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Abstract

Purpose: To develop a system with which to quantify objectively the heterophoria to be measured

throughout eye movement experiments. This study compared precision, resolution and accuracy

characteristics of a limbus eye movement tracking system to the alternate cover test and the Maddox

rod.

Methods: Precision testing was performed using each technique with binocularly-normal subjects at

different test sessions. Resolution was measured and compared between the three systems. The

heterophoria or phoria was measured from 40 cm/16 inches objectively with the limbus eye

movement system and the Maddox rod during a sustained convergence-induced phoria adaptation

experiment using physical and haploscope visual targets to compare accuracy.

Results: Precision testing quantified that the responses objectively recorded using the limbus

tracking system exhibited similar standard deviations to the Maddox rod and the alternate cover test

techniques. The limbus tracking method has the ability to quantify the response decay to phoria and

has better resolution when compared to the clinical methods. When physical targets were used to

induce phoria adaptation, the correlation was significant between the limbus eye movement tracking

system and the Maddox rod after near and far adaptation, where the Maddox rod measurements

were slightly more esophoric compared to those measured with the limbus tracking system.

Conclusion: This objective limbus tracking system offers a better means by which to study the

phoria and its adaptation throughout an eye movement experiment. The broader aim of this research

is to establish a tool that will further the basic science of oculomotor control and binocular

dysfunctions.

Keywords: dissociated phoria, eye-movements, heterophoria measurement, phoria adaptation,

sustained convergence

Introduction

When a binocular stimulus is removed with the use of an
occluder, the occluded eye will move to its heterophoria,
or dissociated phoria or phoria position. Phoria is

dependent upon tonic convergence, accommodative
response, proximal cues and vergence adaptation
(Owens and Tyrrell, 1992; Schroeder et al., 1996). This
parameter is routinely measured clinically using a
variety of techniques such as a prism bar with the
alternate cover test; the Maddox rod using the Bernell
Muscle Imbalance card or the Thorington card; or the
von Graefe method. Studies have compared methods
using two or more techniques to quantify phoria and
have reported a reasonable degree of similarity (Sch-
roeder et al., 1996; Lam et al., 2005; Casillas and
Rosenfield, 2006). When comparing the Thorington,
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the van Graefe, and the Maddox rod phoria tests, the
95% limits showed agreement within 2 to 4D (Schroeder
et al., 1996). A comparison between the von Graefe test
using one visual stimulus and another von Graefe test
using a different visual stimulus with two examiners
found that the standard deviations using different visual
stimuli were 1.1 and 2.3D (Hirsch, 1948). Using trained
observers, comparisons between the von Graefe, flashed
Maddox rod, and a modified Thorington method find
standard deviations that vary from 0.8 to 2.4D (Morris,
1960). Other reports show that the alternate cover test
has a high degree of repeatability based upon intra-
examiner and inter-examiner results because a high
correlation was observed between the estimated cover
test, the prism neutralized objective cover test, and the
prism neutralized subjective cover test. Upon close
inspection of these data, there were differences of 2 to
4D reported between tests (Rainey et al., 1998). When
investigating the alternate cover test using two different
prism neutralization endpoints, differences ranged from
1.0 to 1.9D depending on the comparison, concluding
that experienced examiners provide high inter-examiner
and intra-examiner repeatability (Johns et al., 2004). In
summary, depending upon the method and comparison,
phoria measurements show standard deviations ranging
from 0.8 to 4D.

When studying the resolution of the cover test,
investigators recommend that 2D be considered the
smallest deviation detected under ideal conditions
(Romano and von Noorden, 1971). Interestingly, Wong
et al. (2002) specify that for clinicians to be confident in
a change, the change in phoria should be 2.76D using the
Bernell Muscle Imbalance Measure (MIM) technique
and 5.23D using the von Graefe technique. When
investigating any clinical instrument, a study should
report on three factors: precision, resolution and accu-
racy. Precision is also called reproducibility or repeat-
ability and is described by the variance or standard
deviation of the data. For example, if a method reports a
similar reading multiple times it has good precision.
Resolution is the smallest detectable quantity that an
instrument can measure. For this study, the resolution is
the smallest number or fraction of a prism diopter
detected by the three methods studied. Accuracy is
assessed by how close a measure is to the true value or
gold standard. This study will compare the average
phoria measurement using a limbus tracking system to
two accepted clinical methods: the Maddox rod and the
alternate cover test. Accuracy is the comparison of the
average from one instrument to another. Many studies
have compared the precision described by the standard
deviation of measurements of one instrument with
others and have made comparisons between methods.
However, Schroeder et al. (1996) state that �there are no
available data on validity of phoria tests�. Only a few

studies have used an objective eye movement system to
record the response decay to phoria or its dynamics (Peli
and McCormack, 1983; Barnard and Thomson, 1995).
These two studies used mechanical shutters to occlude
the eye, where the experimenters could preset the
amount of time the shutter was closed. They objectively
recorded eye movement during the cover test and its
recovery phase. However, they did not compare the eye
movement responses with other clinical methods, nor
did they report the repeatability or precision of the
steady-state phoria level. Barnard and Thomson (1995)
do report statistically significant differences in the
phoria when comparing 10 s of occlusion vs 2 s, and
hence recommend that the eye should be occluded for at
least 10 s. Furthermore when evaluating precision,
results should be reported on individual subjects to
quantify the variability within the data.

