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monocular polyplopia, increased depth of
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Theoretical computations of modulation transfer functions (MTF's) of the optical system of the human eye have
shown that irregular aberration consisting of a small circular segment with refractive power slightly different
from the surround introduces at higher spatial frequencies (>20 cpd) an enhancement of the retinal image
contrast on flanks of the optimum-focus plane. When the pupil size is larger than 3 mm, enhancement is
substantial; as a result, multiple foci appear at the affected, higher spatial frequencies and generate a greater
depth of focus. The contrast enhancement also produces troughs on either flank of the optimum-focus plane.
With slight coincident defocus (0.5 diopter) of the retinal image of a sine-wave grating, notches in the MTF
curves, with a contrast reduction in the intermediate frequency range of a factor of 2 to 3 and a low cutoff spatial
frequency of -3 cycles/deg, are produced. In our theoretical study, multiple foci, monocular polyplopia, and
increased depth of focus are implicated in the generation of contrast sensitivity function (CSF) notches. It
is demonstrated that CSF notches of optical origin can extend to lower spatial frequencies (<10 cycles/deg).
As a result, before the presence of a CSF notch can be attributed to neurological abnormality, optical factors,
including irregular aberrations, must be eliminated.

INTRODUCTION

Determination of the subjective contrast threshold for
varying spatial frequencies of a sine-wave grating yields
the contrast sensitivity function (CSF).1 ,

2 The CSF can
be viewed as the product of optical and neural trans-
fer functions; either one can cause broadband or narrow-
band loss of spatial-frequency sensitivity. Selective loss
of grating orientation resulting from optical or neural
factors also is possible.2 -5 If reduced sensitivity is re-
stricted specifically to the lower spatial frequencies, i.e.,
<10 cycles/deg, a neural origin is implicated. Neural
factors underlying loss of contrast sensitivity also are
presumed when reduced sensitivity persists despite op-
timal optical correction for possible refractive error. An
important caveat in this regard is that auxiliary optical
aberrations, such as coma, spherical aberration, and ir-
regular aberrations, also reduce the image contrast of a
sine-wave grating.68 Similarly to astigmatic refractive
error, rotational asymmetries of comalike, spherical, or
higher-order aberrations may reveal orientation-selective
characteristics. 7

,
9' 1 0 In a manner distinct from that of re-

fractive error, these auxiliary optical aberrations also may
effect a loss at lower spatial frequencies.

Thus the influence of optical aberrations on the CSF
profile renders the distinction between neural and optical
factors more ambiguous. An example is the neurologi-
cally normal observers who demonstrate selective spatial-

frequency loss, or so-called CSF notches. The resultant
optically induced notches may be narrowly tuned or ex-
tend over a broader range. Experimentally, the CSF
notches can be induced and manipulated by introduction
of slight dioptric defocus.3 Coincident with CSF notches
is the presence of monocular polyplopia. The slight de-
gree of refractive error required for induction of monocu-
lar polyplopia and coincident CSF notches together with
significant interocular and interindividual variability sug-
gests that corneal and/or lenticular optical aberrations
play a critical role.

Despite the important contribution of optical aber-
rations, optically induced CSF notches generally have
been explained by a model based on cancellation of con-
trast by superposition of double images shifted in phase;
the profile of the narrowly tuned notch follows the cos2

law.5 From this model it is argued further that, although
optical factors may explain the presence of narrowly tuned
higher-frequency notches, they cannot account for lower-
frequency or broader CSF notches as reported in patients
with neurological disorders, e.g., multiple sclerosis.2 5

This simplified model reduces the line-spread function
to two bright lines. Thus a serious limitation of the
model is that contrast degradations in the retinal image
of a sine-wave grating as effected by optical aberrations
are ignored. A more comprehensive model includes cal-
culation of the optical transfer functions (OTF's) of the eye
based on the wave-aberration function.0 - 4 The optical
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aberrations of the human eye and their relative contribu-
tions to the wave-aberration function may show consider-
able interocular and interindividual variability.7 9 "0 "4'6

Regular aberrations including spherical 6 and third-order
(i.e., comalike) aberrations 9"10 are predominant, although
irregular aberrations are also of importance. 5 -2 0 It has
been suggested that to account for the irregular aberra-
tions, one must evaluate higher-order terms (as high as
the seventh degree) in the wave-aberration polynomial.'5

