated images from test to test. The result of
such an experiment, with dissociation by a Maddox-rod, is shown
in Figure 32, Four ways of looking at the images were employed.
These were: '

1. To always look at the‘poiht of light and to a&oid,
as much as possible, looking at the image seen through the .
raddox-rod. : . | ‘

T4
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SUBJECT W.L.

LOOKING BACK AND FORTH BETWEEN POINT AND LINE

J
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0 . o
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Figure -32. Four different phoria rmeasurements fog the o
same subjgct showing that the value of the phoria can be altgred
by a change in 'the fixation pattern on the part of the subject.

Dissociation was by Maddox rod using the prism-diplopia program.
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2, Always look at the line qf'lighf; seen through the
maddox-rod, and look at it at the same level as the point
of light seen by the other eye@
, 3. Look back and forth between the point image and the
line image, e ¥
4, DTLook at the line image but at a position estimated
to be about 6A higher than the level of the point image,

The fourth procedure was intended to simulate a 64
dissociating prism. The curve for this procedure was +the
closest to that obtained when the point was regarded directly.
On the other hand, looking back and forth between the images
caused an eso shift in the phoria. When the 54 of esophoria,
obtained by this method, is compared with the 20A of exophoria
found when the point was fixed, there Is no doubt that the
way of looking at the images may influence the phoria,

A similar procedure was used with prism-diplopia
dissociation. The ways of looking at the images were somewhat
differefit and were:

1. 7To always look at the image seen by the eye not
looking through the dissociating device,

2. To always look midway between the images.

3. To look back and forth between the two images,

In the second case,a mental line had to be drawn between the
images and its estimated midpoint fixed. The results for
these procedures are shovmn in Figure 33. Once again the third
observation is substantiated, 'p

Phoria and accommodation. The synergy between accommodation

and® vergence is often used as an indirect way of determining
the relative influence of accqommodation on the position of
a fully occluded eye., This is used to establish the AC/A ratio.
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Figure 34 shows what happens when th%:subject is
suddenly obliged to change his accommodation. The lens drop
phorometer was used and -1,0 dionter lenses were dropped
simultaneously before each of the subject's eyes durinz the
sequential neasurement of the phoria., The fused-imazes method
had to be used because the holder normally reserved for the
dissociating device was used to hold the lens before the
right eye. Since this was a pilot study, there was no provision
for the synchronization of the lens drop from test to test,.
The exact moment of the drop was ot determined but it was
approximately as indicateq by the arrows(in the figure,

If the curves to the left of the arrows are examined,
it is found that the more the subject is obliged to accommodate
the less exophoric he becomes, This is the normal synergy
between accomnodation and vergence. The AC/A ratio for this
subject appears to be about 7 prism diopters per diovpter., The
bottom curve does not show this fully because the subject was
undercorrected,.

It is not too surprising to find that the ovhoria curves
continue to change after the transient caused by the lens drop..
On the other hand, it was unforeseen that the curves for a
given diovtric power would avpear as continuations of each
other before and after the drop., It apvears as it the phoria
change caused by the drop serves to reset the phoria to
correspond to the tir@f course of chanze that would have
occurred had the new lens value been present at the start.

The curves for V.V, are included to show that not
everyone shows a decrease in phoria when the lenses are dropped.
" In the upper curve, the subject shows little change in his
phoria after the drop. ‘:hen lenses have been added to make
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the subject myopic by 1.0 diopter, the lens droo causes a
phoria change in the direction of exovhoria, Thnis is the
ovposite direction to that predicted from knowledge of the
synerzy between accommodation and vergence. This change
proves to be a transient. Such a response would have been
missed by conventional test methods. ’

These results provide evidence to suggest that the lens
drop test has a potential for dilagnosis in addition to the
determination of the AC/A ratio. This topic deserves nore
study.

