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is determined from these experiments, while the
latter curve is established from theoretical considera-
tions.*
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Table 5 Effect of refractive error on cup depth

measurements

. . . Refractive  Actual Measured Corrected
Astigmatism. One stereopair was taken of the error cup depth  cup depth  cup depth
optic nerve of the model eye after cylindrical lenses (dioptres) ~ (mm) (mn}) (mm)
were mounted in the lens holder of the model eye. "=
The 5:0 mm mask was used in the camera. Table 6 Myopia 5-0 1-27 0-48 092
details the results of the photogrammetrically 45 127 048 0-86
measured cup depths as compared with the actual 40 127 024 0-40
depths. . . 35 1-27 Not done  Not done
Though only one stereopair was taken with each 0 127 048 070
astigmatic error, it appears that high horizontal and
vertical cylinders affect cup depth estimates differ- 25 127 072 1-00
ently. High positive vertical axis cylinders appear to 2:0 127 0-60 075
underestimate cup depth, while high negative 15 127 072 0-80
vertical axis cylinders seem to have the opposite 10 127 0-84 093
effect of overestimating the cup depth. Lower o5 127 096 099
Emmetropia 0 1-27 1-20 1-20
Table 4 Cup depth and pupil size Hypertropia  0'5 127 120 1-05
10 127 132 112
Pupil Actual Measured Corrected
diameter cup depth cup depth cup depth 15 127 1-20 0-95
(mm) (mm) (""'2 (mrm) 20 127 204 1-53
n—
25 127 1-80 128
3 27 070 120 30 127 192 128
4 1-27 1-05 131
p 127 128 128 35 127 2:28 1-46
6 1-27 1-30 1-30 40 1-27 2:76 1-66
7 127 1-25 125 45 127 2:28 132
8 127 1-27 1-27 5.0 127 2-40 129
Depth sensitivity = 0-120 mm except with 3 mm pupil, where it  Depth sensitivity = 0-120 mm.
equals 0-105 mm.
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Fig. 4 Effect of pupil diameter on measured cup
depth in the Zeiss model eye.

Dioptres of myopia

Dioptres of hyperopia

Fig. 5 Effect of refractive error on measured cup

depth in the Zeiss model eye.
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Table 6 Cylindrical errors

Cylinder Cup depth
Dioptres Axis Actual cup Measured cup
(degrees) depth (mm) :’le_pt’h (mm)
Emmetropia 1-27 1-20
+20 90 1-27 0-84
+1-0 90 127 1-20
-1-0 90 127 1-32
-2:0 90 1-27 1-44
+20 180 1-27 1-20
+1-0 180 1-27 1-32
~-1-0 180 1-27 1-20
-20 180 1-27 1-32

Depth sensitivity = 0-120 mm.

Table 7 Effect of refocusing, realignment, and
repositioning on cup depth of model eye

Actual cup Measured cup
Type of camera adjustment depth (mm) depth (mm)
Mean + SD,
n=5
No adjustments* 127 1-2740-086
Camera refocused® 1-27 1-2140-092
Camera realigned** 1-27 1-23 +£0-087
Camera realigned and refocused** 1-27 1-284+0-079
Camera repositioned, realigned,
and refocused** 1-27 1-2040-079

*Depth sensitivity = 0-105 mm.
**Depth sensitivity = 0-120 mm.

cylindrical errors do not seem to alter the accuracy
of the analysis. Neither high nor low horizontal axis
cylinders appear to have a systematic effect on the
photogrammetric estimation of cup depth.

PHOTOGRAPHIC VARIABLES
Realignment, refocusing, repositioning. Five stereo-
pairs were taken of the model eye optic disc after
the following manoeuvres were performed with the
fundus camera: refocusing, realignment, realignment
and refocusing, and finally repositioning, realign-
ment, and refocusing. The first set of photographs
was taken with the 5-75 mm mask, while the latter
3 groups of photographs were taken with the 5-0 mm
mask. The eye was set at emmetropia for all the
photographs. Table 7 details the results of the digital
photogrammetric analyses. No significant alterations
in cup depth measurements were produced by
these manoeuvres.