A subjective test using nonius lines to measure dark
vergence has been compared to an objective eye-move-
ment tracking method (Jaschinski et al., 2007); however,
a similar comparison has not been performed for phoria.
Hence, a systematic objective investigation of phoria
using a limbus eye movement recording system com-
pared to methods typically used in the clinic is
warranted. The present study describes an objective
eye movement monitor method to assess the phoria and
it validates this system through precision testing via
comparison with the Maddox rod and the alternate
cover test procedures. The resolution of the system was
measured empirically. Accuracy of the phoria measure-
ment was evaluated using a sustained convergence
protocol with the limbus eye-movement system and
with the Maddox rod. Then, a correlation between
measurements was calculated.

The broader aim of this study is to validate a tool that
can be used to assess the phoria and its adaptation
during an eye movement experiment. During eye move-
ment experiments where an eye tracking system is being
worn, an experimenter is not easily able to measure the
phoria using established clinical techniques. Hence, we
sought to develop a method using equipment typically
used for eye movement experiments that could measure
phoria at any time during an experiment. Future work
will include investigations on how phoria may correlate
with disparity vergence dynamics. Phoria is measured
clinically because it is related to patient symptoms such
as blur, headache, eyestrain and/or diplopia (Schroeder
et al., 1996). Steady state phoria changes via prism
adaptation (Sethi, 1986); sustained convergence using
physical targets (Ying and Zee, 2006); a stereoscope
(Morley et al., 1992); and/or lenses (Schor, 1979; Jiang
et al., 2007; Cheng et al., 2008). Phoria also changes
with orthoptic treatments, which are routinely used to
reduce symptoms from convergence insufficiency (Coo-
per, 1992). However, it is unknown what the phoria
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dynamics are and how the phoria changes under
different conditions. This tool will facilitate an under-
standing of the visual system�s ability to adapt to
different visual environments.

Methods

Subjects

Fifteen visually-normal individuals participated in four
experiments (11 males and four females). The age of the
subjects ranged between 19 and 65 years with a mean of
29 years. Only one subject, S2, was presbyopic but did
not need refractive correction at the near distance used
in this study. All had normal binocular vision as
assessed by the Randot Stereotest (Stereo Optical Co
Inc, Chicago, IL, USA) and each had 20/20 distance
visual acuity with or without optical correction. Eight of
the subjects were emmetropes and the other seven were
myopes where the average correction was approximately
)2 D. The myopes wore their habitual refractive
correction during the experiment. The near point of
convergence (NPC) was <10 cm for all subjects. The
near phoria ranged from 2D esophoria to 16D exophoria,
as assessed using the Maddox rod procedure.
There were four tasks performed in this study:

precision testing, resolution testing, and two types of
sustained convergence experiments to test accuracy.
Two subjects participated in the precision testing,
one subject participated in the resolution testing, and
eight subjects participated in the first accuracy test.
Some subjects participated in multiple experiments.
Eight subjects participated in the second accuracy test,
S1 who participated in the first accuracy experiment and
S9 to S15. Of these eight subjects, five were emmetropes
and three were myopic where the average correction was
)2 D. Subjects signed informed consent approved by
the New Jersey Institute of Technology Institution
Review Board.

Materials and instrumentation

Phoria was quantified using three techniques: the
Maddox rod, the alternate cover test and the limbus
eye tracking system. The near phoria (phoria measured
from 40 cm/16 inches) was subjectively measured using
a Maddox rod and the Bernell Muscle Imbalance
Measure (MIM) card (Bernell Corp., South Bend, IN,
USA) which has a resolution of 1D and a range of 28D
exophoria to 28D esophoria. The MIM card is calibrated
for the right eye; hence, the phoria was measured for all
methods with the left eye fixating on a target. The target
was placed 40 cm or 16 inches away from the subject�s
midline which equates to an accommodative demand of
2.5 D. The horizontal heterophoria was also measured

with the alternate cover test using an occluder and the
Astron HB 16 prism bar (Astron International, Naples,
FL, USA) which has a resolution of 2D ranging from 2D
to 20D. The subject fixated on a pen tip located 40 cm or
16 inches from the subject�s midline which is also a
2.5 D accommodative stimulus.

For the limbus tracking method, horizontal vergence
eye movements were recorded using an infrared
(k = 950 nm) detection system (Skalar Iris Model
6500; Skalar Medical BV, Delft, the Netherlands).
Linear recordings were possible in the range ±25� or
±46.6D. Visual stimuli were displayed via a haploscope
(Figure 1). Two computer screens were used to generate
a symmetrical disparity vergence stimulus. The stimuli
screens were placed 45 cm away from the subject for the
first sustained convergence accuracy study and then
40 cm away from the subject for the second sustained
convergence accuracy study where the accommodative
demand was 2.2 D and 2.5 D respectively. The stimulus
was a green vertical line 3 cm (3.8�) in height and 2 mm
(0.25�) in width with a black background, and remained
fixed throughout the experiment when a visual stimulus
was present. During the experiment, only the visual
stimuli displayed on the computer screens were seen by
the subject. The subject�s head was restrained using a
chinrest/headrest assembly. The oculomotor responses
were calibrated, recorded, and saved separately for off-
line analysis. Digitization of the eye-movements was
performed with a 12-bit digital acquisition (DAQ)
hardware card (National Instruments 6024 E series,
Austin, TX, USA) with a range of ±5 volts. The entire
system was controlled by a custom LabVIEW� 8.0
program (National Instruments), which generated the
visual stimulus and digitized the individual eye-move-
ment sampling at a rate of 200 Hz, which was well above
the Nyquist frequency for vergence eye-movements. A

Figure 1. Experimental set-up of the limbus eye movement monitor

system used to objectively measure phoria from 40 cm/16 inches

away. The interpupillary distance (IPD) was assumed to be 6 cm.