In addition, it is of interest to note that irregular aberra-
tions have been reported to demonstrate a relationship
with the phenomenon of monocular diplopia or mono-
cular polyplopia. 92

1
2 2 Although in pathological cases

irregularities in the corneal curvature also may occur
(e.g., keratoconus), under normal conditions irregularities
in the eye's optics are attributed to the lens. The discon-
tinuities in the variation of the index of the lens have been
referred to by Helmholtz2 3 as creases in the isoindicial
surfaces. There also is strong experimental evidence'7 '19

that the human crystalline lens has a segmented charac-
ter and that there are discrete regions within the pupil
plane that have a refractive discontinuity of fractions of
a diopter with respect to the surround. 17 8 22

In this study we investigated in more detail the extent
to which various irregular aberrations of the lens con-
tribute to the contrast of an image, in order to explain
the occurrence of optically induced CSF notches with a
broader frequency band ranging from approximately 3 to
20 cycles/deg. The approach that we adopted to account
for irregularities caused by refractive discontinuities of
the lens includes the computation of incoherent modu-
lation transfer functions (MTF's) of the optical system
of the human eye in white light following the method of
Hopkins." In addition to fourth-order (spherical), third-
order (i.e., comalike), and chromatic aberration, irregular
aberration was introduced. Irregular aberration con-
sisted of a small refractive discontinuity with respect to
the lenticular surround; introduction of irregular aberra-
tion eliminates the necessity to evaluate numerous high-
order terms in the wave-aberration polynomial. Effects
of irregular aberration on MTF's of the human eye were
investigated in combination with various degrees of regu-
lar aberrations.

METHODS

Numerical evaluation of the convolution integrals for com-
puting MTF's of the optical system of the human eye in
polychromatic light were performed on a VAX 4000 com-
puter following the method of Hopkins." The OTF O(w)
was calculated by convolution of the pupil function,

O(w) =
ff P(x, y)P*[x - 2(w/wd), y]dxdy

Jf P(x, y)P*(x, y)dxdy

where w is the spatial frequency and Wd is the diffraction-
limited cutoff frequency'3 described as

Wd -27 2an b, (2)
360 f A '(2

Table 1. Values of Taylor Coefficients

Coefficient Reference Other Coma Other Spherical

C, 0.0124 0.0300 0.0124
C2 0.0075 0.0100 0.0075
C3 -0.0120 -0.0300 -0.0120
S1 0.0200 0.0200 0.0100

where n = 1.336 is the refractive index in image space,
A is the wavelength of light, a is the variable radius of
the exit pupil, f = 0.022785 m is the focal length, and
b = 0.017055 m is the distance from the second nodal
point to the image plane. These values are taken from
the Gullstrand eye model. The pupil function P(x, y)
represents the amplitude and phase of the wave front in
the pupil plane, given by

P(x, y) = A(x, y)exp[(2vi/A)W(x, y)]
P(x,y)=0 if x2+y2 Ž1.

if x2 +y < 1,

(3)

Integration steps across the pupil plane were taken at
0.01 times the pupil diameter to yield sufficient accu-
racy. The wave-aberration polynomial W(x, y) in the
pupil plane was characterized by a reduced Taylor-series
expansion. Pure y-directional terms were omitted, since
only sine-wave gratings in vertical orientation were con-
sidered:

W(x, y) = Mx + Dx 2 + D2 xy
+ Cx 3 + C2x2y + C3xy2

+ Slx4 + S2x3y + S3X2y2 + S4xy3. (4)

Following Howland and Howland,'0 we did not take the
coefficient D2 into consideration, and we neglected the co-
efficients S2 and S4, since their mean values were found
not to differ significantly from zero. Further, the D, co-
efficient was divided into a monochromatic defocus coeffi-
cient Dd and a chromatic-aberration coefficient DA. The
values of DA for various wavelengths were taken from
experimental data of Charman and Jennings2 4 with 0
diopter (D) at 580 nm. The coefficient for defocus Dd
was varied between -1.5 and +1.5 D in equal steps of
0.2 D. According to Van Meeteren,' 3 the magnification
coefficient M should be taken into account, since the pupil
is 3.7 mm in front of the nodal points, and thus the pupil's
position is e = 0.32 mm eccentric with respect to the view-
ing axis. As such, M equals -2e*Dl, where e* = e/a is
the eccentricity relative to the radius of the pupil.

