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Abstract

Our ability to see flicker has an upper frequency limit above which flicker is invisible, known
as the "critical flicker frequency" (CFF), that typically grows with light intensity (/). The
relation between CFF and /, the focus of nearly 200 years of research, is roughly logarithmic,
i.e., CFF oc log(l)—a relation called the Ferry-Porter law. However, why this law should occur,
and how it relates to the underlying physiology, have never been adequately explained.
Over the past two decades we have measured CFF in normal observers and in patients with
retinal gene defects. Here, we reanalyse and model our data and historical CFF data.
Remarkably, CFF-versus-I functions measured under a wide range of conditions in patients
and in normal observers all have broadly similar shapes when plotted in double-logarithmic
coordinates, i.e., log(CFF)-versus-log(l). Thus, the entire dataset can be characterised by
horizontal and vertical logarithmic shifts of a fixed-shape template. Shape invariance can be
predicted by a simple model of visual processing built from a sequence of low-pass filters,
subtractive feedforward stages and gain adjustment (Rider, Henning & Stockman, 2019). It
depends primarily on the numbers of visual processing stages that approach their power-
law region at a given intensity and a frequency-independent gain reduction at higher light
levels. Counter-intuitively, the CFF-versus-I relation depends primarily on the gain of the
visual response rather than its speed—a conclusion that changes our understanding and
interpretation of human flicker perception. The Ferry-Porter "law" is merely an

approximation of the shape-invariant template.
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1. Introduction

When light flickers above a critical rate (the critical flicker frequency or CFF), the sensation

of flicker disappears, and the light appears steady. Our inability to see fast rates of flicker is



exploited in devices that present sequences of images at 24 times per second in the case of
film or, more often, at 60 times a second or higher in electronic devices, without our being
disturbed by the resulting flicker. The fastest rate of flicker that can be seen under a particular
set of conditions is known as the critical flicker frequency (CFF), or sometimes as the temporal
acuity limit. The CFF typically increases with light level (e.g., Plateau, 1829), so that we can see

substantially higher rates of flicker under bright daytime illumination than at dusk.

The focus of this review is on what the CFF reveals about normal and abnormal visual
processing and, particularly, about the biological mechanisms by which we adapt to changes
in illumination level and how those mechanisms affect flicker sensitivity. We take advantage
of measurements made in normal observers and patients in our laboratory at the UCL
Institute of Ophthalmology over the past 20 years and combine them with historical CFF
measurements from diverse sources. In the first part of this review, we consider the structure
of the CFF versus intensity data, what is constant in that structure, and how it varies in
different data sets under different experimental conditions. Later, we relate this structure to a
model of light adaptation previously developed to account for the dependence of flicker
sensitivity on temporal frequency taken from a variety of historical sources (Rider et al., 2019)
and subsequently applied to data obtained from patients (Stockman et al., 2021). The model

is described in more detail in Section 4, and is shown schematically in Figure 5A, both below.

Research into the CFF has a long tradition that has generated an extensive literature (see
Landis, 1954; Simonson and BroZek, 1952). The increase in CFF is almost universally linked to a
crucial adaptation mechanism by which the visual system offsets the deleterious effects of
increasing mean light levels by shortening its visual integration time; i.e. the speeding up of
the visual response as the mean light level increases (e.g., Bills, 1920; Ferry, 1892; Porter,
1902; Pulfrich, 1922; Rogers and Anstis, 1972; Stockman et al., 2006). The speeding up of the
visual response with increasing light levels is indeed a crucial mechanism in light adaptation,
and it seems intuitive, almost to the point of redundancy, to suggest that faster responses
allow us to see higher-frequency flicker. However, our reanalysis and modelling of normal CFF
data and the abnormal CFF data from patients reveal that at moderate and higher light levels,
the CFF tells us relatively little about the speed of the visual response; rather the CFF depends
instead on the number of processing steps in the visual pathway and on the "gain" of the

system. We show that the dependence on gain is reflected in normal and abnormal CFF versus



intensity (/) functions all of which conform to a common template in double-logarithmic
coordinates [log(CFF) versus log(l)]. The implications of this for the interpretation and
understanding of CFF data are far reaching. At the outset, we should be clear about what we

mean by changes in gain or speed.

