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he human eye has many imperfections in the cornea 
and lens, referred to as aberrations, which distort the 

light entering the eye, resulting in a distorted image on the 
retina which is perceived by the person. Conventional glasses 
and contact lens only correct some of these imperfections. 
Some glasses and contact lenses correct astigmatism, but 
higher order aberrations in the eye are not measured or 
corrected. Adaptive optics techniques allow these other 
imperfections in the eye to be measured by a wavefront 
sensor. In turn, most aberrations may be corrected by a 
deformable mirror. This means that the subject will perceive 
a much clearer view of the world and also the retina may be 
imaged more clearly with adaptive optics than ever before, 
with individual cone photoreceptors being clearly resolved. 
Figure 3 demonstrates the basic idea behind adaptive 
optics.

Figures 1 and 2 show the difference between a retinal 
image without adaptive optics and then with adaptive 
optics for one subject, JW, one degree from the fovea. It is 
clear that the use of adaptive optics allows individual cone 
photoreceptors to be seen more clearly. 

By correcting the subject’s higher order aberrations, they 
are presented with a more clear view of the world. In the 
future, these same methods will be used to make customized 
contact lenses and customized refractive surgery available to 
consumers, making these improvements in vision available 
to everyone.

With the use of adaptive optics retinal imaging, we have 
developed an extremely accurate technique that directly 
monitors the movement of the cone mosiac in order to 
measure the fixational stability of the human eye. The relative 
position of the retina was determined with an accuracy that 
was at least 6 times smaller than the diameter of the smallest 
foveal cone photoreceptors. Fixation stability was measured 
in six subjects and the standard deviation of successive 
fixations was found to range from 1.5 to 5.0 minutes of 
arc in the horizontal and vertical directions. These results 
are in agreement with previous studies that have reported 
standard deviations ranging from 1.4 to 5 minutes of arc.2,10 
However, there are factors that set an upper limit on the 

accuracy with which fixation direction can be accurately 
determined. 

One such factor is that under normal conditions, the 
image formed on the retina is never stationary. The eye 
is continually moving, but never shifts far from its mean 
position during maintained fixation. The desire to track and 
understand eye movements has led to an extensive history 
of experiments spanning over a century of research.1,2,5 
However, most previous methods of tracking fixation have 
done so indirectly by monitoring the front surfaces of the 
eye, and consequently have had limited accuracy. Due to 
the precision required by their fields, many psychophysical 
and medical applications would benefit from a more 
accurate method of measuring fixation. For example, 
if the position of a retinal stimulus could be determined 
with an uncertainty smaller than the size of an individual 
photoreceptor, it would be possible to determine the 
individual contributions that each retinal receptor makes 
to visual perception. A highly accurate method of tracking 
the retina could also be used to increase precision in laser 
retinal surgeries (such as photocoagulation surgery used 
to treat diabetic retinopathy), which would result in less 
damage to healthy retinal tissue and better outcomes for 
the patient. Here we present a method utilizing adaptive 
optics and retinal imaging that is able to directly track 
retinal movement with accuracy better than a sixth of the 
size of the smallest foveal cones. This method required us to 
determine the change in the relative position of a stimulus 
on the retina during successive fixations. We accomplished 
this task by monitoring the positions of individual cone 
photoreceptors in retinal images acquired simultaneously 
with a stimulus presentation. This technique, however, is 
contingent on acquiring clear images of cones in the retina. 
Consequently, an adaptive optics (AO) system is used to 
remove the blur in retinal images caused by the eye’s spatially 
and temporally varying aberrations.

Figure 4 shows a schematic diagram of the Rochester AO 
ophthalmoscope.4,11 The subjects’ heads were stabilized with 
a dental impression. The subjects were then told to fixate 
on a target projected through the AO system with a Texas 

T

The Fixational Stability of the 
Human Eye Measured by 
Imaging the Cone Mosaic
Nicole M. Putnam, Heidi J. Hofer, Nathan Doble, 
Joseph Carroll, Li Chen 

Advised by David R. Williams, Ph.D.

Institute of Optics



jur.rochester.edujur.rochester.edu 27

Instruments digital micromirror device (DMD Display). 
Their optical aberration was then measured with a Shack-
Hartmann wavefront sensor while the conjugate wavefront 
was sent to a 97 channel Xinetics deformable mirror (DM). 
Throughout this process, the wave aberration is constantly 
measured while the DM is updated.