In the computations the third-order coefficients C1, C2,
and C3 were taken as the mean values measured by How-
land and Howland.' 0 To estimate the relative contribu-
tion of these coefficients in relation to other aberrations,
we included in the computations an increase in the third-
order coefficients (see Table 1).

To account for longitudinal spherical aberration, we
made the S3 coefficient equal to two times the Si coef-
ficient. Since we restricted our study to sine-wave grat-
ings in the vertical orientation only, we did not take the
rotational asymmetry of the aberration into consideration.
The amount of spherical aberration may vary consider-
ably among subjects; various amounts have been reported
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in the literature. 3
1
6 Most calculations were performed

with an S, value equal to the mean, as given by Van
Meeteren.' 3 To evaluate the importance of longitudi-
nal spherical aberration in combination with other aber-
rations, we also performed a calculation with half the
Van Meeteren mean value (see Table 1), which is more in
agreement with the findings of Howland and Howland'0

and Walsh et al.9

To account for irregular aberration, i.e., a slight dis-
continuous change of the refractive power, we added an
extra term to the wave-aberration function, consisting
of a circular segment (2p equals 0.5- or 1.0-mm diame-
ter) centered in the middle of the pupil with a difference
in refractive power D from the surround. In simula-
tion, was taken as positive (0.3 or 0.4 D) and negative
(-0.4 D). This was done because sudden local changes
of refractive index of the crystalline lens are expected to
occur at higher and lower values of the mean refractive
index. 7

1
8 22 Equation (4) now reduces to

W(x, y) = - e*Dix + D x2

+ Cx 3 + C2x2y + C3xy2

+ Sx 4 + 2Slx2y2, (5)

where

D = Dd +DA +Di,

Di I= ifX2 +y2•p
0 otherwise

(6)

(7)

The Stiles-Crawford apodization was taken into account
and was chosen according to Van Meeteren' 3 :

A(x,(y) = exp-a2 )2 (8)

A(x, y) represents the amplitude of the pupil function,
with a equal to 0.108. To account for the contribution
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Fig. 1. Surface plots and contour plots of theoretically calculated MTF's in white light at varying degrees of defocus (Dd) for 2- and
5-mm pupil diameter, with regular aberrations and with an additional irregularity. cpd, Cycles per degree.
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of each wavelength in the visible spectrum to the total
contrast in the retinal image, we divided the spectrum
into 20 steps ranging from 450 to 650 nm. The relative
contribution of each wavelength (N = 21) was computed
separately for the real and the imaginary parts of the OTF
O(w); a weighted summation was performed according to
the VA curve for each of the two parts. Finally, to obtain
the total MTF T(w), we took the absolute value of Eq. (1):

21

EO(Ai, w)V(A)

T(w) = 10(w)l = (9)

Y V(Ai)
i=l

The spatial frequency w of the sine-wave grating was var-
ied between 1 and 30 cycles/deg (2-cycles/deg intervals),
and the pupil diameter was varied 2r between 2 and 5 mm
(1-mm intervals).

RESULTS

Figures 1(a) and 1(b) show a surface plot as well as a
contour plot of the MTF's at varying values of Dd [see
Eq. (6)] for a 2-mm pupil with regular aberrations only
and with an added irregular aberration (0.5 mm, 0.4 D).
The regular aberrations are based on the first set of co-
efficients, C1, C2 , C3, and S1, shown in Table 1. The
logarithmic value of the contrast is plotted along the z
axis. Comparison of Figs. 1(a) and 1(b) shows that as a
result of irregular aberration, the amount of contrast in-
creases for sine-wave gratings of higher spatial frequen-
cies that are considerably out of focus. The increase in
contrast is achieved somewhat at the expense of the con-
trast adjacent to the plane that has optimum contrast.
When the dioptric strength of this refractive disconti-
nuity decreases from 0.4 to 0.3 D, the effect diminishes
(not shown). However, with a 2-mm pupil size across
the whole dioptric range at 30 cycles/deg only one maxi-
mum of contrast is found, irrespective of the presence of a
minor irregularity.

pupil = 5 mm

positive irregularity
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Fig. 2. (a) Contour plot of Fig. 1(d) in flat projection; (b) comparable with (a) but with negative dioptric circular segment; (c), (d) cross
sections of (a) and (b) depicting the MTF's at dioptric positions indicated by the dotted lines. cpd, Cycles per degree.
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Fig. 3. (a)-(c) show sensitivity ratios under varying conditions; (d) shows a control contrast-sensitivity ratio together with two CSF
curves derived from the control CSF curve but altered by a small irregularity in the optical system in combination with a slight defocus.
The contrast sensitivity along the y axis in (d) is in arbitrary units. cpd, Cycles per degree.