We use the term gain in the mathematical sense of a constant value which scales the
overall response of the system independent of the stimulus frequency (flicker rate). For
example, if we decrease the gain by a factor of 2, the response of the system will be exactly
twice as small for the same input, independent of the temporal frequency content of the
input. Photopigment bleaching, for example, decreases the response equally at low and high
frequencies. "Gain" used thus should not be confused with "gain" as it is often defined in
engineering contexts as the ratio of a system’s output to its input; this ratio can vary with the

temporal frequency of the input.

By “changes in speed”, we refer mainly to changes in the speed of the visual response
caused by changes in integration time. Shortening the integration time, for example, has the
effect of attenuating lower temporal frequencies more than higher frequencies and also of
reducing the time to the peak response. Thus, changes in integration time result in frequency-
dependent changes in the delay and magnitude of the visual response. Changing integration
time is distinct from, for example, changes in a time delay (or latency) that reduce the time to
peak response but otherwise leave the response unchanged. These distinct definitions of gain
and speed allow us to separate frequency-independent and frequency-dependent differences

in sensitivity.

We begin by summarising our methods and describing the CFF data for normal observers.

2. CFF measurements and descriptive models

2.1 Normal CFF measurements

The CFF is usually measured in modern times by presenting observers with a light
flickering at or near maximum contrast (i.e., varying smoothly in time back and forth from
completely dark to completely light), and then asking them to adjust the rate of flicker to find

an upper frequency limit below which the flicker is just visible. In our experiments, the CFF



was measured as a function of the mean illumination using sinusoidal flicker under one of two
standard conditions: one favoured flicker detection by long-wavelength-sensitive- (L-) cones
and the other detection by short-wavelength-sensitive (S-) cones. In both cases a 4-deg
diameter, circular, flickering target was superimposed in the centre of a larger, steady,
adapting background of 9-deg diameter. Measurements were made in observers with normal
vision and also in patients with abnormal vision. Observers could take as long as needed to
adjust the flickering light and find the frequency at which flicker was only just visible. Although
relatively large, we have generally found a 4-deg diameter target to be appropriate for both

patients with reduced vision and for normal control observers.

To favour L-cone detection, we presented a red (650-nm) flickering target on a blue (481-
nm) steady background that was intense enough to saturate the rods (and thus minimize rod
detection of the flicker). This combination of target and background also favors L-cone
mediated flicker detection since the L-cones are more sensitive than the M-cones to the 650-
nm flickering light and less sensitive to the 481-nm steady background (e.g., Stockman and
Sharpe, 2000). The presence of the background reduces the flicker contrast at low target
radiances and, as we show, alters the CFF, but was necessary to minimize rod contribution in
the CFF in patients with low cone sensitivities. Its scotopic luminance of 2.46 logio scotopic

trolands (see Section A1) saturates the rods (e.g., Adelson, 1982; Aguilar and Stiles, 1954).

To favour S-cone detection, we presented a violet (440-nm) flickering target on an orange
(620-nm) steady background that was intense enough to adapt the L- and M-cones strongly
(and to saturate the rods). This background had very little direct effect on the S-cones, which

are insensitive at long wavelengths.

In both cases the CFF measurements were made as a function of the mean target intensity
at intervals of approximately 0.3 logio unit over a range of more than 4.0 logio units. At each
intensity level, the observer was asked to adjust the frequency of flicker to find the frequency
at which the flicker was just visible (Figure 1, side panel C, illustrates sinusoidal flicker of
constant mean intensity and amplitude, and thus of constant contrast; the observers adjust

only the frequency of the flicker).

The L-cone and S-cone conditions used here have been used extensively in our clinical

work (listed below) and in other flicker experiments (e.g., Stockman et al., 1991; Stockman



and Plummer, 1998; Stockman et al., 2007a). In Figure 1, we have collected the
measurements of normal observers from these publications. A central goal of this review is to

account for these and other data using a simple explanatory model.
[Insert Figure 1 about here]

In the main panels A and B of Figure 1 the CFF (in cycles per second or hertz, Hz) is plotted
as a function of the logarithm of the average intensity [(radiance)—logio quanta s deg?]. The
L-cone CFF measurements in Figure 1A were made in 21 normal observers (mean age 33
years, range 21 to 65), and the data from each observer are shown as coloured. The means
taken over all the observers are plotted as black circles and the white error bars show two
standard errors of the mean (+2SEM) across observers. S-cone CFF measurements (Figure 1B)
were made in 12 observers (mean age, 40 years, range 23-65) and the individual S-cone data
are again plotted as coloured symbols with means plotted as black circles (error bars are again
+2SEM). (The CFFs of the 10 observers in whom both L- and S-cone measurements were made

are distinguished in both panels by symbols with thin black outlines.)