Once a desired rms. wavefront aberration has been 
achieved (~0.1µm over a 6.8mm pupil), the flashlamp is 
triggered. A 4msec pulse at 550nm (0.6µJ) is reflected off 
the retina and follows the corrected path off of the DM. The 
process ends with the image being taken with the retinal 
imaging camera (Princeton Instruments). The simultaneous 
imaging and stimulus presentation was enabled through 
inserting a high quality pellicle beamsplitter into the science 
arm before the retinal imaging camera and DMD display. 
It was critical for this experiment that the DMD display 
and the retinal imaging camera were exactly centered and 
conjugate with respect to each other. This was achieved by 
firstly placing a plane mirror in the pupil plane of the science 
arm, the plane mirror also being optically conjugate to the 
retinal imaging camera. The axial position of the DMD 
display was then adjusted and the plane mirror tilted. The 
axial position of the DMD display was re-adjusted until no 
movement of the retro-reflected image was observed on the 
retinal-imaging camera. Only once this was achieved could 
the retinal imaging camera and the DMD display be deemed 
conjugate. The two devices were then centered by adjusting 
the lateral position of the retinal-imaging camera until the 
center of the fixation target fell on the center pixel of the 
camera. As a result, the positions of the fixation target and 

the retinal imaging camera are always locked with respect to 
the subject’s retina, even if the subject’s pupil moved relative 
to the AO system.

The target was a Maltese cross with a diameter of one 
degree displayed at 550 nm (luminance 8 cd/m2) - the same 
wavelength used for retinal imaging. The alignment steps 
previously described ensured that both the target and CCD 
camera were at the same vergence, and that both used the 
same 6 mm artificial pupil. Target size, color, and luminance 
have no statistically reliable effects on drift magnitude, and 
as a result, were not considered a factor in this part of the 
experiment.8 Mean fixation position and saccade frequency 
also had no effect in the current study because images were 
taken before a saccade occurred. 

To allow fixation of the retina at 1.25 degrees, the 
subjects were told to fixate at the center of the Maltese cross 
that was placed at 1.25 degrees along the horizontal axis. 
To avoid difficulties in fixation due to the after-image of 
the retinal imaging flash, the subjects were also instructed 
to wait until the after- image had disappeared. Since points 
on the retina are fixed with respect to one another, the 
movement of the fovea could be reconstructed from the 
movement of photoreceptors in these retinal images at 
1.25 degrees. Changes in fixation position from trial to 
trial were determined from the relative displacement of the 
cone photoreceptors in retinal images. From these relative 
displacements, the standard deviation of successive fixations 
was calculated. However, the absolute fixation position and 
any systematic errors could not be measured.

The cone mosaics of six subjects who were attempting 
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Far Left, Figure 1: A sum of retinal images without adaptive 
optics. Left, Figure 2: A sum of retinal images with adaptive 
optics. Below, Figure 3: Schematic of adaptive optics.
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to accurately fixate on the center 
of a fixation target were imaged 
with the Rochester adaptive optics 
(AO) ophthalmoscope. The subjects 
ranged in age from 21-35 years and 
had normal vision. All subjects were 
aware of the purpose of the research 
and were given time to practice. Two 
of the subjects also had considerable 
previous experience being imaged in 
the Rochester AO system. The subject 
initiated the AO correction procedure, 
which took 0.25 to 0.5 sec, and was 
immediately followed by image 
acquisition.

A second experiment was also 
conducted in which the subject 
initiated the adaptive optics correction 
procedure and subsequently initiated 
the image acquisition when he felt that 
he was fixating accurately, all other 
constraints remaining unchanged.

Changes in fixation position from 
trial to trial were determined from 
the relative displacement of the cone 
photoreceptors in retinal images. 
From these relative displacements, 
the standard deviation of successive 
fixations was calculated. However, 
the absolute fixation position and 

any systematic errors could not be 
measured. 

To determine the movement of 
cones in retinal images, images were 
interpolated by a factor of 4 and then 
cross-correlated. The location of the 
peak of the cross-correlation function 
between any two images gives the 
retinal movement (and thus the change 
in fixation) between those two trials. 
Retinal image shifts were determined by 
taking the peak pixel of the correlation 
function. This limits the precision with 
which we can determine the retinal 
image shifts to one-fourth of an image 
pixel. This means that the accuracy 
with which the retinal image shifts 
could be determined was better than 
0.03 minutes of arc, or 1/16th the size 
of a single foveal cone photoreceptor. 
The registration process could be 
made even more accurate if a better 
sub-pixel fit of the correlation function 
was used, such as a Gaussian curve fit, 
which returns sub-pixel estimates of 
the correlation peak. Determining the 
shift from the cross-correlation in this 
manner could reduce the uncertainty 
due to registration error to as little as 
0.0008 minutes of arc, or 1/1000 the 

size of a single cone. However, other 
sources of error had a greater influence 
on measurement accuracy, so there was 
little motivation to use a more precise 
method of determining the shifts of 
retinal images.