Figures 1(c) and 1(d) show comparable MTF's calcu-
lated with a 5-mm pupil. The conditions are otherwise
the same as in Figs. 1(a) and 1(b). With the larger pupil
size, the irregularity causes a contrast enhancement on
either flank of the optimum-focus plane such that above
10 cycles/deg sidelobes with a local maximum of contrast
are present. If the refractive discontinuity has a diame-
ter of 0.5 mm with an increase of 0.4 D at 30 cycles/deg
and negative refractive-error values, the local maximum
of one of the sidelobes almost reaches the contrast of the

main maximum [see Fig. 1(d)]. The MTF with no irregu-
larity has an optimum refractive correction of approxi-
mately -0.1 D at 30 cycles/deg, with a contrast of 13.5%.
The MTF with a 0.4-D refractive discontinuity shows at
higher spatial frequencies an optimum refractive correc-
tion of the main maximum at -0.3 D and a second rela-
tive maximum shifted to more negative refractive error
values at -0.9 D, with contrast values of 10.3% and
9.5% for 30 cycles/deg, respectively. This leakage of con-
trast to sidelobes at higher spatial frequencies also in-
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troduces a larger depth of focus. Further owing to the
contrast enhancement at -30 cycles/deg, between 10 and
15 cycles/deg and between the refractive-error values of
-0.7 and -1.5 D, contrast values are observed at a rela-
tive minimum compared with the contrast in the range of
0.0 to -0.5 D refractive error.

Figure 2(a) shows the contour plot of Fig. 1(d) in flat
projection. Figure 2(b) is a contour plot of MTF's cal-
culated for a refractive discontinuity with a diameter of
0.5 mm and a decrease of 0.4 D instead of an increase
of the same amount. Figures 2(c) and 2(d) represent
the cross sections along the five dotted lines depicted in
Figs 2(a) and 2(b), respectively. For Fig. 2(c), refractive-
error values (Dd) range from -0.9 to -0.1 D, with an
interval of 0.2 D. For Fig. 2(d), refractive-error values
range from -0.3 to +0.5 D, with the same interval. For
a positive or a negative value of the refractive discon-
tinuity, contrast enhancement at 30 cycles/deg occurs
most prominently at either negative or positive defocus of
the retinal image, respectively. The enhancement sub-
sequently effects a relative reduction in contrast at spa-
tial frequencies that may range from 3 to 20 cycles/deg
on either flank of the best focus, i.e., the plane with maxi-
mum contrast, whereas the contrast at the highest spatial
frequency (30 cycles/deg) remains practically the same
within a certain range of refractive error. Without ir-
regularity and increasing refractive error, we found that
with respect to the optimum refractive correction, instead
of a relative reduction in contrast of intermediate frequen-
cies, the expected overall contrast reduction at all spatial
frequencies occurs (not shown). No enhancement of con-
trast at -30 cycles/deg is seen with slight defocus.

Figures 3(a)-3(c) depict sensitivity ratios. The sensi-
tivity ratios yield the quotient of the contrast values of
two different defocus settings of the image. Only those
sensitivity ratios are shown that yield the optimum notch,
i.e., the highest contrast reduction at intermediate spatial
frequencies.

Figure 3(a) represents the ratio between the image con-
trast at -0.1-D defocus and the image contrast at -0.7-D
defocus (a difference of 0.6 D) for pupils with diameters
of 2, 3, 4, and 5 mm. In this case the added circular seg-
ment has a diameter of 0.5 mm and an increase in re-
fractive power of 0.4 D. Considerable contrast reduction
occurs for all pupil sizes; however, for the 4- and 5-mm
pupil size, contrast is not diminished at the highest spa-
tial frequencies. With the 4- and 5-mm pupils, notches
peak at 15 and 17 cycles/deg, respectively.