The general forms of the L-cone and S-cone CFF functions plotted in Figure 1 are
consistent across observers. The L-cone functions rise from low target radiances and follow an
approximately straight-line on these coordinates before becoming much shallower above
about 9.5 logio quanta st deg?. Under these conditions, the L-cone CFF rarely rises above
about 45 Hz, which is lower than the CFFs typically obtained using white light (see Figure 3A,
below). The S-cone functions also rise from low target radiances and also follow a straight line
before approaching a plateau at about 9 logio quanta s deg?. Unlike the L-cone data,
however, there is a subsequent rise above 10 logio quanta s deg?. Stockman & Plummer
(1998) showed by varying target wavelength that this later rise has an M-cone spectral

sensitivity and is therefore likely to reflect flicker detection by M-cones (see their figure 4).

2.2 Ferry-Porter law

A well-established description of CFF data is that they grow in proportion to the logarithm
of light intensity (/), so that plots of CFF versus log /, as in Figure 1, follow a straight line which

we indicate by the black lines in Figures 1A and 1B. This property is known as the Ferry-Porter



law (Ferry, 1892; Porter, 1902), and, indeed, many experiments over many years confirm that
this relation, or a close approximation to it, holds over a substantial range of light intensities
(e.g., Corwin and Dunlap, 1987; Hecht and Verrijp, 1933b; Ives, 1912; Tyler and Hamer, 1990,
1993). Moreover, the law holds, with different slopes, across different stimulus parameters,
such as changes in target size, retinal eccentricity, and wavelength (e.g., Ives, 1912; Landis,
1954; Simonson and Brozek, 1952). Remarkably, too, the Ferry-Porter law is also
approximately true across a variety of clinical visual defects, some of which markedly reduce
both the CFF and the slope of the line. (For convenience, we shall call the slope of the best

fitting line the "Ferry-Porter or FP" slope.)

Our L- and S-cone data for normal observers are clearly well described by the Ferry-
Porter law. The black lines in Figures 1A and 1B with slopes of 8.73 and 7.42 Hz per decade,
respectively, have been fitted to the mean CFF data. As can be seen, the Ferry-Porter law
holds from about 7 to 9 or 10 logio quanta s deg for the L-cone data and from about 7 to 9
log10 quanta s deg? for S-cones—more than a factor of 100 times increase in light intensity.
For the individual L-cone data, the best-fitting FP-slopes (not shown) vary from 6.33 to 10.81
Hz per decade with a mean of 8.60 with a standard deviation of 1.21 Hz per decade. For the
individual S-cone data, the best-fitting FP-slopes (not shown) vary from 5.41 to 9.06 Hz per
decade with a mean of 6.91 and a standard deviation of 1.21 Hz per decade. The difference
in FP-slopes between the L- and S-cone CFFs was highly significant (two-sided t-test: t=3.87,
P<0.001). Traditionally, the shallower S-cone FP-slope is interpreted as showing that the S-

cones and their pathways are slower than the L-cones and their pathways.

Linear relations are compelling, and the Ferry-Porter law provides a plausible description
of the dependence of CFF on /. However, it does not suggest an easy or coherent explanation
of why the relation is logarithmic (i.e., why CFF versus intensity functions should follow
straight lines in the semi-logarithmic co-ordinates of Figure 1). Nor does it suggest why the

Ferry-Porter slope varies across observers and conditions.

One intuitive interpretation of the Ferry-Porter slope has been that its steepness
somehow reflects the “speed” of the underlying visual processing, with steeper slopes
correlating with greater speed-of-processing. This is exemplified by Tyler & Hamer (1990)
and Hamer & Tyler (1992), who suggested that the steeper slopes found in peripheral vision

imply that peripheral cones are faster than foveal ones, and by Hamer & Tyler (1992), who



suggested that steeper slopes found with 552-nm flickering lights than with 642-nm lights
imply that the M-cones and their pathways are faster than L-cones and their pathways. Our

analysis of CFF functions suggests an alternative interpretation.