The subject�s cornea was 10 cm from the mirror. The monitors were

35 cm from the mirror for the first accuracy test using a sustained

convergence task and 30 cm away for the second accuracy test. The

visual stimuli on the monitors were calibrated with a physical target

located 16 inches or 40 cm away from the subject.
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custom MATLABATLAB� 7.0 (The MathWorks Inc., Natick,
MA, USA) program was used for off-line data analysis.
NCSSNCSS 2000 (NCSS Statistical Software, Kaysville, UT,
USA) and AXUMXUM 7.0 (Mathsoft Inc., Cambridge, MA,
USA) were used for statistical analysis.

Two types of targets were used for phoria adaptation:
a physical target and a haploscope target. The targets
were of the same dimension, 3 cm in height and 2 mm in
width. For the phoria adaptation experiment using a
physical target, a black line was drawn on a white rigid
board. For the phoria adaptation experiment using a
haploscope target, the stimulus was a green line super-
imposed on a black background.

Procedures

Test 1: Precision testing. Three methods were used in
precision testing: (1) the Maddox rod, (2) the alternate
cover test, and (3) the limbus eye tracking system. An
experienced clinician assessed phoria using the Maddox
rod and the alternate cover test on two subjects during
two different sessions. Ten measurements were taken
with each method. With the Maddox rod method,
subjects viewed a penlight along their midline in their
primary position. (1) When using the Maddox rod, the
right eye was occluded for 15 s, followed by rapid and
brief uncover/cover to assess red streak placement on
the calibrated grid. Typically three or four flashes were
presented where the flashes were repeated until the
subject could confidently report on which number the
red streak appeared. (2) With the alternate cover test,
the clinician neutralized any horizontal eye movement
via a prism bar. The clinician alternately occluded each
eye where the subject fixated on a pen tip 40 cm away on
the subject�s midline. (3) The phoria was also objectively
measured using an infrared eye movement system where
experiments occurred in darkness similar to other
disparity vergence eye movement experiments we have
performed. The subject binocularly viewed a pair of
vertical line targets the same distance along the midline
as measured using the Maddox rod. A binocular target
(8.4�) was presented for 2.5 s. Then, the right eye
stimulus was extinguished and the eye movement that
decayed to the phoria level was recorded for 15 s,
followed by calibration to assess for linearity of the
response over the range of possible eye movement. Ten
measurements were recorded with each method and the
standard deviation was used to assess the precision of
each device.

Test 2: Resolution. The resolution was measured
empirically. Subject S3 was given a 1� eye movement
stimulus. The stimulus was decreased by 0.05� until a
signal was no longer recorded. The manufacturer
reports a resolution of 2 arc min.

Test 3: First accuracy test using a sustained convergence
experiment. Phoria adaptation was measured using
two methods: the limbus tracking system and the
Maddox rod. Phoria adaptation was induced using
sustained convergence fixating on stimuli located far
(0.5� or 6.87 m) and repeated at near (16� or 21.3 cm)
along the subject�s midline. We assumed an interpupil-
lary distance of 6 cm.

Phoria measurements for the first accuracy test were
recorded from 45 cm from the subject. Initially, the
subject�s eye movement response decaying to the phoria
was measured using the infrared limbus tracking system
to attain a baseline and ensure the subject understood
the procedure using the protocol to measure phoria as
described above. The subject would view a stereoscopic
pair of green lines on a haploscope stimulating 2.2 D of
accommodative demand and 0.5� of disparity demand
along the subject�s midline. The subject would fixate on
this target for 5 min where he or she could blink when
needed. The subject�s phoria would be assessed as
described above. The subject would then fixate on a
target on a haploscope stimulating 2.2 D of accommo-
dative demand and 16� of disparity demand for 5 min.
The phoria was assessed again.

The subject was given 10 min to relax and view
objects along the back of the room. Phoria adaptation
of the subject was repeated using the Maddox rod. The
phoria was initially measured to ensure the subject
understood the protocol. The subject fixated on a
physical target 3 cm in height by 2 mm in width that
was located 6.87 m (0.5�) along the subject�s midline and
had an accommodative demand of 0.014 D for 5 min.
Phoria was then measured using the Maddox rod. The
subject then fixated at the same target relocated to
21.3 cm away from the subject�s midline (16� with an
accommodative demand of 4.8 D) for 5 min and phoria
was again assessed using the Maddox rod. Correlations
between the devices could be calculated to assess
accuracy.