Figure 3(b) shows, as reference, the 5-mm-pupil curve
of Fig. 3(a), calculated with a different amount of spheri-
cal aberration. A third curve with different values for
the third-order aberration is also depicted (see Table 1).
Note that the sensitivity-ratio curve with different spheri-
cal aberration relates to the quotient between image con-
trast values at 0.0 and -0.5-D defocus. All curves peak
between 15 and 17 cycles/deg, with a ratio value of -3 and
without diminished contrast at the highest spatial fre-
quencies. Thus this figure demonstrates that the occur-
rence of a notch is not strongly influenced by the amount
of other regular aberrations. Only with less spherical
aberration are the two comparable optimum defocus val-
ues shifted to less-negative values.

Figure 3(c) shows sensitivity ratios for different val-

ues of the diameter and the refractive-power increase
of the circular segment for a pupil diameter of 5 mm.
Three curves are presented for a diameter of 0.5 mm and
refractive powers of -0.4, 0.3, and 0.4 D. The defocus
settings for achievement of a maximum effect on the sen-
sitivity ratios for slight dioptric differences are -0.3 and
+0.1 D (a difference of 0.4 D) for the first curve and
-0.7 and -0.1 D (a difference of 0.6 D) for the second
and third curves, respectively. The fourth curve is calcu-
lated with a segment diameter of 1 mm and a refractive-
power increase of 0.4 D. The focus settings for the fourth
curve are -0.7 and -0.3 D (a difference of 0.4 D). This
figure demonstrates that, if other regular aberrations
and pupil size are kept constant, the broadness of the
contrast reduction is influenced largely by the sign of
refractive discontinuity. The sign of refractive discon-
tinuity also has a considerable influence on the defocus
settings that produce an optimum notch. Evidently, the
effect on the sensitivity ratio can be increased, as shown
by a comparison of MTF curves with a large dioptric dif-
ference. This effect is readily illustrated, for instance, by
the comparison in Fig. 2(c) of the -0.1-D curve with the
-0.9-D curve. Under this condition contrast reductions
extend over the entire spatial-frequency range. More-
over, dioptric differences are substantial.

Finally, Fig. 3(d) shows three CSF curves. The thick
curve is the average CSF curve determined experimen-
tally from a control group.3 The remaining two curves
are derived from the control CSF curve divided by the
two theoretically derived sensitivity ratios depicted in
Fig. 3(c). The positive CSF curve is derived from the
sensitivity-ratio curve with a 0.4-D, 0.5-mm segment that
shows a relatively narrowly tuned notch with a minimum
at 17 cycles/deg. The retinal image for the positive CSF
curve has a -0.6-D defocus with respect to the control
CSF curve. The negative CSF curve is derived from the
sensitivity ratio with a -0.4-D, 0.5-mm segment and a
broadly tuned notch with a minimum at -10 cycles/deg.
In comparison, the negative CSF curve has a 0.4-D defo-
cus of the retinal image with respect to the control curve.

DISCUSSION

A small circular segment with refractive power slightly
different from the surround introduces at the higher
spatial frequencies (>20 cycles/deg) an enhancement
of the retinal image contrast on flanking sides of the
optimum-focus plane. At the optimum-focus settings
there is a slight reduction in contrast. Depending on
whether the refractive discontinuity is positive or nega-
tive, the contrast enhancement is more pronounced
with negative or with positive refractive error, respec-
tively. When the pupil size is larger than 3 mm, the
enhancement is so robust that local maxima in contrast
(multiple foci) appear at the higher spatial frequencies
(>20 cycles/deg), resulting in a greater depth of focus
for these frequencies. The contrast enhancement effects
troughs on either flank of the optimum-focus plane, i.e.,
with a minimum at -15 cycles/deg for negative refrac-
tive error and at -10 cycles/deg for positive refractive
error. Troughs at -15 cycles/deg for negative refractive
error were previously described by Bour.19 With slight
defocus (0.4-0.6 D) of the retinal image of a sine-wave
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pattern, troughs produce notches in the MTF curves with
a contrast reduction in the intermediate frequency range
of a factor of 2-3. These slight defocus values are in
good agreement with the experimental dioptric blur nec-
essary to produce a notch. Multiple foci also account
for the phenomenon of monocular polyplopia that is co-
incidently present with CSF notches. Artal7 showed
that very slight defocus of -0.5 D readily produces a
double-peaked point-spread function with a separation of
-10 /um (2 arcmin). For maximum contrast of either of

the peaks to be achieved, refraction also has to differ by
-0.5 D. In addition, it is worth mentioning that bifocal
lenses (refractive or diffractive) always seem to generate
double images on the retina.25 Small amounts of paral-
lax seem to account for these persistent double images.