2.3 Log-log shape invariance

A different description of the relation between CFF and / is that it follows a power-law
(Collins, 1956; Piéron, 1922; Raninen et al., 1991), so that it is a plot of log CFF versus log I that
should follow a straight line (rather than CFF versus log /). Using the same symbols as in Figure
1, we replot the individual CFF data in Figure 2A in double logarithmic co-ordinates (CFF on a
logarithmic axis vs log average radiance) having first separately aligned the L-cone and S-cone
CFF data by shifting them vertically and horizontally. [The horizontal and vertical shifts are
shown in Figure 11, below, as red (L-cone) and blue (S-cone) crosses; see Appendix A4 for
details of the alignment process.] Pure horizontal shifts are consistent with changes in the
effectiveness of the light, a good example of which would be a change in quantal sensitivity
caused by pre-receptoral opacities. A pure vertical shift would correspond to a constant
multiplicative change in CFF at all light levels, but it is difficult to envisage a biological
mechanism that would cause such a shift. As discussed below, gain changes after photon

absorption are consistent with combinations of vertical and horizontal shifts.

It is readily apparent that the functions do not conform to straight lines as they would if
they were consistent with a power-law, but they do follow consistent shapes or templates in
the double logarithmic co-ordinates. We extracted L-cone and S-cone template functions
using Locally Estimated Scatterplot Smoothing (LOESS) (Cleveland, 1979). The smoothed

templates are shown by the solid white (L-cone) and solid black (S-cone) lines in Figure 2A.
[Insert Figure 2 about here]

A second stage of alignment is shown in Figure 2B in which the L- and S-cone templates
have been aligned with each other and then the data shifted and replotted accordingly. As can
be seen, there is excellent agreement between the two datasets until the S-cone pathways

begin to plateau above 9.2 logio quanta s deg™.



The template shapes are curved over most of their range. Nevertheless, some portions
approximate straight lines and are therefore consistent with a power-law (Collins, 1956;
Piéron, 1922), but the ranges over which this occurs (approximately 2.0 and 1.5 logio units for
the L- and S-cone CFFs, respectively) are smaller than the ranges over which the Ferry-Porter

law holds.

Later, in the Discussion, we present a model (Rider et al., 2019; Stockman et al., 2021) that

can account both for the template shape and for the aligning shifts.

For now, however, the important conclusion is the empirical finding that in double-
logarithmic coordinates the L-cone and S-cone CFF functions of individual observers conform
to a single template over 3 decades of intensity with the individual differences being

consistent with vertical and/or horizontal shifts of the individual data sets.

3. Historical CFF measurements

In Figures 2A and 2B, we showed that the L- and S-cone CFF data have approximately
invariant shapes when plotted in double-logarithmic coordinates. But how general is this
finding? Does the same invariant shape apply under other stimulus conditions? To investigate
that question, we extracted historical CFF data from several publications (de Lange, 1958;
Giorgi, 1963; Hamer and Tyler, 1992; Hecht and Shlaer, 1936; Hecht and Verrijp, 1933a; Ives,
1912; Pokorny and Smith, 1972; Porter, 1902). Table 1 summarises the stimulus conditions
used in these studies (please refer to the original papers for more information). Pokorny &
Smith’s observers included 7 deuteranopic and 4 protanopic observers; otherwise, the
observers were likely to have normal colour vision. Typically, the method of adjustment or
method of limits was used, although Hamer and Tyler (1992) use 1-s cosine-windowed flicker
bursts to mitigate against adaptation to flicker. De Lange states that he limited viewing to 5
seconds “to prevent local adaptation to small variations of brightness,” but it is not clear from
the descriptions in the methods of the other studies whether any steps were taken to mitigate
this. However, in any case it has been shown that at the CFF the effect of flicker adaptation is

likely to be relatively small (Ginsburg, 1966).
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Type of Target Size Retinal Background
Study light (deg) Position diam. (deg) Observers
Porter (1902) | White light Not given Probably None 1
central
White or
Ives (1912) 480 to 650 rectangular Probably None 1
5.2by 8.6 central
nm
Hecht &
Verrijp White light 2 diam. Central 10 2
(1933)
Hecht & From 450 .
Shiaer (1936) | to 670 nm 19 diam. Central 35 2
De Lange L .
(1958) White light 2 diam. Central 60 1
S From 450 .
Giorgi (1963) t6 660 nm 1.66 diam. Central 7 3
Pokorny & Lights of .
Smith (1972) | 580 nm 1 diam. Central None 14
Hamer & Lights of 05 0r5.7 Central or Hemlsphenc
555 or 642 . 35deg white 4
Tyler (1992) diam. .
nm eccentricity surround

