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Purpose. Contrast sensitivity functions (CSFs) were measured under various optical conditions
in healthy observers together with CSFs from selected patients. Threshold increases across
the spatial frequency range were compared with predictions of a theoretical optical model
based on modulation transfer functions.

Methods. Contrast thresholds for various spatial frequencies were determined with a computer-
automated method of ascending limits in a control group and a group of patients with various
visual pathway diseases ranging from retinal disorders, such as diabetic retinopathy, to neural
disorders, such as multiple sclerosis. For normal control subjects, simulated contrast sensitivity
losses also were effected by manipulating pupil diameter and dioptric blur. Modulation transfer
functions of the eye's optics in polychromatic light were calculated. The wave aberration function
included standard spherical aberration, coma, and small amounts of irregular aberrations.

Results. Experimentally, slight dioptric blur (e.g., 0.4 to 0.75 D) introduced increased CSF
thresholds within either a narrow or broad bandwidth. For the latter, decreased CSF sensitivity
occurred across a spatial frequency range as broad as 1 log unit, from low spatial frequencies
(2 cyc/deg), and for pupil sizes equal to or larger than 3 mm. Predictions based on an optical
model are qualitatively and quantitatively in agreement with these findings. Contrast sensitivity
losses of the patients were neither specific nor selective to the pathologic condition at hand.
Furthermore, various CSF losses optically induced in the control subjects were indistinguish-
able from nonoptically induced pathologic CSF profiles.

Conclusions. Selective broad-band contrast sensitivity loss may be optically induced by slight
refractive error. As a result, selective contrast sensitivity loss at lower and intermediate spatial
frequencies concurrent in patients with various pathologic, neuro-ophthalmologic conditions
cannot be a priori attributed to neural factors without carefully controlled and well-defined
optical variables. Invest Ophthalmol Vis Sci. 1996; 37:2475-2484.

JL/etermination of subjective contrast thresholds for error, spherical aberration, coma, pupil diameter, or
varying spatial frequencies of a sine wave grating yields glare.3"5 Neural transfer functions, at both distal and
the standard contrast sensitivity function (CSF).1 The proximal levels of the visual pathways, may be affected
CSF can be considered as the product of optical and by either retinal disease, such as receptive field losses,
neural transfer functions.2 Optical transfer functions or by neuronal disease, such as demyelization or cord-
may be degraded by optical factors such as refractive cal lesions.0"15 Primarily because of presumed sensitiv-

ity to neural deficits, the CSF has been used in clinical
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loss of high spatial frequency contrast, standard clini-
cal visual acuity tests may underestimate the degree
of visual disability. In comparison, CSF measurements
in various pathologic conditions have been shown to
demonstrate loss at lower and intermediate spatial fre-
quencies with or without accompanying high spatial
frequency loss.10

The lower and intermediate spatial frequency
losses in pathologic conditions have shown narrow or
broad-band attenuation, either of which also may be
dependent on grating orientation.810 However, opti-
cal factors rather than neural deficits also may show
comparable spatial frequency losses. For example, di-
optric blur greater than approximately 1 D leads to
CSF loss across a broad spatial frequency range that
readily may begin at approximately 1 cyc/deg.2'10'17 In
general, dioptric blur less than approximately 1 D,
due, for example, to slight and isolated refractive er-
ror, typically introduces CSF loss at the high spatial
frequencies. However, it has been shown experimen-
tally in normal control subjects and proved theoreti-
cally that slight refractive error (e.g., approximately
0.5 D) in combination with minor irregular aberra-
tions (e.g., 0.4 D) also may result in CSF notches that
extend across a rather broad spatial frequency range
(i.e., 2 to 10 cyc/deg).18'9 Besides irregularities of the
corneal curvature in pathologic cases (e.g., keratoco-
nus), irregular aberrations typically are attributed to
discontinuities in the variation of the index of refrac-
tion of the lens.20 Experimentally discrete regions
within the pupil plane have been shown to demon-
strate a refractive discontinuity of fractions of a diop-
ter with respect to the surround.5'21 In general, there
are several conditions under which slight refractive
errors may result in CSF loss. For example, if minor
astigmatism is present in combination with irregular
aberrations, sine wave grating of low or intermediate
spatial frequencies can show orientation selective loss
that is not of neural origin. Moreover, slight refractive
errors for sine wave grating across the spatial fre-
quency range also may be introduced, albeit uninten-
tionally. That is, the optimum correction for best Snel-
len acuity necessarily may not be equal to the optimum
correction for any given spatial frequency and, thus,
may vary as much as approximately 1 D over the total
spatial frequency range.4'18'152