Elevational and azimuthal effects. One stereopair
of the model eye disc was taken after rotating the
fundus camera by 1/4 disc diameter (1 step rotation)

885

and 1/2 disc diameter (2 step rotation) in both
horizontal and vertical directions. All photographs
were taken in the emmetropic position using the
5-75 mm mask. Poor agreement between actual and
measured cup depth occurred as a result of these
manoeuvres. Table 8 displays the results of the
digital photogrammetric analyses.

Horizontal and vertical translational effects on
optic cup depth. One stereopair was taken of the
model eye disc after the fundus camera was moved
right and left and up and down by 1 and 2 mm from
the nominally centered position. The photographs
were taken in the emmetropic eye with the 5-75 mm
mask. Table 9 displays the results of these analyses.
Though only one stereopair was analysed, the
estimated depths with horizontal adjustments seemed
to be more erroneous the further the camera was
off centre. With vertical translational movements

Table 8 Elevational and azimuthal effects on estimated
cup depth

Type of angular Actual cup Measured cup
camera adjustment depth (mm) ;J'e—pl’h (mm)
Camera in central position 1-27 1-37
Camera rotated right by 1 step 1-27 1-26
Camera rotated right by 2 steps 1-27 1-16
Camera rotated left by 1 step 1-27 1-16
Camera rotated left by 2 steps 1-27 " 1:37
Camera returned to central position  1-27 1-37
Camera rotated upward 1 step 1-27 095
Camera rotated upward 2 steps 1-27 1-37
Camera rotated downward 1 step 1-27 1-58
Camera rotated downward 2 steps 1-27 1-68

Depth sensitivity = 0-105 mm.

Table 9 Effect of horizontal and vertical translational
movements on estimated cup depth

Type of transitional Actual cup Measured cup
camera adjustment depth (mm) dept’h (mm)
n=

Camera in centered position 1-27 1-26
Camera shifted right 1 mm 1-27 1-26
Camera shifted right 2 mm 1-27 0-95
Camera shifted left | mm 1-27 1-37
Camera shifted left 2 mm 1-27 1-68
Camera returned to central position  1-27 1-37
Camera shifted upward 1 mm 1-27 1-47
Camera shifted upward 2 mm 1-27 0-95
Camera shifted downward | mm 1-27 1-37
Camera shifted downward 2 mm 1-27 1-26

Depth sensitivity = 0-105 mm.
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the errors in measured cup depth did not appear to
be associated with the amount of camera movement.

Discussion

The digital photogrammetric measurements of cup
depth in the model eye accurately approximated the
actual cup depth except with very deep cups. The
larger error on the deeper cups is probably due to
poor focus on the vessels at the cup bottom, since
the photographs were taken using the retinal
surface as the plane of best focus for the photo-
grapher. This dilemma might also be encountered
in the human eye, in which the cup is so deep that
out-of-focus photographs result. It is extremely
difficult to overcome this problem. Hence certain
limitations on the usefulness of digital photogram-
metry in patients with advanced glaucoma and
extremely deep cups are created.

The chief source of error in the cup depth estimates
resulted from the finite depth sensitivity which in
turn derives from the finite pixel spacing of the film
digitiser. The depth sensitivities of 0-105 and 0-120
mm are much poorer than those we are accustomed
to when analysing the disc photographs of patients.
This reduction in depth sensitivity results from the
quadratic dependence of the depth sensitivity on
the model eye’s focal length, which is approximately
3 times that of the human eye. Since the model eye
geometry is 3 times that of the human eye, the
poorer depth sensitivity proved acceptable in the
cup depth analysis, and changes of 0-53-0-60 mm
could be easily detected with the above sensitivities.
What changes will be clinically detectable and
significant in patients with chronically elevated
intraocular pressure are at present unknown. If one
interpolates these data to the human eye, changes
of approximately 59-67 pum can easily be measured.
What this change represents in terms of cup contour
is still a matter of speculation.