Table 1: Details of the historical CFF studies

The historical CFF data are reproduced in Figure 3A on the traditional semi-logarithmic co-
ordinates (such that the Ferry-Porter law would appear as a straight line). The symbols noted
in the key correspond to CFF data for individual observers obtained from the eight studies.
Symbols of the same type but different colour correspond to variations in stimulus
wavelength within the same observer. The intensity scale (luminance in logio trolands, Td) is
approximate, since in some studies the intensity calibrations are unclear or missing. To aid
comparison and emphasise the different Ferry-Porter slopes in Figure 3A, we have
horizontally aligned the CFF data at 20 Hz. The luminance scale is correct for Hecht and
Shlaer’s (1936) data shown as triangles. Much of the CFF data below about 0 logio Td in these
historical studies is likely to reflect rod activity. This can be seen clearly in Hecht and Shlaer’s
data (where the colours of the triangular symbols are used to suggest the wavelength of the
stimulus). Note that below 0 logio Td their CFF data (aligned in the photopic region)
increasingly extend to lower luminances as the wavelength decreases (blue to violet symbols)

and the rods become more and more sensitive relative to cones (e.g., Wald, 1945).

[Insert Figure 3 about here]
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Above 1.5 logio Td, the CFF functions in Figure 3A fan out with different slopes. For each
observer, the Ferry-Porter law provides a plausible description of the rising slope, which
illustrates why the law has been generally accepted. Nevertheless, plotted in these
coordinates, there are substantial differences between the functions. First, the Ferry-Porter
slopes vary from about 10 to 20 Hz per log unit of intensity. Second, the limiting plateaux at
higher luminances vary in both horizontal (log /) and vertical (CFF) position with some data

showing little evidence for any plateau.

The crucial next question is whether these disparate data also conform to an invariant
shape in double-logarithmic coordinates. We realigned the data in double logarithmic
coordinates and replotted them in Figure 3B first removing data points below 0.5 logio Tds
that are most likely rod-mediated. Now the highly disparate functions of Figure 3A conform
closely to a single template shape. The solid white line in Figure 3B shows the template shape
for the aligned data again derived using LOESS. The agreement is quite remarkable (with a
root mean squared error of 0.024 logio Hz); not only have the effects of different wavelengths,
target size, retinal eccentricity, and signal duration disappeared but so too have the
differences among the individual observers in sensitivity, optical absorption, and criterion
placement—the CFF data follow, and with very little variability, the same function in double
logarithmic coordinates. This is not to say that the above factors do not significantly affect the
CFF, but, as can be seen, their effects are largely accounted for by shifts in double-logarithmic

co-ordinates.
[Insert Figure 4 about here]

In Figure 4, we align the historical data with the L-cone and S-cone CFF data from Figure 2,
shown as grey, pink and violet symbols, respectively, and also plot the templates for the
historical data (black-white dashed line), L-cone data (white line) and S-cone data (black line).
(The three templates are tabulated in this alignment in Table B3 in the Appendix.) There are

two regions where these templates diverge.

The deviation of the S-cone template from the historical and L-cone templates in Figure 4
above about 3 logio Td and shaded in pale green, are, as noted above, the result of S-cone
saturation and, at the highest levels, of the detection of the 440-nm target by M-cones (e.g.,

Stockman and Plummer, 1998). The deviations between the historical template and the L- and
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S-cone templates below about 1 logio Td and shaded in khaki are caused by our use of steady
backgrounds to eliminate rod contributions in the case of L-cone CFFs and to isolate the S-
cone response from the L- and M-cone and rod responses in the case of S-cone CFFs. These
backgrounds, necessary to eliminate unwanted responses from rods or other cone types, have
the additional effect of reducing flicker contrast at lower light levels. The backgrounds thus
limit the lowest level of adaptation that can be reached in our experiments. This limitation is

not found in most of the historical experiments.