Data analysis of phoria steady state from limbus
tracking system

A four point calibration was used to convert the right
eye movement response into prism diopters. The soft-
ware is able to record the decay to phoria using the left
eye with the corresponding calibration points. However
for this research, the right eye movement was quantified
because the Bernell MIM card was calibrated for the
right eye. For calibration, the subject was shown four
known visual stimuli over the range of possible eye
movement for the right eye. The system recorded the
steady state raw monocular eye movement signal to that
stimulus which in this system is in the units of voltage.
Only calibration plots which are known stimuli vs raw
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averaged position values that attained a linearity of
r > 0.98 were included in the analysis. Calibration was
repeated after each right eye movement response that
decayed to the phoria level. Calibration was performed
monocularly because we did not want to reduce the
effects of phoria adaptation. The steady-state phoria
level was quantified from the limbus tracking system by
averaging the last 3 s of the right eye movement
response. The 3 s duration was determined empirically
because all of the recorded responses reached their
steady-state within 12 s.

Test 4: Second accuracy test comparing physical targets
vs haploscope targets during a sustained convergence
task. A fourth experiment was performed to investi-
gate differences in phoria adaptation measured using the
limbus tracking system and the Maddox rod. The
purpose of this experiment was to test if the method in
which phoria adaptation was induced influenced mea-
surements. For the previous accuracy testing, the
sustained convergence task was a physical target
observed in a well illuminated room when the phoria
was measured with the Maddox rod. However, for the
limbus tracking system sustained convergence was
viewed on the haploscope where accommodation and
disparity cues were not harmonious because they were
different demands. The haploscope maintains a constant
accommodation with a change in disparity demand.
Proximal cues were present but held constant in the
haploscope. This fourth test compares phoria adapta-
tion induced with a sustained convergence task using a
physical target vs a haploscope target.
Subjects had their initial baseline phoria measured

using the Maddox rod and the limbus eye movement
tracking system. Both targets were placed 40 cm away
from the subject�s midline to have the same accommo-
dative demand of 2.5 D. Subjects would fixate on a
physical target located 2� or 172 cm from the midline,
assuming an interpupillary distance of 6 cm, for 5 min.
Phoria was measured using the Maddox rod and then
the limbus eye tracking system. For all experiments,
phoria was measured 40 cm or 16 inches away from the
subject.
After initial baseline measurements, the subject would

fixate on a haploscope target stimulating 2� of disparity
vergence where accommodation was 2.5 D while in the

dark (proximal cues held constant) and the phoria
would be measured using the eye tracking system. After
a 5-min break of looking at objects in the back of the
room, the subjects were asked to fixate on a physical
target located at 16� along the midline, or 21.3 cm away,
for 5 min to induce phoria adaptation. The phoria was
measured again using the Maddox rod and the limbus
eye tracking system after phoria adaptation.

After far adaptation, the subjects were asked to fixate
on a 16�, 2.5 D target with proximal cues held constant
using the haploscope. This induced phoria adaptation
with a haploscope and phoria was then measured using
the eye movement monitor. This experiment tests if the
haploscope would induce more phoria adaptation com-
pared to physical targets. With physical targets, dispar-
ity and accommodation stimuli were in agreement
because the focal length changes as does the amount
of disparity when a person fixates on a physical target
located farther or closer from the subject. In addition,
the room was illuminated hence proximal cues were
present.

To summarize the phoria adaptation experiment, the
limbus tracking measurement protocol was: (1) 5 min
sustained convergence adaptation at far or near; (2)
2.5 s of binocular fixation; (3) 15 s of data collection
where the right eye stimulus was extinguished and (4)
digitized responses with corresponding calibration were
saved for offline analysis. Phoria was assessed by
averaging the last 3 s of the eye movement decay to
phoria.

Results

Test 1: Precision

Precision is a key factor when assessing and comparing
measurement techniques. Table 1 lists the mean and
standard deviation of the three methods used in this
study: (1) the Maddox rod, (2) the alternate cover test
and (3) the limbus eye movement monitoring system.
The Maddox rod and the alternate cover test were
measured by a trained clinician. The standard deviation
range was 0.3 to 0.6D using the Maddox rod, 0.4 to 1.0D
for the alternate cover test and 0.7 to 1.1D for the limbus
tracking system. All three methods had good precision
and were similar to that reported in the literature which

Table 1. Comparison of steady state pho-

ria levels between the limbus tracking

system, the alternating cover test, and

the Maddox rod. There are 10 responses

per test and values are reported as

mean ± standard deviation

Subject & session

Limbus tracking

system (D)

Alternate cover

test (D) Maddox rod (D)

S3 session 1 13.9 ± 1.0 exo 9 ± 1 exo 8 ± 0.6 exo

S3 session 2 10.1 ± 1.1 exo 8.6 ± 1 exo 8.2 ± 0.3 exo

S5 session 1 1.9 ± 0.7 exo 2.0 ± 0.8 exo 2.3 ± 0.3 exo

S5 session 2 1.6 ± 1.0 exo 1.8 ± 0.4 exo 2.0 ± 0.3 exo
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is 0.8D to as high as 4D discussed in the Introduction.
Figure 2 shows the ensemble eye movement recordings
of the eye-movement responses decaying to the phoria
using the limbus eye movement system.