II. HETEROPHORIA

In providing us with a new look at heterophoria and
its measurcment, this study has uncovered many nroblems.and
offered 1ittle in the way of solutions. This is because it
was, in essence, a vilot study in automated phorometry. The
original intention was to provide a sophisticated phorometer
for research studies and this coal was achieved., Some new
thoughts on heterophoria and its measurement were inevitable
after such a study dnd these are offered in the hove that
they may be of use, V

. Defining heterophoria. The various definitions of
heterophoria already given or implied often include assumptions
which cannot stand up to close examination. Terms such as
"position ©f rest” or "latent %quint" are used without
justifiication. The following definition of heterophoria is
offered as an inprovement on its predecessors:




93

Heterovhoria is defined as the changze in vergence
which occurs when ertificial rmeans render the need for fusion
inoverative, Lateral heterophoria is the heterophor*a
nmeasured¢ in the plane of regard when it is in its oprimary
position,

42 Although the prefixes eso and exo have a certain
value gained through usage it would be better to revlace
them with mathematical signs. This is almost certain to
happen in any event because of the use of compuling eaquipment,
An increase in vergerice should be indicated by a positive

sign because this convention is already in use.

While the definition of heterophoria states that the
need for fusion must be inoperative, this study ha§ shown that
there is some stimulus to fusion in most, if not all, of the
phoria test methods. Iilew test methods must be devised if
this fault is to be overcome,

lieasuring the phoria, The customary method for

measuring the phoria is by cancellation, A rotary prism is
adjusted until the apparent displacement of an image, due to
the vhoria, is eliminated, while this is a clever vay for
measuring the angular deviation of an eye it cannot be said
to be entirely divorced from fusional impulses. ‘hat could
be closer to the intent of fusion than bringing images into
alignment? A method in which the subject did not participate
would be preferable and such methods are now available in
the form of eye vosition recorders. iith these the position

of the eyes is, ideally, known at all times, If such recorders
were used in phorometry the phoria could be determined at any
instant without the participation of the subject.
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Producing dissociation. It has been sHown that different

dissociating aevices gave different phoria results for the

same sSubject, It has also been shown that a device which .
gave a greater phoria value for one subject could give a lesser
one for another. \e see from this that the choice of the
dissociating device is not a Simple matter. The whole concépt
of dissociation needs examination ank
clarified,

notions about it must be

, /Uissociation, in an idealized sengy, means that there
are no visual stimuli for a change in vergknce. It should also
meaq that there is no inhibition for,a verdence change whose
origin is independént of the fusion mechanism. It has already
been pointed out, by Westheimer and iiitchell, that simnilar
images may be separated verticilly and stiTl act as a stimulus
for a vergence change.ij Herein lies one of the flaws in”

the prism-diplopia method of dissociation. The same authors
have also shown that dissimilar objects can act as a stimulus
for vergence changes. This strikes at the basic principle of
the lMaddox-rod., The present-study has confirmed these findings
and has also shown that the cover test is not effective in
eliminating fusional tonus. Thevglope of the caver test curve
without supplementary dissociation, Figure 23, pfovés this, .

If none of these methods are above suspicioﬁfit seems that

ve must put them aside and look again at the problem of
dissociation. '

A @issociating device comprises two parts which are
the dissociator and the target, For exanple, the liaddox-rod
"is a dissociator and the lamp bulb and other details seen
by the subject comprise a target. In this example, the target
mist be a small bright object otherwise the system will not ‘-
work., The interdependence of the dissociator and the target

G
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is not as obvious in the case of the dissqciating prisﬁ\becausé
everythiﬁg is seen double, If the target had a grid'of lines
marked on:if, similar to graph paper, it is evident that the
subject cduld fuse images even though dissociated., The samg
thingtcah haopen if a .plain sheet of vaper is wrinkled or -

the ~ra1n of the paner can be seen., From these examples, it is ¢
clear that. the target and the dissociator must be thought of

as a dissociating unit and the target must be matched to the
dissociator for the desired resﬁlt§ to be obtained.

- Now dissociating unit. I should like to provose a new

dlssgplatlng unit with the target being random dot patterns
in polarlzed llbht and the dissocigtor being volarization
selective material placed before the subaect'§ eyes., Anyone
familiar with the work of Julesz on random dot stereograms
o will recognlse this choice as being based on techniques that
are already developed, 17 In the present case,the random
dot pattern seen by one)eyevﬁust be hncorrelated w%th\that
seen by the qther. All the dots seen shourdﬁappeéf to lie
in the same plane,‘whlch is the plane of the target, and
the dots or other forms seén should not act in any way as a