Additional optical factors in considering CSF loss
concern the effects of pupil diameter or accommoda-
tion or both. Generally, in CSF measurements, partic-
ularly under clinical conditions, pupil size is ignored.
Pupil size for optimal retinal image quality with mini-
mal degradation due to optical aberrations lies be-
tween 2 and 3 mm.3 To ensure the optimum pupil
size, an artificial pupil thus is required. As shown theo-
retically by Bour and Apkarian,19 larger pupil sizes

(>3 mm) can underlie selective spatial frequency con-
trast degradation caused by irregular aberrations.
These theoretical findings are confirmed in the pres-
ent study in which control subjects are tested with
varying pupil sizes. The CSF functions measured un-
der various optical conditions in healthy observers to-
gether with CSF functions from selected patients are
compared with a theoretical optical model based on
modulation transfer functions. The results indicate
that slight dioptric blur in combination with specific
optical aberrations may introduce increased CSF
thresholds even at lower and intermediate spatial fre-
quencies. As a result, selective or lower CSF losses or
both in various forms of neuro-ophthalmologic condi-
tions6"15 may be because of optical artifact rather than
neural factors.

MATERIALS AND METHODS

Subjects

Three experimental control subjects (Cl, 57 years;
C2, 36 years; C3, 31 years), clinically refracted after
complete ophthalmic examination, were selected for
CSF measurement. Nine patients (PI to P9) with vary-
ing ophthalmic disease (refer to Table 1 for ophthal-
mic details) also were tested. The three experimental
control subjects as well as the nine patients were se-
lected from a larger laboratory database. Patient re-
sults also were compared with laboratory normative
standards derived, before the present study, from a
larger group of control subjects. The normative stan-
dards were derived from 60 eyes of 30 control subjects
ranging in age from 19 to 50 years (mean age, 27
years). All normative standard and experimental con-
trol subjects had at least 20/20 Snellen visual acuity
with refractive correction. For the previously accumu-
lated normative standards as well as for the nine pa-
tients of the present study, CSF experiments were per-
formed under natural viewing conditions and with op-
timum clinical refractive correction.

After approval of the human ethics committee on
institutional experimentation and after the tenets of
the Declaration of Helsinki, all control subjects and
patients participated in the current study with in-
formed consent.

Stimulus

Sine wave gratings were generated on a computer-con-
trolled cathode ray tube display unit, P4 (Joyce Elec-
tronics, Cambridge, UK). Grating orientation could be
varied by rotating deflection coils. The cathode ray tube
display was surrounded by a plexiglass screen subtend-
ing 0.7 m by 0.7 m; the screen was back-illuminated to
generate an equal luminance surround. As a result of
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the surround mask, the stimulus field was circular, sub-
tending 5° at a viewing distance of 228 cm. The space
averaged mean luminance of the display and surround
remained constant at 300 cd/m2. The fixation stimulus
was star shaped, consisting of eight lines positioned in
horizontal, vertical, and oblique meridians and sub-
tending 20 min arc in diameter.