Other differences exist in the optics of the model
and human eyes. Most notably, the pupil is in front
of the cornea in the model eye, and ammetropia is
simulated solely by moving the retina rather than by
a combination of axial length and corneal curvature.
Moreover, we appreciate the fact that the optic cup
of the Zeiss model eye is not a perfect facsimile of
the human optic nerve head and cup. The absolute
symmetrical cylindrical contour with the flat floor
to the cup without the subtle topographical contours
of the human cup make it a less than perfect model.
However, it did provide a means of studying the
photogrammetric accuracy with known cup depths.

The errors induced in cup depth measurements
with reduction in pupil diameter below 5 mm
indicate that it is important to measure and record

A. R. Rosenthal, D. G. Falconer, and 1. Pieper

the actual diameter of the patient’s pupil during
stereophotography. Pupils 4 mm and smaller will
not permit either adequate stereophotography with
the Donaldson camera or accurate digital photo-
grammetric evaluation. We must be aware that
visit-to-visit variations in pupil size can produce
false impressions of progressive change in cup size.
If the diameter of the pupil is less than 50 mm,
correction factors might have to be used to adjust
for alterations in cup parameters induced by the
pupil size.

The underestimation and overestimation of cup
depth with myopia and hyperopia respectively is a
more serious problem in terms of accuracy of
absolute measurements. We must therefore take
them into account when measuring cup depth.
High hyperopia will lead to excessively large esti-
mates of cup depth, while high myopia will lead to
excessively small estimates. However, such incorrect
values will not produce false impressions concerning
progressive changes in cup depth or contour.
Hence the ability of digital photogrammetry to
detect progressive or relative changes in cup topo-
graphy with chronic elevations in intraocular pres-
sure is not altered by the patient’s refractive error.
Finally, we must also bear in mind that error in
the cup depth measurement tends to increase with
increasing myopia.

The addition of a cylinder to the model eye intro-
duces an error into the measurement of cup depth.
This error is noted only when the cylindrical axis
is at 90°. With a cylinder axis at 180° the error is
within the limits of the analysis. Moreover, the
introduced error is related to the power of the
cylinder, i.e., a plus cylinder causes an underesti-
mation of cup depth and a minus cylinder causes
overestimation. An explanation for these observa-
tions is as follows. The cylinders together with the
camera lens in effect form a simple Galilean tele-
scope, but they produce linear magnification or
reduction in only one meridian, namely, the meridian
perpendicular to the axis. This distortion produces
an apparent (but not real) change in the cup depth.
In this system a plus cylinder axis 90° in the Galilean
system will magnify linearly along 180°. Since the
depth is measured by parallax using points along
the horizontal axis, it will appear smaller relative to
this elongation of the horizontal axis by the plus
cylinder axis 90°. The converse would be true with
the minus cylinder axis 90°. One would not expect
cylinders axis 180° to alter the computer’s depth
analysis, since they will not magnify the points
along the horizontal axis.

We feel confident that simple photographic
manoeuvres, for example, refocusing, realignment,
and repositioning, should not materially affect the
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accuracy of the digital photogrammetric technique.
However, more complex manoeuvres such as
elevational and azimuthal rotations of the camera as
well as horizontal and vertical translational move-
ment can alter the accuracy of the technique. The
complex manoeuvres of elevation and translation
are very difficult to perform with the Donaldson
camera and particularly in this situation, where
a model eye is securely mounted to the headrest.
However, in a clinical setting (and with other types
of fundus cameras) the equivalent of these complex
manoeuvres may be performed by the patient
through either faulty positioning in the headrest or
faulty fixation. Such malalignments of the camera
system with the eye’s axis, are therefore possible in
the clinical setting, and great precaution should be
taken to avoid them.

Since the photogrammetric procedure in the
model eye examines only a small region of the optic
disc and border, averages measurements over only
2 depth planes, and uses an artificial fundus pattern,
‘the accuracy of cup depth measurement from
photogrammetric analyses of optic cups in the
human eye cannot be intuitively expected. Methods
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of determining actual cup depth in the human optic
nerve head must be developed so that comparison
with photogrammetric estimates can be undertaken
before one can feel confident that digital photo-
grammetric estimates of cup depth from stereo-
photographs of human optic cups are accurate.
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