« stimulus for fusional eye movements.’ ~

A vatterned surface -is required for the target becayse
‘ otherwise an empty field may be formed. If an empty field
forms, the test. cnﬂditions are indeterminate since the part ¥
the field in whlch there is no chan%e in contrast wilt be
filled in by the yisual cortex.u5 Another reason for a

surface with visible details is th#t these are necessary’ as
’ ~

imulus for accormmodation. : .
-~ o
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The dissociating unit proposed‘ﬁerg has never been
tried., The proof of its supposed merits can only be obtained
by a scientific study. If it does give the results hoped for,
it could be used as a standard against which other phoria
methods could be evaluated, This unit should be used in
conjunction with an eye position monitor. If this were not
possible a system of polarized reference marks could be used
for determining the amount of the phoria., Such a subjective
method would‘suffer from the disadvantages already mentioned.

I




CHAPTER VII

ey

SUMMARY

* The original aim 6f this project was to produce

a computer-controlledbphorometer which would serve to measure
lateral heterophoria values in a time sequence. This goal has
been achieved and the results obtained using this ohorometer
are of a quality never before obtained, The measurement of
the phoria in a time sequence has revealed details concerning
the nature of the phoria which would not 'be observed by any

other means.,

.

Althouzh it was originaily intended to restrict the
phorometer's usé to the von Graefe test method, it was soon
necessary to include other test methods and other means of
dissociation., Among the test methods used were the lMaddox-rod
drop, the dissoéiating prism drop, the lens drop, the automatic
cover test, the continuously adjustable prism, the fixation
disparity phoria and the fused-images test, The fused-images

" phoria test is a completely new one developed during this
study.

A reasonably large number of subjects were tested by
the various methods and many of the subjects were re-tested. T
The results of these tests enable a comparison to be made
between the various methods. The constancy of the performance
of the tests, due torcomputer-control, shows differences in
the results which cannot be attributed to errors. JThese
differences are so striking that their presence raises doubts
about the utility of the various methods of dissociation \
and the value of phoria tests that are performed manually.
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The scove of the study expanded with every unexpected
finding until the project became a pilot study on automated
phorometry. Anyone intending to investigate heterophoria
will probably want to use methods that have Dbeen piloneered
in this _study.

Although no vphoria test was found faultless, it would
seem that the laddox-rod method is among the most subject to
fusional interference. The least subject to such interference
is the automatic cover test with prism-diplopia supplementary

\

dissociation.,

It is interesting to note that the method giving the
greatest phoria is not always the sage from subject to subject,
This suggests that the phoria is the result of the workings

of a more complex mechanism than might have been expected.

The fused-images test method was particularly useful
when appliéd to a subject with a visual weakness such as
asthenopia or strabismus, A subject with a history of
strabisnus, corrected(by surgery, was tested and found to
converge when stimulated to diverge and vice versa, [No other
test available could have extracted this information. This
demonstrates a use for this test in ophthalmology and .
orthoptics,

A recent theory on heterophoria, Crone's, was not
substantiated by the results of this study. The associated
horizontal phoria was measured automgtically and when compared
with the other phoria results was not found to be directly
related to them. If there is a link betwgen the disparity and
the phoria, it must be an indirect one. '

~
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. ‘A new, concept of ophoria measurement has been proposed
and a new definition of heterophoria given, Further study is
needed to see whether or not these are of value. While the
computer-controlled phorometer is desireable for studies

such as were described here, it is suggested that objective

measyrements of eye position are to be preferred in the

future.

.

5e
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CHAPTER VIII
CLAINS TO ORIGINALITY

The conception of thé -experiments, the design of the
equipment and its construction, the imrterfiacing, the programming
and the subseqient analysis.of the data were all done by
myself,” The idea that the phoria should be measured continuously
originated with my thesis director, John Outerbridge: The
actual implementation of continuqus measurements came about

as a by-product of the work done on the automatic cover test.

A
" The follow1ng list includes the major innovations.

which were associated with this work Thesé are:

1. The stepping prism is my original cBncept and to
date all design and constructiorf, both mechanical and electrical,
have been done by me. \ i

2, The interface cirbuitry used té control the stepping
prism was de51gned 'and constructed by me,

3. The concept of the computer controlled phorometer
is original as is the spe01flcat10n of the test procedures
and thelr programming. . S

L, The dropping of the dissociating device or lens
is a new procedure which enables the time course of the phoria
- to be followed or modified.