To confirm that the 481-nm background causes the differences between the historical and
L-cone templates, we remeasured the L-cone CFF in 5 observers using the same 650-nm target
but crucially without the background with and without a rod bleach. Bleaching rods and
making measurement during the cone plateau is one way to ensure that only cones mediate
detection (Kohlrausch, 1922). The aligned CFF data, which are shown in Figure 4 as cyan
symbols with black outlines, are consistent with the historical template, and thus also with the

historical CFF data that we assumed to be cone-driven.

As discussed later, we can account for the differences between the L-cone data with and
without the 481-nm background and for the differences between the historical and L-cone
templates by assuming that the background prevents full dark adaptation, thus setting a lower

limit to the speed of visual processing.

Dark-adapted rods can tonically suppress cone signals such that cone sensitivity improves
as rods become light adapted, an effect referred to as suppressive rod- cone interaction (SRCI)
(Alexander and Fishman, 1984; Coletta and Adams, 1984; Frumkes and Eysteinsson, 1988;
Goldberg et al., 1983). However, while SRCI may play some role in determining the shapes of
the CFFs by changing the overall gain, it cannot explain the differences highlighted in khaki in
Figure 4, since it predicts that sensitivity should increase on the 481-nm background, not

decrease.

While there are remarkable similarities between the logio CFF versus logio / relations
under very different conditions, this finding, like the Ferry-Porter law, is so far largely
descriptive. In order to explain the empirically obtained CFF template shapes, we next

analyse them with reference to simple models of vision and visual processing.
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4. Models of temporal processing applied to the CFF

4.1 The Ferry-Porter law and shape invariance

As discussed in section 2.2, the relation between CFF and log(/) has frequently been
shown to follow a straight line over an extended range of log(/) in accordance with the
Ferry-Porter law, but the reason for this and for the differences in the slopes of the Ferry-
Porter lines have never been convincingly explained. By examining a range of CFF datasets
measured in normal observers we have found that, plotted in double-logarithmic
coordinates [log(CFF) versus log(/)], almost the entire dataset can be summarised by a
shape-invariant template shifted appropriately along the log(CFF) and/or the log(/) axes.
Such shape-invariance should, in fact, be expected over those ranges of / for which the

Ferry-Porter law holds. This can be illustrated mathematically.

The Ferry-Porter law can be written:
CFF=m><(Iog10 (I)—c), (1)

where m is the Ferry-Porter slope and c is the log intensity at which the CFF would fall to
zero. Thus, the CFF is a straight-line function of logio(/) with a slope of m (Hz per decade). If
we take the logarithm of both sides of this equation (as if we were plotting the function in

double-logarithmic coordinates), we get:
IOglO (CFF)=|OgIO(m)+|Oglo [Iogm(l)_c]- (2)

In Equation 2, log1o(CFF) is a logarithmic function of logio(/) that can be shifted horizontally
and vertically in double-logarithmic coordinates by varying ¢ and logio(m), respectively.
Consequently, when the Ferry-Porter law holds, logio(CFF) versus logio(/) functions should
be alignable—with appropriate horizontal and vertical shifts. As discussed above, most of
the data presented so far approximate the Ferry-Porter law over significant ranges of logio /.
Consequently, the templates also approximate logarithmic functions over the same ranges

when plotted in double-logarithmic coordinates (Figure 4).

Adherence to the Ferry-Porter law implies a common template in double-logarithmic
co-ordinates. However, the converse is not true—a common template does not necessarily

imply the Ferry-Porter law and the template of Figure 4 summarises the data well beyond
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the range over which the Ferry-Porter law holds. The important next question is what
causes compliance with the Ferry-Porter law, or more broadly what underlies the template

shapes seen in Figure 4? Can we explain the template shapes by applying standard models?

4.2 Leaky integrators, the power-law and the Ferry-Porter law

A by now traditional way of understanding temporal processing has been to assume
that visual performance, particularly at higher frequencies, is limited by the speeds of a
critical number of sequential steps, each of which can be modelled as a low-pass (LP) filter,
also known as a “leaky integrator” (see, for review, Shapley, 2009). The amplitude

sensitivity, S(f), of such a sequence of n identical LP filters is given by:

G

5(f)= (3)