Control Contrast Sensitivity Function Threshold
Measures

Contrast thresholds were determined with a com-
puter-automated method of ascending limits as de-
scribed in more detail in an earlier study.18 Basically,
contrast was increased automatically at a rate of 1.75
dB/sec; the random delay for the start (0 to 5 seconds)
and subsequent threshold values were triggered by
the subject/patient who was tested under self-paced
conditions. The initial start value was set at 0 contrast
and then readjusted by a variable CSF template set 12
dB above the first threshold measurements taken at 4
cyc/deg. Five threshold values per spatial frequency
determined the geometric mean and standard devia-
tion.

After the presentation of the 4 cyc/deg grating,
spatial frequencies from 1 to 32 cyc/deg were pre-
sented in random order, in trial blocks of five samples
each. To reduce stimulus uncertainty, the subject was
informed of the spatial frequency of the subsequent
stimulus block by a 2-second preview presentation of
a low contrast grating of the same frequency. Testing
was performed with ambient room light. Testing also
was implemented with natural or artificial pupils and
with or without refractive corrections or refractive er-
rors, as denoted. Monocular contrast functions were
obtained with total occlusion of the fellow eye.

Theoretical Optical Model Computations

Numerical evaluation of the convolution integrals for
computing modulation transfer function (MTF) of
the optical system of the human eye in polychromatic
light was performed on a VAX 4000 (Digital Equip-
ment, Maynard, MA) after the method of Hopkins.23

The wave aberration polynomial of the pupil function
was characterized by a reduced Taylor series expan-
sion:

= e*Dx + Dx2 + C,*3 + + C3xy2

(1)

Where D = Dd + Dj + D; and Dd represents mono-
chromatic defocus, Di chromatic aberration, and D, a
small refractive increment. Values for coma coeffi-
cients and spherical aberration were Cl = 0.0124, C2
= 0.0075, C3 = -0.012, and SI = 0.02, respectively

(for further details, refer to Bour and Apkarian19).
Longitudinal spherical aberration was taken into ac-
count but was restricted to one orientation of the sine
wave grating. Rotational asymmetry of this aberration
was not taken into account. Coma-like aberrations
were included but only for one orientation.

Defocus also was divided into a monochromatic
defocus component D() and a chromatic aberration
component, Dj. The values for the latter component
for various wavelengths were taken from experimental
data of Charman and Jennings24 with 0 D at 580 nm.
Because the viewing axis of the eye does not coincide
with the optical axis and the pupil is 3.7 mm in front
of the nodal points, the pupil's position was taken
0.32-mm eccentric with respect to the viewing axis.
Accordingly, e* represents the eccentricity relative to
the pupil radius. The Stiles-Crawford apodization was
taken into account and was chosen according to Van
Meeteren.3 To account for irregular aberration, that
is, a slight discontinuous change of the refractive
power of the lens, an extra term to the wave aberration
function was added, consisting of a circular segment
centered in the middle of the pupil with a slight differ-
ence in refractive power from the surround. The re-
fractive increment D; is given by:

D; = 0.4 D or -0.4 D if x2 + / < 0.25 mm

D; = 0 otherwise
(2)

RESULTS

Selective Contrast Sensitivity Function Loss in
Control Subjects

Figures 1A and IB depict CSFs from two experimental
control subjects and show the effects of slight miscor-
rection. Figure 1A shows for control subject Cl, the
difference between a CSF with optimal correction and
with slight overcorrection of 0.75 D. Accommodation
of subject Cl was paralyzed by periodic administration
of 1% cyclogyl. Figure IB shows for control subject
C3 with natural pupil, the effect of a miscorrection of
0.4 D. Both subjects show selective loss induced by
optical factors, with maximum sensitivity for subject
Cl at 8 cyc/deg and for subject C3 at 16 cyc/deg. The
sensitivity ratios depicted in the lower panels of Figure
1 represent the ratio between the CSF curve measured
with optimum correction and the CSF curve measured
with slight refractive error. The sensitivity ratios clearly
show that selective loss may peak at different spatial
frequencies depending on the subject and the amount
of refractive error.