Test 2: Resolution

Resolution was the second key factor that was assessed
and compared between techniques. The limbus tracking
system had a resolution of 0.1� or 0.17D as measured
empirically which was better than the two clinical
methods used in this study. The alternate cover test
using a prism bar to neutralize position objectively had a
resolution of 2D due to the step size of the prism bar.
The Maddox rod test had a resolution of 1D given by the
step size on the Bernell MIM card.

Test 3: First accuracy test: phoria adaptation via
sustained convergence using physical targets for Maddox
rod recordings and haploscope targets for limbus eye
movement tracking recordings

The third test was to compare the phoria levels from the
Maddox rod to the limbus tracking system during a
sustained convergence experiment. The phoria was
measured after viewing a far target (0.5�) for 5 min
and then repeated after viewing a near target (16�) for
5 min using the Maddox rod and the limbus eye
movement tracking system. Experimental responses

from S3 (upper plots) and S8 (lower plots) from
the limbus tracking system are shown in Figure 3. The
position responses (solid lines) on the left represent the
eye movement response decaying to the phoria after far
fixation, and the position traces on the right are after
near fixation. All subjects became more esophoric after
near sustained convergence compared to their phoria
after far sustained fixation; hence, this reflected rapid
phoria adaptation which is also commonly referred to as
prism adaptation.

The phoria assessed by the limbus tracking technique
and the Maddox rod was quantified in Table 2. For the
limbus tracking measurements, the phoria was defined as
the steady state of the eyemovement response andwas the
average of the last 3 s of the 15-s eyemovement recording.
The change in phoria was the difference between the
phoria measured after the sustained convergence far task
(fixation on a 0.5� target for 5 min) and the phoria
measured after the sustained convergence near task
(fixation on a 16� target for 5 min). Using a paired t test,
phoria measurements were more exophoric after far
fixation compared to after near fixation for both the
limbus tracking system [t(7) = 5.20, p = 0.0012] and the
Maddox rod [t(7) = 6.07, p = 0.0005]. The change in
phoria was greater with the limbus tracking system than
with the Maddox rod. The average change in phoria was
6.3D ± 3.4D (range = 12D to 1.8D) for the limbus
system, which used haploscope targets to induce adapta-
tion, as opposed to 2.7D ± 1.3D (range = 5D to 1D) for

Figure 2. Precision testing using the limbus eye movement tracking system from subject S3 and subject S5. The eye movement response

decaying to phoria is plotted in prism diopters as a function of time. Ensemble plots of the ten responses are shown from each session. Esophoria

movements are plotted as positive and exophoria movements are plotted as negative.
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theMaddox rod technique which used physical targets to
induce adaptation. This changewas significantly different
between the methodologies [t(7) = 2.78, p = 0.0143].

Correlation of limbus eye movement tracking and
Maddox rod phoria measurements after sustained
convergence

The adapted phoria measured from the Maddox rod
was further compared with the adapted phoria mea-

surements from the limbus tracking system by calculat-
ing the correlation of the two measurements (Figure 4).
Phoria was adapted by having the subject fixate on a far
(0.5�) target for 5 min and measured using both
techniques, denoted by the solid circles. For Maddox
rod measurements, the sustained convergence task was a
physical target observed with proximal cues. For the
limbus eye tracking measurements, the sustained con-
vergence task was observed on the haploscope with
proximal cues held constant. The linear regression

Table 2. Comparison of sustained conver-

gence task to induce phoria adaptation

using a 16� near target and a 0.5� far target

using the Maddox rod and the limbus eye

movement system (D). The sustained con-

vergence was induced with physical tar-

gets when measured with the Maddox rod

and with haploscope targets when mea-

sured with the limbus eye movement sys-

tem

Subject

Sustained convergence

16� near target

Sustained convergence

0.5� far target

Maddox

phoria (D)

Limbus

phoria (D)

Maddox

phoria (D)

Limbus

phoria (D)

S1 )13 )8.59 )16 )18.31

S2 )11 )7.08 )13 )14.28

S3 )9 )11.94 )11 )16.62

S4 )3 )4.75 )7 )9.58

S5 1 )3.41 0 )5.15

S6 )1 )5.85 )6 )9.90

S7 )2 )4.41 )5 )9.99

S8 2 10.53 0 )1.85

Average ± S.D. )4.5 ± 5.7 )4.44 ± 6.63 )7.3 ± 5.8 )10.71 ± 5.57

(a) (b)

(c) (d)

Figure 3. First accuracy test of phoria adaptation from a sustained convergence experiment displayed on the haploscope for S3 and S8. Plots a

and c are the eye movement response decaying to phoria after the subject fixates on a target that stimulates 0.5� of disparity on the haploscope

for 5 min and plots b and d are the eye-movement response decaying to phoria after the subject fixates on a target that stimulates 16� of disparity

on the haploscope for 5 min. The experimental response (solid) is plotted in prism diopters (pd) as a function of time where exo deviation is

plotted as a negative and eso deviation is plotted as positive. The dashed line is the exponential fit of the experimental response.
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shows a correlation with R2 = 0.91 for the phoria
measurements after far fixation adaptation (Figure 4).
The phoria was near adapted by having a subject fixate
on a 16� target for 5 min. These near adapted data were
not as correlated as the measurements from the far
session, R2 = 0.48. Further experimentation was per-
formed to investigate why the far adapted phoria
showed a higher correlation compared to the near
adapted phoria.