5. The fused-~images test is original.
6. The concept of delta-vergence is original.
7. The discovery of a clinical use for the fused-images
test, in connection with strabismus, may be of value, 4
8. Heterophoria has been re-defined and a new means.

-
M »

has been vroposed for determining it.
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APPENDIX A,

THE CONVERSION FROM PRISM DIOPTERS(A) TO ANGLE OF DEVIATION

PRISM POWER DEVIATION PRISM POWER DEVIATION
(8) (deg.) (4) (deg.)
0 0.0 16 9.09
1 0.58 17 9.64
2 1.15 18 10.20
3 1.71 19 10.75
4 2.29 20 T 11.31
5 2.86 21 11.86
6 3.43 22 12.40
7 4.00 23 12.95
8 4.57 24 13.49
9 5.14 25 14.03
10 5.71 26 14.57
11 6.27 27 15.11
12 6.84 28 15.64
13 7.40 .29 16.17
14 7.97 30 16.70
15 8.53

S
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operator setsvprism to zero J [operate motor subroutine

4
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instructs subject

operator loads program's
starting address

i

@ '

[watt for subject to actuate switchf<

actuated
yes

starting delay
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(SR) for desired operation

operator sets syitch register

va() sec. delaﬂ

operator starts prograon

0,

read SR for starting direction pe—

immediate offset <7

linitialize subroutine entered

yos no t
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load normal offset
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completed
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no

‘loperate motor subroutine

!

Enable erystal eclock, X-Y plotter

¥
turn on interrupt
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o
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FigureCl. An outline of the programmed procedure for

the prism-diplopia test.
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single step the toter

s
N

(update the motor <
position register)

Y

[check for. subject's response

response P

30 ms delay

b

yes
|

renter X-Y plot* subroutine ]

A 3

correct prism position for

backlash

set position into X axis
D/A eonverter

L

(to give time to nearest 3

| read the time & divide by §

P

sée.)

set time into Y axis
D/A converter

plot the point

!

store position and time in

core memory

/

prepare for offset jump

\

operate .motor subroutine

/
delay of 0.5 sec.
l

change motor direction

®

(Gnterrupt routine )

4

store accumulator & link
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elock ?
yes

increment the time register
after 1000 counts. (gives time

to nearest 0.1 seconds)

@“ >

[wait for keyboard input |

Figure Cl., (continued)
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type out all of the subject's

responses in sequence with
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(return to main program )
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Figure C1, (conti nued)
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APPENDIX C.

TaBLE C1.

PHOROMETER, SWITCH REGISTER BIT ASSIGNMENT

1

111

~

—T T

USAGE

Starting address
Prism base left
Prism base right
Starting deiay
Plot chart limits

Starting offset
(from 1 to 128 steps)

BIT NUMBER
0 1 2 3 4 5 6 7 8 910 11
1 1 o0 0 0 0 0 O O o O .0
0 AV
1 &
¢

X X X X X X X

1
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J

13
11

10

200

112

APPENDIX D.

9%

FORTRAN PROGRAM FOR THE RE-FORMATTING OF PHORIA DATA

PROGRAM THINA C(INPUT,QUTPUT,TAPE 60=INPUT)
COMMON/BLKA/BC10002,D(30),M

DATA (D(K)»>K=25132/12%11/5(D(KIsK=14,17)/4%12./5DC1)/10./
DATA (D(K)»K=18,20)0/3%13+/5(DCK)sK=215,23)/3%14./5D(24)/15./
DATA D(25)/16./sDC26)/17+/5D(2T)/19./,D(28)/22.7/
DATA D(29)/23./,DC30)/29./

CALL DATIN(B>M)

CALL DATQ@QUT (B,M)

sTep .