To illustrate the effect pupil size may have on
selective CSF loss, in Figure 2 for subject C2, the effects
of a 3-mm artificial pupil (with mydriaticum) and a
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FIGURE 1. Comparison of contrast sensitivity functions
(CSFs) with refractive errors, (a) The CSF with optimum
collection (closed squares) compared to CSF with 0.75 diop-
ter overcorrection (open circles) in subject Cl. For subject
Cl, both CSFs were measured with dilated pupils, (b) The
CSF with optimum correction (closed squares) compared to
0.4 D overcorrection (open circles) in subject C3. For subject
C3, both CSFs were measured with natural pupils. The two
lower panels depict the ratios between the CSF measured
with optimum correction and the CSF measured with refrac-
tive error (i.e., the sensitivity ratios).

natural pupil are compared. The closed squares depict
the CSF with optimum correction; the open circles
depict the CSF with 0.75 D overcorrection. The lower
panels show the sensitivity ratios. The lower left panel
of Figure 2 shows that even with an artificial pupil of
3 mm, a selective loss of a factor of nearly 3 is mea-
sured; peak attenuation in this condition occurs at 12
cyc/deg. The lower right panel illustrates that selective
loss caused by optical factors broadens to lower spatial
frequencies and enhances with a larger natural pupil;
peak sensitivity loss now occurs at approximately 6
cyc/deg. For the natural pupil, the contrast sensitivity
between approximately 2 to 8 cyc/deg appears slightly
greater than the comparable range for the 3-mm arti-
ficial pupil, albeit statistically not significant. These
latter findings may be because of intrasubject variabil-
ity or an increase in mean luminance or both. How-
ever, in general, the results indicate that an increase
of pupil size has a twofold effect: The peak frequency
of the selective loss is shifted to lower frequencies, and
the degree of selective loss increases.

For subject Cl, the effect of artificial pupil size
on the contrast sensitivity at two different spatial fre-
quencies also was evaluated. Figure 1A shows that the

selective loss for subject Cl peaks at 8 cyc/deg with
contrast sensitivity loss already present at 3 cyc/deg.
Depicted in Figure 3, also for subject Cl, are the
thresholds measured at 3 (starred symbols) and 8 eye/
deg (bold symbols) with slight overcorrection of 0.75
D for varying artificial pupil sizes. For comparison,
contrast sensitivities are depicted at spatial frequencies
3 and 8 cyc/deg without artificial pupil, but dilated
and also with 0.75 D overcorrection. Figure 3 shows
that contrast sensitivity loss at 8 cyc/deg may occur
for pupil diameters larger than 2.5 mm; contrast sensi-
tivity loss at 3 cyc/deg under comparable pupil condi-
tions is negligible. However, with a pupil diameter of
1 mm for either 3 or 8 cyc/deg, contrast sensitivity
losses are present, most likely because of diffraction
(pinhole vision). Although, in general, optimum im-
age quality is obtained between 2 to 3 mm as men-
tioned in the introduction, reduced contrast sensitivity
in this range for 8 cyc/deg as depicted in Figure 3
can be attributed to overcorrection or intersubject
variability or both (see, for example, Fig. 2B). In gen-
eral, Figures 1 through 3 illustrate that a slight miscor-
rection together with a pupil diameter of at least 3
mm readily may cause selective CSF loss in healthy
subjects.

.^ 100-

10 100 1 10 100

1 10 100 1 10 100
spatial frequency (cpd)

FIGURE 2. Comparison of contrast sensitivity functions
(CSFs) with and without artificial pupil, (a) The CSF with
optimum correction (closed squares) compared to 0.75-D
overcorrection (open circles) for subject C2. Both contrast
functions were measured with a dilated pupil together with
a 3-mm artificial pupil, (b) The same condition as in (A)
but with natural pupil (not dilated). The two lower panels
depict the corresponding sensitivity ratios of the upper pan-
els. Data were obtained over a 4-week period.
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FIGURE 3. Contrast sensitivity measured at 3 and 8 cyc/deg
with varying artificial pupil diameters and 0.75-D overcorrec-
tion for subject Cl. For comparison, contrast sensitivity with
dilated pupils, without artificial pupil, and with 0.75-D over-
correction at corresponding spatial frequencies is shown at
the right.