Test 4: Second accuracy test: comparison of sustained
convergence induced via a physical target vs a haploscope
target

The last experiment investigated if the method of
induced phoria adaptation caused a difference in the
results. Phoria was measured using the Maddox rod
and the limbus eye tracking system where for this
experiment both methods used an accommodative
stimulus of 2.5 D located 40 cm or 16 inches from the
midline of the subject for the left eye. Phoria was
adapted with a sustained convergence task using two
types of targets: a haploscope and a physical target.
When comparing the phoria measurements from the
limbus tracking system, a significant main effect
difference was observed between phoria measured
after near adaptation vs far adaptation
[f(1,7) = 54.64, p = 0.00015]. When comparing the
type of target used to induce phoria adaptation
(physical vs haploscope), a significant main effect
was also observed [f(1,7) = 21.38, p = 0.0.0024]. A
Bonferroni (all-pairwise) multiple comparison test
showed that the phoria measured after near adapta-
tion (16� sustained convergence) using the haploscope

was significantly different than near adaptation using
a physical target as well as both of the far adapted
phoria responses. No substantial differences were
observed between the phoria measurements after far
adaptation using a physical or haploscope target
based upon the Bonferroni test. The eye movement
responses decaying to the phoria after sustained
convergence using near and far stimuli displayed on
a haploscope and physical targets from S01 and S09
are shown in Figure 5. Results from all eight subjects
are tabulated in Table 3.

When investigating the correlation between phoria
measurements from the Maddox rod and the limbus
tracking system during baseline recordings, the results
were significantly correlated (R2 = 0.72; p = 0.008).
When phoria adaptation was induced by the same
method of using physical targets with proximal cues
present, the measurements were also significantly corre-
lated for both near adaptation phoria measurements
(R2 = 0.66; p = 0.01) and far adaptation phoria mea-
surements (R2 = 0.73; p = 0.007). The linear fit equa-
tion calculated by using a least squared errors technique
showed that the phoria measured using the limbus
tracking system was 0.99, 1.04 and 0.98 times the phoria
measured from the Maddox rod during the baseline, far
and near adaptation experiments respectively. The
Maddox phoria measurements were 1.47D, 0.56D, and
1.44D more esophoric from baseline, far and near
adaptation recordings respectively based upon the linear
regression analysis. This shows there is approximately a
one to one relationship between the two systems where
the flashed Maddox rod measurements are more eso-
phoric than the limbus tracking system. Results are
shown in Figure 6.

Figure 4. Comparison of adapted phoria measured using the Maddox rod and the Maddox limbus eye tracking system. Phoria is measured after

5 min of sustained convergence fixating on a far target of 0.5� (solid circle symbols) with a linear regression shown as a solid line. Phoria is

measured again after 5 min of sustained convergence fixating on a near target of 16� (�+� symbols) with a linear regression shown as a dashed line.
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Discussion

Differences between limbus eye movement system,
alternate cover test, and Maddox rod

When comparing precision between the three tech-
niques: limbus eye movement system, Maddox rod, and

the alternate cover test, the standard deviations were
reasonably similar. Furthermore, comparing these
results with those in the literature, the precision of the
alternate cover test and Maddox rod is approximately
0.3 to 1D which is better than averages (0.8D to as high
as 4D) reported in the literature, (Morris, 1960; Romano
and von Noorden, 1971; Rainey et al., 1998; Johns

(a) (b) 

(c) (d) 

Figure 5. Comparison of eye movement responses decaying to phoria (D) using physical targets (solid line) and haploscope targets (dotted line)

after a near (16�) sustained convergence task (right plots) and a far (2.0�) sustained convergence task (left plots). Three experimental responses

are averaged and plotted for subjects S09 and S01. Esophoria is positive and exophoria is negative.

Table 3. Comparison of phoria adaptation induced using sustained convergence with physical targets and haploscope targets for the limbus eye

movement tracking system. Phoria was also measured with the Maddox rod for comparison. Phoria (D) was measured three times and the

average ± standard deviation is tabulated

Subj.

Baseline

phoria (D)