Optically induced notches in theoretical MTF curves
that are due to irregularities in the lenticular refractive
power may well explain the presence of notches in experi-
mentally determined CSF curves.' If two CSF curves
derived from the same eye in response to orthogonal grat-
ings are compared, any resultant notch will be present for
the grating orientation that yields the perception of mul-
tiple bright lines. This result indicates that even slight
degrees of astigmatism may yield sufficient defocus to pro-
duce orientation and selective spatial-frequency loss that
is otherwise attributed to neurological factors.5 In ad-
dition, comparison of CSF curves between the left and
the right eye have demonstrated intermediate and high-
frequency notches.5 Most likely, the interocular prop-
erties are not exactly comparable with respect to minor
optical irregularities. As a result, interocular differences
in CSF curves in the intermediate frequency range of a
factor of 2-3 may readily have an optical rather than a
neurological origin, particularly if optical conditions such
as pupil size are not adequately controlled.

Calculations have shown that the spatial-frequency
value at which the trough at the negative flank of the
optimum-focus plane is located is influenced negligibly
by pupil size, the presence and degree of other regular
aberrations, or the degree of increase of the refractive dis-
continuity. Comparable arguments apply for the trough
at the positive flank of the optimum-focus plane. The
spatial-frequency value of the trough is determined by the
dimensions of the eye, such as the focal length, the refrac-
tive index, and the distance of the second nodal point from
the image plane. In addition, there is no direct linear
relationship between the difference in refractive power of
the multiple foci and the refractive change of lenticular
discontinuity. With a simple model based on the cos2

law, sharp selective spatial-frequency losses with a peak
of 15 cycles/deg have been explained by the superposi-
tion of two sine-wave gratings shifted in phase. These
findings are in accord with an experimentally determined
2-arcmin separation of the two thin lines of a monocu-
lar double image. However, if we take into account the
above-mentioned considerations, the relationship between
the spatial separation of multiple lines and the value of
the peak of the notch is not a priori straightforward. In
general, optical irregularities do not lead directly to mul-
tiple foci but rather give rise indirectly to contrast
enhancement at higher spatial frequencies such that
multiple foci occur at these frequencies. The difference
in refraction between foci is determined primarily by the

dimensions of the eye and by other regular aberrations.
The difference in location of these multiple foci on the
retina (polyplopia), among other asymmetries in the eye's
optics, is determined by the off-axis position of the fovea.

Additional contributing factors include the depth of
focus and the optimum-focus position. Firstly, calcula-
tions in white light show that the optimum correction
for optimum Snellen acuity is not necessarily equal to
the optimum correction for any given spatial frequency
and may vary considerably (maximally 1 D) over the
total spatial-frequency range. In fact, every spatial fre-
quency has a specific optimum correction. This finding
is qualitatively in agreement with experimental data. 4

Secondly, in a geometrical optical approximation, blur
increases linearly with pupil diameter and dioptric de-
focus. However, experimental data demonstrate a less-
rapid decrease of depth of focus with increasing pupil size.
By taking the Stiles-Crawford apodization into account,
Zhang et al.26 provide an explanation for the discrepancy
at least with respect to very large pupil sizes (7 mm).
The presence of irregularities, especially lenticular, in the
optical system may provide an explanation for the larger
depth of focus at intermediate pupil sizes.

Finally, the theoretical curves presented herein are
indirectly, rather than directly, related to specific ex-
perimental data. The two main factors underlying the
indirect relationship are as follows: (1) the precise de-
termination of all regular and irregular aberrations of
the individual human eye is prohibitively difficult, al-
though research advances to simplify this task are well
in progress,7 6 2 7 and (2) generalization across individu-
als is severely limited by the significant interocular and
interindividual variability of optical aberrations. How-
ever, despite the theoretical nature of this study, the
results are of practical relevance. For instance, for ex-
clusion of an optical origin of a notch that is found in
a CSF curve, an artificial pupil with a size of less than
3 mm must be used. Further, CSF notches may be of
optical origin even if the sensitivity reductions are broad-
band (3-20 cycles/deg) or at lower spatial frequencies
(<10 cycles/deg).
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