Selective Loss Predictions by Optical Model
Figures 4A and 4B show in contour plot format the
calculated MTFs for a pupil diameter of 5 mm ob-
tained with the theoretical model of the eye's optics
(refer to Materials and Methods section) and the ef-
fects that irregular aberrations, one positive (Fig. 4A)
and the other negative (Fig. 4B), may have on retinal
contrast as a function of refractive error. The positive
and negative circular irregularity is modeled to have
a diameter of 0.5 mm, placement at the center of
the pupil, and a refractive difference relative to the
adjacent surround of 0.4 D and —0.4 D, respectively.
A change of the diameter of the circular zone from
0.5 to 1 mm or a slight lateral displacement of this
zone, such as 1 to 2 mm with respect to the center,
does not qualitatively influence the results. Figures 4C
and 4D show theoretical sensitivity ratios obtained by
comparing the two slightly different refractive condi-
tions (see horizontal dashed lines of the MTF contour
plots, Figs. 4A, 4B) in combination with varying pupil
sizes. It can be seen from both contour plots that for
a pupil diameter of 5 mm, the refractive correction
with optimal retinal contrast varies across the spatial
frequency range. Of particular interest is that for the

MTF contour plot with positive irregularity, a negative
miscorrection (-0.7 D) results in a selective contrast
decrease that peaks at approximately 17 cyc/deg with
a 5-mm pupil diameter (Fig. 4C); for a negative irregu-
larity, a slight positive miscorrection (0.4 D) also re-
sults in a selective decrease in contrast. However, in
the latter case, the selective loss peaks at approxi-
mately 11 cyc/deg with a 5-mm pupil (Fig. 4D). Note
also that there is a shift in the peak of the sensitivity
ratios as a function of pupil diameter. With a negative
irregularity and an overcorrection (0.4 D), the spatial
frequency of the peak decreases from 16 cyc/deg (3-
mm pupil) to 10 cyc/deg (5-mm pupil) with increas-
ing pupil diameter. In contrast, with a positive irregu-
larity and an undercorrection (-0.7 D), the spatial
frequency of the peak increases from 14 cyc/deg (3-
mm pupil) to 17 cyc/deg (5-mm pupil) with increas-
ing pupil diameter. Overcorrection and undercorrec-
tion in the model calculations depicted in Figure 4
were selected with the criterion that at larger pupil
diameters ( s 3 mm), sensitivity ratios were approxi-
mately equal to a ratio of 1 at 30 cyc/deg. As a caveat,
the two focus settings used for the computation of the
sensitivity ratios may not necessarily result, in selective
losses in the lower or intermediate spatial frequency
ranges if the settings are selected with alternative re-
fractive corrections.

Contrast Sensitivity Function Loss in Patients

Figure 5 shows CSFs from three patients (PI, P2, and
P3) with disease of neural origin (Graves' ophthalmo-
pathy, possible multiple sclerosis, head trauma, re-
spectively) with selective spatial frequency loss at inter-
mediate spatial frequencies. The patient CSFs are
compared to the median and lower limits for a group
of normative control subjects, depicted by the dashed
curves. Considering the previous results obtained in
experimental control subjects (Figs. 1, 2, 3), the origin
of CSF losses is put to question by the patient CSFs.
That is, the spatial frequency range and the degree of
contrast sensitivity reduction in the three patients are
comparable to those that occur with selective loss due
to purely optical factors in control subjects (see Figs.
1 and 2). In addition, the optical model shown in
Figure 4 predicts comparative selective losses if ex-
isting slight irregular aberrations occur in combina-
tion with minor refractive error.