END )

SUBROUTINE DATINCA,N)
COMMBN/BLKA/8(1000)3,D(30),M .
DIMENSIEN AC1000)sNC1)

D@ 99 I=1,1000

ACI>»=0.0

CONT INUE :

1=0

READ 20,A(CI+1)

F@RMAT(F5.0)

IF (ACI+1)- 90000 ) 35254

I=1+1

GO TO 1

PRINT 19

FORMAT (1 X,31 HNUMBER BIGGER THAN 90000, ERROR)

Go T@ 100

J=1

DO 200 I=1,J:2

C=A(CI)

"IFCC) 651258

C=ABS(C)

K=1

DA=0.0

G=0.0

DA=DA+D (K)
IF(DA-C) 9510511
C=G+(1~-(bA~ C)/D(K))
G@ TO 12
C=G+1.0

Go T 12

K=K+1

G=G+1 .0

GO To 13
C=SIGN(C,»ACI))
ACI)=C

CONT INUE




100

29

26

27

25

62

64

66

60
31
30
61
32

APPENDIX D.

FORTRAN PROGRAM (CONT.)

N=J

RETURN )

END

SUBRGUTINE DATGUT(A,N)
COMMON/BLKA/B(1300)5>D(30),M

DIMENSI@GN AC1000),NC(1),C(8)

K=N/2

PRINT 29,K

FORMAT(8X,»I3,* RESPONSES. COLUMN D IN PRISM DIOPTERS.*)
PRINT 26

FORMAT(8X>*THE SIGN + = PRISM BASE RIGHT.*)
PRINT 27

FORMAT(B8X>»*COLUMNS T SHOW THE TIME @OF THE RESPONSE IN SECGNDS. *)

PRINT 25

FORMAT (8X»> 4 C3X4D*6XKTH5X)) - .
D@ 30 I1=1:88,2 ‘
L=2

CC1)=ACI)

C(2)=ACI+1)/100 %

IFC(N-87) 60,6162

L=L+2

C(3)=ACI+88)
CC4)=ACI+89)/100
IF(N-175) 60,61:64

L=L+2

C(5)=ACI+176)
CC6)=ACI+177>/100

IF (N-263) 6062566

L=L+2 \
CCTI=ACI1+264)
C(8)=A(C1+265)/100

PRINT 31,¢C(J)>J=1,L)
FORMATC(B8XsA4(FSe15F7 «1s4X))
CONTINUE

PRINT 32 .
FORMATC///777777)

RETURN

END

-
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THE NUMBER OF MOTOR STEPS WHICH CORRESPOND TO
THE POWER OF THE ROTARY PRISM.

APPENDIX D.

TABLE D1

EXPRESSED IN PRISM DIOPTERS.

THE POWER IS

114

e POWER STEPS POWER STEPS
(A) INTERVAL CUMULATIVE (A) INTERVAL CUMULATIVE|
1
X 1o 0 RIS 106
11 13 @ 0
2 21 18 203
ll 13 H - L
3 32 19 216
11 ° 13
4 43 20 229 ,
11 4 21 14 243
; 11 55 22 14 253
: 11 :6 23‘ 1 271 o
1 7 24 15 286
8 8
11 98 25 16 302
9 11 17
10 109 26 319
1 11 20 27 19
1 11 1 2 338
12 131 28 360
11 23
13 142 29 383
° 12 29
14 154 30 412
12 %
15 166
12
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' - APPENDIX E
TABLE E1
DATA TYPEQUT FOR SUBJECT J.C., FIGURE 7.
THE ORIGINAL TYPEOUT WAS IN A SINGLE COLUMN.
@

+0002 -0064 ~0069 -0083
0003 0444 - 0909 N v 1362
-0023 -0068 ~0066 -0089
0019 0470 0935 1389
~0036 . -0065 -0078 . -0080
0049 0496 0965 1418
-0031 -0072 -0076 -0078
, 0076 0524 0990 1442 ~
-0046 -0065 ~0075 -0074
0107 0552 1015 1468
-0045 -0067 . -0077 - -0072
0132 0577 ~ 1039 1493 ¢
-0060 -0067 -0082 -0069
0163 0602 1066 < {519
-0050 -0087 -0079 -0086
0191 0635 1092 1550
-0045 -0068 -0085 © -0074
0215 0667 1120 1579
-0048 -0073 -0077 -0081
0239 0694 1148 1607
-0045 <0061 . =-0081- ~-0070
0263 0732 1174 1636
-0053 -0073 -0078 ., =-0087
0285 0753 1200 1667
-0065 ~0064 -0085 -0072
0314 - 0781 1228 1698
-0067 -0068 -0088 -0081
0339 0808 1252 1726
~-0069 -0066 -0093 “"-0079
0364 0834 1278 1752
-0064 ] -0073 -0091

0391 - 0861 1304

-0067 -0074 -0098

0417 0886 1332

-~

NOTE: The minus (-) sign indicates prism base left. See
the text for details on the format. ) ’
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APPEWNDIX E

TABLE E2, THE SAME DATA AS IN TABLE E1, SUBJECT J.C.,
AS ARRANGED BY A LARGER CONPUTER.