Phoria (D) after

sustained convergence

16� near target

Phoria (D) after

sustained convergence

2� far target

Maddox Limbus

Maddox

physical

target

Limbus

physical

target

Limbus

haploscope

target

Maddox

physical

target

Limbus

physical

target

Limbus

haploscope

target

S01 )13 ± 1.0 )15.22 ± 0.91 )10.5 ± 1.0 )11.67 ± 0.48 )9.65 ± 0.30 )13.7 ± 0.6 )15.24 ± 0.97 )14.97 ± 0.69

S09 )2.7 ± 0.6 )0.21 ± 0.40 0.7 ± 0.6 1.45 ± 0.10 3.50 ± 0.46 )2.3 ± 0.6 0.22 ± 1.28 0.66 ± 0.92

S10 )5.7 ± 0.6 )7.56 ± 0.64 )5.7 ± 0.6 )7.39 ± 0.37 )5.96 ± 0.78 )6.5 ± 0.5 )7.84 ± 0.09 )8.12 ± 0.72

S11 )0.7 ± 0.6 )5.51 ± 0.18 )1.7 ± 0.6 )4.77 ± 0.68 )2.43 ± 0.74 )1.7 ± 0.6 )4.93 ± 0.20 )5.79 ± 1.04

S12 )4.7 ± 1.2 )6.21 ± 0.69 )4.3 ± 0.6 )4.90 ± 0.96 )1.62 ± 1.42 )7 ± 1.2 )5.95 ± 1.71 )6.89 ± 1.54

S13 )1.7 ± 0.6 )5.94 ± 0.86 )1.3 ± 0.5 )7.74 ± 0.16 )5.36 ± 1.05 )3.8 ± 0.5 )8.95 ± 1.13 )8.87 ± 1.42

S14 )1.7 ± 0.6 )1.35 ± 0.18 )1.3 ± 1.2 )0.20 ± 1.12 4.85 ± 1.73 )2 ± 0 )1.24 ± 0.06 )0.45 ± 0.83

S15 )4 ± 0.0 )3.76 ± 1.26 )4 ± 0.0 )3.75 ± 0.12 )0.83 ± 0.55 )4.7 ± 1.2 )3.92 ± .87 )5.50 ± 0.76

Average

± S.D.

)4.3 ± 3.9 )5.38 ± 5.03 )3.5 ± 3.5 )4.87 ± 4.21 )2.19 ± 4.884 )5.21 ± 4.0 )5.98 ± 4.84 )6.24 ± 4.91
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et al., 2004). Differences of 1D have been noted as not
clinically different (Johns et al., 2004). Howarth and
Heron (2000) studied the variability of the Maddox rod
and Maddox Wing and note that one source of
variability is due to physiological changes of the subject
due to fatigue, inattention, or changes in accommoda-
tion status.

Sustained convergence has been demonstrated to
change the dissociated phoria level where a near
convergence fixation will cause the phoria to become
more esophoric (Shebilske et al., 1983; Birnbaum, 1985;
Ehrlich, 1987). Similar findings have also been demon-
strated for the associated phoria (Schor and Narayan,
1982). The present study confirmed those earlier findings
using the limbus eye-movement system and the Maddox
rod because these data also revealed that subjects
become more esophoric after a near sustained conver-
gence task compared to a far sustained convergence
task.

When comparing the phoria level after the first
accuracy test using a far and near sustained convergence
task, there were significant differences between the
limbus eye movement system and the Maddox rod.
Differences could be due to physiological changes
(Schroeder et al., 1996; Howarth and Heron, 2000).
However, there were six distinct parameters, or a
combination of these factors, with respect to the
instrumentation which may also account for the differ-
ence. First, the limbus eye movement system recorded
the eye-movement response decay to phoria with prox-
imal cues held constant, whereas the Maddox rod
instrument had visual cues present. One study showed
that when using a sustained binocular task for 3.5 min,
proximal cues had an effect on phoria (North et al.,

1993). However, another study measured the phoria
with the Maddox rod in dark and reduced illumination
and reported similar results: 3.06D vs 3.09D (O�Shea
et al., 1988). Hence, it is unclear how proximal cues
affect the phoria measurement.

The second difference relates to the stimulus pre-
sented to the viewing left eye. With the Maddox rod,
subjects viewed a white penlight with the left eye and a
calibrated grid, while the right eye was occluded. In
contrast, with the limbus eye movement tracking system,
the subject viewed a vertical green line against a black
background with the left eye, while the right eye field
contained no visual stimuli (strictly a black monitor in a
darkened environment). Hence, there was a difference in
the potential accommodative cues present with the left
eye.

The third difference is in the presentation of the visual
stimulus to the right eye. After the 15 s of occlusion, the
right eye was covered/uncovered intermittently or
�flashed� approximately 3–4 times while the subject
observed a red streak briefly using the Maddox rod
technique. However, the limbus tracking system had no
visual target to the right eye. Differences in the visual
stimulus are reported to cause differences in heteropho-
ria measurements. For example, while comparing the
flashed vs non-flashed Maddox rod techniques, studies
show that the flashing technique yields results that are
approximately 0.4D more esophoric at near compared to
the non-flashed technique (Schroeder et al., 1996).
Furthermore, Scobee and Green (1947) found that the
Maddox rod had the lowest correlation compared to
other heterophoria measurements and speculate it was
due to inadequate control of accommodation.

The fourth difference is the accommodative demand
in the first accuracy test. The Maddox rod was measured
from 40 cm along the midline where the calibrated grid
was placed at a 2.5 D accommodative demand. The
initial accuracy experiment using the limbus tracking
system was located 45 cm away or 2.2 D accommoda-
tion demand. This difference in accommodative demand
was eliminated during the last experiment which sought
to investigate if the visual stimulus for sustained
convergence influenced phoria adaptation.