Finally, Figure 6 shows examples of CSFs obtained
in six additional patients. As in Figures 5A, 5B, and
5C, dashed lines depict the median and lower limits
of normative standards. Figures 6A and 6B show pa-
tient P4 with eyelid trauma and patient P5 with Graves'
ophthalmopathy, respectively. Both show high spatial
frequency loss. Figures 6C and 6D show patient P6
with diabetes mellitus and patient P7 also with Graves'

Downloaded from iovs.arvojournals.org on 05/01/2020



2480 Investigative Ophthalmology & Visual Science, November 1996, Vol. 37, No. 12

MTF (log contrast)

positive irregularity, pupii=5 mm negative irregularity, pupil=5 mm

20 25 30 0 5 10

spatial frequency (cpd)

FIGURE 4. The two upper pan-
els show isocontour plots of
theoretically calculated mod-
ulation transfer functions
(MTFs) for a 5-mm pupil
size. The positive (a,c) and
negative (b,d) circular irreg-
ularities have a diameter of
0.5 mm and a refractive dif-
ference relative to the adja-
cent surround of 0.4 D and
-0.4 D, respectively. Numeri-
cal values along the contour
lines indicate log contrast.
(c,d) Sensitivity ratios for
varying pupil sizes, (c) The
ratio is calculated between
the MTF a t - 0 . 1 D and -0.8
D (dashed lines, a), (d) The
ratio is calculated between
-0.1 D and +0.3 D [dashed
lines, b).

ophthalmopathy, respectively. Both of these patients
show an overall CSF loss. Finally, Figures 6E and 6F
show patient P8 with diabetes mellitus and patient
P9 with a pseudo-lymphoma, respectively. Here, both
patients show a selective lower spatial frequency loss.
The CSF examples in Figure 6 show the variation

among different pathologic conditions and also em-
phasize that CSFs are not necessarily representative of
a particular disease. More interestingly, however, is the
question of whether the measured losses are related
to the clinical diagnosis or have a nondisease-specific
optical origin. The selective high spatial frequency

1 10 100 1 10 100

spatial frequency (cpd)

100

FIGURE 5. Contrast sensitivity
functions (CSFs) of three pa-
tients diagnosed with (a)
Graves' ophthalmopathy (PI),
(b) possible multiple sclerosis
(P2), and (c) head trauma
(P3) depicting selective con-
trast sensitivity loss. The pa-
tients' CSFs can be compared
to the median and lower limits
(95th percentile) for a group
of control subjects as indicated
by the dashed lines. Note the
relatively narrow spatial fre-
quency ranges reflecting de-
creased contrast sensitivity. Pa-
tients were tested with clinical
refractive correction.
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FIGURE 6. Contrast sensitivity
functions (CSFs) of six pa-
tients with various profiles of
contrast sensitivity loss. Selec-
tive high spatial frequency loss
is present in a patient with (a)
eyelid trauma (P4) and (b)
Graves' ophthalmopathy (P5).
Overall spatial frequency loss
is present in a patient with (c)
diabetes mellitus (P6) and (d)
Craves' ophthalmopathy (P7).
Finally, selective low spatial
frequency loss is present in a
patient with (e) diabetes melli-
tus (P8) and (f) pseudo
lymphoma (P9). The patients'
CSFs can be compared to the
median and lower limit (95th
percentile) normative stan-
dards derived from a group of
control subjects as indicated
by the dashed lines.
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losses in Figures 6A and 6B may well be of optical
origin. Figures 6C and 6D, conversely, show that a
retinal disease is the more likely cause for overall CSF
loss. A partially optical origin, however, cannot be ex-
cluded. Only the selective lower spatial frequency
losses shown in Figures 6E and 6F are more readily
attributed to nonoptical factors.