The subject was fixating on a target 
that was placed at 1.25 degrees along 
the horizontal axis, and as a result, any 
eye rotation introduced an artificial 
movement in the registration process 
that was larger in the vertical direction 
than in the horizontal direction.

A process analogous to cross-
correlation was performed on the 
registered retinal images to determine 
the angle of rotation between images. 
On average, subjects experienced a 
standard deviation of torsional rotation 
of 22.1 minutes of arc. The precision 
with which torsional eye movements 
could be determined was 6 minutes of 
arc. The error estimate due to rotation 
in the vertical direction with the 
current setup is 0.13 minutes of arc 
or 1/4 the size of a singe foveal cone 
photoreceptor. The results reported 
account for the horizontal and vertical 
angular error. Imaging in the fovea 
would eliminate the error due to 
rotation in future experiments.

The value of the retinal image shifts 
was then converted to arc minutes and 
the standard deviation was calculated. 
The overall fixational stability was 
characterized by taking the standard 
deviation of retinal image position 
across at least 67 trials per subject. 

The standard deviation ranged 
from 1.5 to 5.0 minutes of arc in the 
horizontal and vertical directions with 
an average of 2.84 minutes of arc in the 
horizontal direction and 2.14 minutes 
of arc in the vertical direction. Table 1 
summarizes these results.

One previous study indicated 
that measured values of the standard 
deviation ranges from 1.4 to 3.2 
minutes of arc for subjects fixating at 
a distant target.2 Another indicated 
that the standard deviations ranges 
from approximately 2 to 5 minutes of 
arc during maintained fixation.10 The 
results from the current study support 
these previous results. 

For experiments in which the 
subject initiated the adaptive optics 
correction and subsequently initiated 
the imaging flash when he felt he was 
fixating most accurately, the results 

Figure 4: Schematic diagram of the Rochester adaptive optics ophthalmoscope.
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Subject
Horizontal 

Std (arcmin)
Vertical Std 

(arcmin)
Std of Rotation 

(arcmin)

JP 1.19 2.13 19.8

NP 2.2 4.08 20.0

ND 2.38 2.37 22.4

Average 1.92 2.86 20.7

Average 
from Exp1

2.11 2.84 22.1

were similar. Over three subjects with at 
least 70 trials per subject, the standard 
deviation of fixation ranged from 1.2 
to 4.0 minutes of arc with a mean 
across subjects of 3.18 minutes of arc 
in the horizontal direction and 1.78 
minutes of arc in the vertical direction. 
The average standard deviation of 
torsional rotation was 19.7 minutes of 
arc. Overall, there was no significant 
change from the previous procedure, 
indicating that in the first experiment 
subjects were ready for the flash. Table 
2 summarizes the results from the 
second experiment.

Focus error in the system setup 
also introduced uncertainty into 
the measurement of the fixational 
stability. This error corresponds to an 
uncertainty in the final measurement 
of 0.07 minutes of arc, or 1/7 the size 
of a single cone photoreceptor. 

Considering the focus error along 
with the error introduced from the 
image processing from computing 
the image shift, the total error in 
the measurement of the fixational 

stability is at most 0.08 minutes of 
arc, or 1/6 the size of a single foveal 
cone photoreceptor. This is the error 
using our specific setup, which would 
be increased if any of the precautions 
to decrease relative movement of 
the imaging camera and fixation 
target were not made. In addition, 
all measurements were made using 
monochromatic light, and any 
differences between target wavelength 
and imaging wavelength would 
introduce an additional uncertainty 
in the measurement of the fixational 
stability as a result of chromatic 
aberration in the eye.

Due to the optical arrangement and 
the use of adaptive optics, the method 
developed for this study is much more 
accurate than all previous methods for 
measuring the fixational stability of the 
human eye. The relative position of the 
retina was determined with an accuracy 
that was at least 6 times smaller than 
a single foveal cone photoreceptor. 
These measurements also determine 
the maximum accuracy with which a 

stimulus can be delivered to a specific 
location on a subject’s retina without 
tracking the eye.
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Top Left, Table 1: Self-initiated image acquistion. Bottom Left, 
Table 2: Results from the second experiment where the adaptive 
optics correction and the image acquisition were both self-presented 
by the subject.  Above, Figure 5: The cone mosaic at 1.25° 
eccentricity for one subject with the average standard deviation of 
fixation shown.

Subject Horizontal 
Std (arcmin)

Vertical Std 
(arcmin)

Std of Torsion 
(arcmin)

JP 1.52 2.39 18.4

ND 1.74 2.11 19.4

NP 1.98 5.02 21.4

BP 2.52 2.16 21.8

GYY 2.69 2.65 28.5

AP 2.21 2.71 23.2

Average 2.11 2.84 22.1