67 RESPONSES. COLUMN D IN PRISM DI@PTERS.
‘THE SIGN + = PRISM BASE RIGHT.
COLUMNS T SHOW THE TIME OF THE RESPONSE IN SECONDS.

. D T .D T D T D T

-4.7 244 =92.0 116.1

-6.1 4.6 -T7.5 119.6

-5.8 T3 -6. 122.1 ¢

-6.7 9.7 -7.1 124 .7

'-'703 1208 -7.2 12705

"=T7.5 155 -7.3 130.2

6.7 1749 -6.5 132.7

"'7-9 20-2 “606 135-4

-7.0 22.6 =6.5 138.0

-7.8 25.1 -7.4 140 .4

- -7.0 27.5 -6.5 142.8

-7.1  30.2 °  -5.5 1460

-7 .2 33.1 -S54 148.7

-706 3507 ‘600 151 02 ‘
-7 .6 38.4 -5.3 153.6

-7.6 412 -5.6 156.2

-6.6 43 .6 -5.8 159.0

=745 46 .0 =61 161.7

‘6-6 48 .4 "507 164 -3'

~6.4 51.3 -5.0 167.3

"=5.6 5308 -406* 169-9

6.5 56.2 4.5 172.7

-6.0 58.7 4.9 175.6 *
~6+5 61.3 *00.0 0.0

“6e7 64.2 0.0 0.0

'7-0 66-9 0-0 0-0

-6 69.6 0.0 0.0

-7.5 72.0 0.0 0.0

-6.6 74.5 0.0 0.0

‘7-6 7608 000 OOO

"705 7906 O'O 0-0

-709 8202 000 0-0

-7.9 84.9 0.0 0.0 .

-8.1  87.6 0.0 0.0 :
~Te4 90 .1 0.0 0.0

-84 92 4 0.0 0.0 - °

-8l 95-0 0.0 0.0

-8:3 97.7 0.0 0.0 .
'8.}5. -100.6 f 0.0 0.0

'905 10208 0'0 000

-8.8 105.3 0.0 0.0

-9.1 107.9 0.0 0.0

‘ . =9.0 110.7 0.0 0.0 o

‘900 113-4 0-0 0-0
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APPENDIX F
REMARKS ON THE INTERPRETATION OF FUSED-IMAGES RESULTS

The fused-images test is entirely new and although it
is a relatively simple test procedure it is not easy to
interpret the results without a more detailed explanation
than is given in the text. The offset jump, which is the
dissociating means, acts as a step furiction input to the
vergence component of the visual system. After the offset ‘
jump is executed, the prism is slewed back toward its position
before the jump. Therefore the input function must be
classified as a kind of saw-toqthed ramp in which the direction
of the tooth is inverted at each repetition. The form is shown
in Figure F1, Different response patterns on the part of
the subject will result in differences in the input as is
shown in the upper part of the figure., The midpoints and
delta-vergence plots calculated from this data are shown
directly under the input wave form. The point at which the
subject responded is indicated by the small circle and it is
easy to see how the response pattern of the subject can
alter the input wave form, The calculations required to’
determine the midpoints and delta-vergence for the first
10 responses in example C of the figure, are shown in Table Fi,

3

Example A of Figure Fl1 is intendeq to illustrate what
happens when the subject is uninfluenced by the stimulus to
change vergence, Although the subject is able to fuse timages
under normal circumstances, he does not do so under the test
conditions. Thus the images are not fused until the prism '
returns 1o the power it had at the time of the last response.
An exéhple of this type of response is given in Figure 10,