DISCUSSION

The current study shows that selective, broad-band
losses in the CSF can be simulated by varying pupil
diameter and refraction in healthy subjects. With pu-
pil diameters equal to or larger than 3 mm and with
slight refractive errors of 0.4 to 0.75 D, selective losses
of a factor of 2 to 4 peaking at approximately 6 to 16
cyc/deg readily can be produced (see, for example,
Figs. 1 and 2). These selective spatial frequency losses
can be predicted by a theoretical model based on opti-
cal transfer functions of the human eye in which simi-
lar losses, qualitatively and quantitatively, can be
shown. The results from CSFs obtained in nine pa-
tients further show that selective loss or overall CSF
loss is not necessarily prerequisite nor specific to a
particular disease. For example, the two patients with
diabetes mellitus (Figs. 6C, 6E) showed dissimilar pro-
files of CSF loss. Differences in CSF profiles also were
observed in the three patients with Graves' ophthal-
mopathy (Figs. 5A, 6B, 6D). In general, in the present

study, both experimental and theoretical results em-
phasize that CSF losses observed in patients readily
cannot be attributed to underlying disease if pupil size
and refractive correction are not controlled carefully.

The optical model described shows that with larger
pupil sizes (2:3 mm), the refractive correction for which
optimal retinal contrast is achieved at a specific spatial
frequency may, on average, vary maximally by approxi-
mately 1 D over the complete spatial frequency range.
Experimental data confirm uhis theoretical finding.""5

As a consequence, with larger pupils, the correction
that is optimal for Snellen chart letters may not be opti-
mal for any particular spatial frequency of grating (this
shift in optimum focus with spatial frequency can be
seen clearly in Fig. 4B for a 5-mm pupil, reflecting as
much as 0.7 D from 2 to 30 cpd). However, for practical
purposes, widi smaller pupil diameters (<3 mm), the
dioptric range across which the optimal contrast for
sine wave gratings varies is rather limited. Under this
condition, optimal refractive correction for Snellen
charts nearly coincides with the optimal correction for
each spatial frequency.

Although patients of the current study clinically
were refracted and had die appropriate correction
for Snellen charts, selective CSF losses particularly at
intermediate spatial frequencies still were observed
(Fig. 5). Whereas the corresponding CSF losses may
well be neural in origin, an alternative and possibly
more parsimonious explanation is that of an optical
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TABLE l. Summary of the Clinical Features of the Three Normal Controls
and the Nine Patients

Case
Number

Cl
C2
C3
PI
P2
P3
P4
P5
P6
P7
P8
P9

Age
(years)

57
36
31
37
39
36
41
18
45
54
23
31

Clinical Status

Normal control
Normal control
Normal control
Graves' ophthalmopathy
Multiple sclerosis (P)
Head trauma
Eyelid trauma
Graves' ophthalmopathy
Diabetes mellitus
Graves' ophthalmopathy
Diabetes mellitus
Pseudolymphoma

Acuity (corrected)

OD

20/20*
20/20
20/20*
20/20
20/20
20/20
12/20*
20/20
20/20
16/20*
20/20
20/20

05

20/20
20/20*
20/20
20/20*
20/20*
20/20*
20/20
20/20*
10/20*
12/20
20/20*
20/20*

S + 0.25 C
S + 1.25 C
S - 6.5

S - 1.25 C
S - 2.75
S - 0.75
S - 5.0

-

Optical Correction

OD OS

- 1.25 X 164 S - 0.25
- 4.5 X 85 S - 1.0 C - 2.0 X 80

S - 5.5
_

- 0.75 X 165 S - 0.5
S - 2.25
S - 0.75 C - 0.5 X 140
S - 3.75 C - 1.0 X 90

-
! Eye for which contrast sensitivity function is depicted.

origin, that is, the result of the combination of a natu-
ral pupil (>3 mm) and a slight miscorrection to the
sine wave gratings. First, a miscorrection may find its
origin in the difference between the optimal correc-
tion for Snellen charts and for each spatial frequency
across the spatial frequency range for pupil sizes equal
to or larger than 3 mm (Figs. 4A, 4B). Second, an
inability of accurate accommodation to sine wave grat-
ings also may occur, for example, due to overaccom-
modation of gratings positioned at infinity. Such mi-
nor miscorrections to sine wave gratings may accumu-
late from 0.5 to 1.0 D. Comparable selective losses also
have been shown in patients by previous authors6"15

with the suggestion, however, that such selective losses
were because of neural factors. The present study sug-
gests that it is equally likely that the reported selective
losses at intermediate spatial frequencies have primar-
ily an optical origin. Furthermore, the argument that
only narrowly tuned, selective high spatial frequency
losses may have an optical origin is neither confirmed
empirically nor shown by optical models.1819