The fifth difference relates to how sustained conver-
gence was induced. With the haploscope, the accom-
modative and vergence stimulus levels differed and
proximal cues were held constant because the subject
only saw the visual stimuli on the computer monitors. In
contrast, with the Maddox rod phoria measurements,
the accommodative and vergence stimuli used to induce
phoria adaptation were similar and proximal cues varied
because the room was illuminated. This has potential
implications with the respect to oculomotor adaptation.
For example, with unequal stimuli (i.e. non-congruent),
disparity vergence may adapt, whereas accommodation

Figure 6. Correlation of phoria measured using Maddox rod (pd)

and the limbus eye tracking system (pd) when phoria adaptation was

induced using physical targets during far adaptation (solid circles)

near adaptation (�+� symbols), and from baseline measurements

(solid triangles).
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may not (Kran and Ciuffreda, 1988). The last experi-
ment showed there was a significant difference in the eye
movement responses decaying to phoria after a near 16�
sustained convergence task using the haploscope vs a
physical target. The haploscope evoked more phoria
adaptation during the near sustained task causing a
greater esophoric shift compared to the subject�s base-
line phoria level. However, there was no significant
difference between the phoria measurements after the
far 2� sustained convergence task using a haploscope vs
a physical target. We hypothesize that the significant
difference in phoria measurements using a haploscope
for the sustained convergence task vs a physical target
may in part be responsible for the lower correlation
(R2 = 0.48) observed when comparing Maddox with
limbus tracking system for the first accuracy test of
studying the near adapted phoria. The correlation
between phoria measurements with Maddox and the
limbus tracking system, when both were recorded after
phoria adaptation using a physical target, were high
(R2 = 0.66 and R2 = 0.77) for the near and the far
adapted phoria respectively which were both significant
(p < 0.01). One study compared phoria adaptation
through the influence of proximal, accommodative and
disparity stimuli where they conclude that changes in
disparity and proximal cues had a larger effect on the
shift in phoria compared to accommodative cues (North
et al., 1993). Therefore, differences between measure-
ment techniques can be attributed to disparity, proximal
and accommodative cues.
The last potential explanation is the 2.5 s of binocular

fixation used in the limbus tracking system which was
not present with the Maddox rod method. The purpose
of the 2.5 s of binocular fixation was to ensure the signal
was centered within the eye-movement monitor, thus
avoiding signal saturation as well as serve as a common
initial position for all subjects. However, Fogt and
Toole (2001) have shown that in four out of their eight
subjects a small binocular fixation of 100 ms can
influence phoria adaptation. Hence, it is possible that
the binocular fixation could quickly de-adapt the
subject. The binocular fixation was an 8.4� target. A
brief presentation may have the near limbus recordings
be more exophoric after a near adaptation and more
esophoric after a far adaptation period. The limbus
tracking experiment measurements were more exophoric
than the Maddox measurements at near in five out of the
eight subjects in this study, similar to the data published
by Fogt and Toole. For far adaptation, a binocular
fixation at 8.4� would cause the phoria to be potentially
more esophoric for the limbus tracking measurements
compared to the Maddox rod. This behavior was not
observed in any of our eight subjects where the limbus
tracking measurements were consistently more exo-
phoric than the Maddox measurements.

These six factors (proximal cues, stimulus to the left
viewing eye, visual stimulus to the right eye, accom-
modation demand, method of phoria adaptation, and
binocular fixation before phoria measurement), or some
combination, could contribute in part to the differences
observed between the Maddox rod and limbus eye
movement system findings during the first accuracy
test. However, when phoria adaptation was induced
using physical targets, the limbus tracking system and
the Maddox rod yield similar results where the linear
curve fit equation had a slope of approximately one.
The flashed Maddox rod measurements were on
average more esophoric compared to the limbus
tracking system. Our results do support a high corre-
lation between phoria measurements from the limbus
eye movement recording technique and the Maddox
rod when phoria adaptation is evoked using the same
protocol.

Applications for quantitative phoria measurements

Quantitative eye movement responses where the
dynamics and steady state of the eye movement
response decay to phoria are investigated using this
method, while other eye movements can also be
recorded which will lead to a better understanding of
several clinical applications. Phoria is a factor in
nearwork induced myopia, nearwork stress, conver-
gence insufficiency, and traumatic brain injury. Birn-
baum (1998) suggests that early onset and late onset
myopia arises from adaptation to near point stress and
suggests comparing phoria to determine if early and
late onset myopia is the same process or discrete
conditions. Goss and colleagues suggest that incipient
and progressive myopes demonstrate specific phoria
levels prior to the onset of myopia (Goss and Grosv-
enor, 1990; Goss and Wolter, 1999). Phoria also
changes with age, where investigators have noted that
the near phoria becomes more exophoric with in-
creased age (Spierer and Hefetz, 1997). For incipient
presbyopia, phoria adaptation to base-out and base-in
prism has been reported to be significantly reduced
(Baker and Gilmartin, 2003). Heterophoria is also used
to diagnose binocular dysfunctions such as convergence
or divergence insufficiency (Ciuffreda, 2002). Those
with convergence insufficiency have decreased horizon-
tal phoria adaptation compared to healthy controls
(Brautaset and Jennings, 2005) and optometric vision
therapy decreases phoria levels (Scheiman and Gall-
away, 2001). Furthermore, convergence insufficiency is
diagnosed in 42% (68 out of 160) of patients with
traumatic brain injury (Ciuffreda et al., 2007) and is
reported as a common dysfunction in the visual system
(Hellerstein et al., 1995; Freed and Hellerstein, 1997;
Poggi et al., 2000; Kapoor and Ciuffreda, 2002).
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However, all of the above only discuss steady state
phoria; none investigate the dynamics of the eye
movement response decay to phoria, nor do they
simultaneously measure disparity vergence eye move-
ments to investigate if correlations exist. This method
has the potential to advance the basic science of
oculomotor control and facilitate the understanding of
oculomotor dysfunctions observed in the clinic.
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