~

-



1 EXANMPLE (A) EXANPLE (B) EXAMPLE (C)
N '
=
5
A ;
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Figure F1, The waveform of the visual input will be altered by the
subject's response pattern when the fused-images test is used, Refer to
the text for details,
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APPENDIX F
TABLE F1
SAMPLE MIDPOIWES AND DELTA-VERGENCE CALCULATIONS
RESPONSE TINE PRISM DELTA ° MIDPOINTS
POSITION _  VERGENCE !
(SEC) (STEPS ) (STEPS) {STEPS)
n t -~ P (Pn+1 - Pp) (P, + Pn41)/2
1 ’ 5 +10 - -
2 7.5 -5 -15 2.5
3 12,5 +5 +10 0
L 15 -10 -15 ~2.5 o
5 20 ‘ 0 +10 -5
6 22.5 -15 -15 -7.5
7 27.5 -5 +10 -10
8 30 -20 -15 -12.5
9 32.5 ~5 +15 -12.5

Y
o

35 -20 -15 -12.5
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If the offset jump stimulates a vergence change, the’
idealized response pattern might look like those in Figure F1,
parts B and C., In part B it is assumed that the amount of the
vergence change was identical in both directions. Part C
illustrates what happens when the subject does not alter his
vergence as much when stimulated in one direction as he does
when the stimulus is in the other direction. 1In this example
the vergence change in the divergent direction is greater
than that in the convergent direction for the first 6 seconds.
Thereafter the responses are shown as the same in either
direction.

The midpoints and delta-vergence plots in example A
show that no "false phoria" occurs and that all points fall
on the zero line of the delta-vergence'graph. Example B
illustrates what is meant by the "false phoria". Even though
the subject changed his vergence equally in both directions,
the midpoints curve is seen to be shifted away from the zero
line, In this case the curve suggests esophoria, If the
first offset jump had been-made in the divergent direction
the curve woudd have suggested exophoria. In this way it is
possible for the midpoints plot to give a false phoria since
the phoria is not a contributing factor to the position of
the curve in this graph. The same reasoning can be applied
to the symmetricai responses, after 6 seconds, in example C,

The delta-vergence graph of example B shows how vergence

changes give rise to two curves, one for the convergence stimulus

and the other for the divergence stimulus, The distance from
the zero line indicates the amount of the vergence change and
its direction. The delta-vergence curves in example C show that
asymmetrical vergence responses are easily seen from an
examination of the curves.
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It is impossible for the delta vergence value to
exceed the value of the offset jump. That is to say, an
offset jump of 54 in the convergent direction cannot result
in a convergence stimulus curve with any value greater than
5A. A subject who responded quickly to the vergence stimulus
might have a delta-vergence curve close to 54 but no value
of 54 could be recorded unless, by accident, he pushed the
actuating switch twice in quick succession. On the other
hand it is possible for responses to a convergence stimulus
to fall on the divergence side of the graph and vice versa,
If the amount of this negative response is large enough, it
is possible for the response to a convergence stimulus to
exceed the amount of the offset jump limit in the divergence
direction. An example of this sort of response pattern is
shown in Figure 29. ’

-




THE ORIGINAL DATA TYPEOUT FOR THE RESULTS OF SUBJECT J.L.

+0239
0032
+0006
0067

+0011 "

0092
+0015
0114
+0109
0170
+0027
. o222
+0103
0271
-0099
0365
+0097
0456
-0075
0539
+0031
0599
-0083
0661
+0088
0744
-0026
0807

1

+0076 -

0865
+0005
0913

+0061 |

0956
-0013
1005
+0052
1051
+0018
1086
+0081
1131

APPENDIX G

+002§
1173
+0051
1204
+0016
1239
+0066
1280

”

+0046 .

1310
+0056
1337
-0004
1381

+0020

1413
+0014
1438
+0036
1469
+0033
1493
+0061
1526
+0055
1552

+0058 '

1576
+00 41
1605
+0030
1625

+0047

1643
+00 85
1679
+0036
1720
+0056
1750

ki
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Figure Gl1. A copy of the original data point plot for subject J.,L. whose
midpoints and delta-vergence plots, from this data, are shown in Figures 28 and
29. The solid lines joining the points were added by hand after the points
were plotted by the X-Y plotter, The dashed lines show how the prism's power
changed during the test.and are included to prove that the delta-vergence
interpretation of the data is correct.
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