In addition, selective CSF losses due to optical
factors readily may reach a factor of 2 at 3 cyc/deg
with a higher spatial frequency peak (see Fig. 4D).
Thus, selective, broad-band spatial frequency losses
shown in some of the patients' CSF profiles may well
be of optical origin. Conversely, overall CSF loss in
patients is more likely the result of underlying disease
in combination with optical interference (see Figs. 6C,
6D), whereas strictly lower spatial frequency contrast
sensitivity losses (see, for example, Figs. 6E, 6F) are
attributed more readily to nonoptical factors alone.
In previous studies, this latter type of loss has been
reported only in a limited number of patients."

In an earlier study Apkarian et al18 attributed the
direct cause for selective spatial frequency loss, in part,

to the occurrence of monocular diplopia. This rela-
tion was explained by a simple model based on the
cos2 law. With this model, sharp spatial frequency
losses were generated by the superposition of two sine
wave gratings shifted in phase. However, if we take into
account the model based on optical transfer functions,
the relation between the spatial separation of multiple
lines and the value of the peak of the notch is not
particularly straightforward. As an additional caveat,
it is worth mentioning that the peak spatial frequency
of the selective loss depends also on the amount of
irregular aberration, refractive error, and pupil size.
Both the theoretical model (compare the MTFs pre-
sented in Figs. 4A, 4B) and the experimental data
(compare the CSFs of subject C2 in Figs. 2A, 2B) show
this phenomenon. Concurrent with selective loss due
to small irregular aberrations, monocular diplopia
also occurs.

To overcome degradation of the retinal image im-
posed by the eye's optics, either laser interference
methodology can be implemented5 or monochro-
matic abberations can be determined.25"29 Several ex-
perimental techniques, such as the aberroscope and
the double-pass method, have demonstrated the pres-
ence of irregular or asymmetrical aberrations or both
in healthy observers.25'26'28 The interference-fringe
method and the double-pass method also have dem-
onstrated the occurrence of multiple images with
small amounts of defocus.5'26 The newer techniques,
such as the double-pass technique, based on a hybrid
optical-digital method and the Hartmann- Shack
wave-front sensor, are not yet viable for routine clinical
application, although considerable progress in this di-
rection now is being made.26"29

In addition to contrast sensitivity loss due to irreg-
ular or asymmetric optical errors or both, orientation
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sensitive selective contrast loss in patients also has
been demonstrated for sine wave gratings. The optical
model readily can explain orientation sensitive losses
accompanied by small astigmatic (symmetric) error.
This condition is effectively similar to a slight refrac-
tive error for sine wave gratings in the direction of
astigmatism. Minor refractive differences between left
and right eye also may be responsible for interocular
differences in selective CSF losses.

In summary, clinical conclusions regarding selec-
tive losses in the CSF should be considered with cau-
tion given that optical factors also may underlie the
origin of selective, narrow, and/or broad-band losses.
One consequence of the latter is unreliable CSF test
results. Finally, to avoid optically induced selective
losses with CSF testing in the clinical setting, the fol-
lowing recommendations can be made. To eliminate
differences between optimum correction for Snellen
charts and sine wave gratings, a pupil diameter be-
tween 2 and 3 mm should be used. With the appro-
priate pupil size, the effects of regular and irregular
aberrations are minimized. The latter can be achieved
by an artificial pupil or higher grating mean lumi-
nance. To minimize accommodative errors, an appro-
priate fixation target should be used and monitors
should be placed at a distance that corresponds to the
resting state of accommodation. When these precau-
tions are taken into account, the variability in CSF
testing introduced by optical factors is decreased con-
siderably.
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