_(Zﬂ)n(fz_l_ch)% '

where fis the frequency, f: is the corner frequency of the n identical filters, both in Hz; G is
the gain. Corner frequencies are a useful way of characterising low-pass stages in a
response versus frequency plot since the corner frequency is the frequency above which a
low-pass stage significantly reduces sensitivity. Thus, the corner frequency, £, is related to
the speed of processing of the filters. The higher fc the “faster” the filter. At high

frequencies, where f >> f., Equation 3 simplifies to a power law:

(4)

To model the CFF, we need to link it explicitly to amplitude sensitivity, S(f). To do that
we assume that flicker is visible if the internal response, S(f), exceeds some fixed threshold,
which we can set to 1 without loss of generality. The internal response amplitude is equal to
the amplitude of the flicker, A, multiplied by the sensitivity, S. In most CFF experiments, the
contrast of the sinusoidally flickering stimulus is kept constant at or near 100%, so that A is

very nearly equal to /. Thus, when fis equal to the CFF, and the internal response, S, is at the
threshold, /x S(f) must equal 1, so that S(CFF) = 1/I. Subsitituting 1// for S(f) in Equation 4

and rearranging, we get:
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VGl
CFF~ , (5)
27

where fis now the CFF. Taking logs of both sides, and rearranging again we get:

Iog(CFF)z%Iog(l)Jrh, (6)

where h is a constant equal to %|Og(G)—|0g(27r). Thus, a plot of log(CFF) versus log(/) is a

straight line function in double-logarithmic space with a slope of 1/n where n is the number
of low-pass filters, but will shift vertically in /og(CFF) depending on the gain, G. As noted
above, parts of the CFF template functions plotted in double-logarithmic coordinates
approximate to straight lines over limited ranges before the functions start to asymptote at
higher mean intensities. The slopes in those ranges are approximately 1/6 or 1/7, consistent
with n = 6 or 7 low-pass stages, and thus are similar to values from previous studies that
suggested a power law relation between CFF and / rather than the Ferry-Porter law (Collins,
1956; Piéron, 1922; Raninen et al., 1991).

An important simplifying assumption in deriving Equation 6 is that the CFF is always much
higher than f. so that the latter can be neglected (as in Equation 4). However, although the
visual system approaches the power law region where f >> f. and is thus characterized by
Equation 4, it probably never reaches that region at any light level below the CFF (see Figure
12 of Rider et al., 2019). Consequently, the power law of Equation 4 can only be an
approximation since the CFF will depend on f. as in Equation 3.

Another approach has been to apply Equation 3 directly to the CFF data to account for
the Ferry-Porter law (Hamer and Tyler, 1992; Tyler and Hamer, 1990). And, consistent with
this approach, the decline in sensitivity of an n-stage filter with a fixed f. approximates an
exponential function rather than a power law over a range of frequencies (Hamer and Tyler,
1992; Rider et al., 2019; Stockman et al., 2021; Tyler and Hamer, 1990); i.e., log sensitivity
plotted as a function of frequency is a straight line, the slope of which varies according to the
number of stages and their corner frequencies. Hamer and Tyler (1992) showed that their CFF
data are consistent with the Ferry-Porter law and with a 9-stage filter (see their figure 8a).
Thus, they equate the exponential decline of flicker sensitivity with frequency to the

logarithmic increase of CFF with light intensity, both of which are straight lines in semi-
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logarithmic coordinates. A serious concern with this type of model, however, is that it ignores
any form of light adaption since it requires that the f. of each of the 9 stages and the overall
gain both to be independent of light level. Hamer and Tyler justify this assumption by
appealing to Kelly’s notion of “high-frequency linearity” (Kelly, 1961) in which light
adaptation leaves the CFF unchanged and the entire CFF function is merely an extrapolation
of the response at low light levels. On this view, the CFF represents the “unadapted”
response of the visual system, and changes in the Ferry-Porter slope correspond to changes in
the unadapted speed. Elsewhere, however, we have shown that high-frequency linearity is at
best a rough approximation and certainly does not hold over the full range of light levels
over which CFFs are measured; not only does the f. of the majority of LP stages vary
substantially with light level but so too does the overall gain (Rider et al., 2019; Stockman et
al., 2006). Moreover, in terms of explaining the form of the CFF functions, there is no clear
theoretical basis for why high-frequency linearity should hold, so invoking it to explain CFFs
raises as many questions as it answers.

In the next section, we employ a more realistic model to account for the CFF data in
which both f. and gain depend on light intensity. The model was previously developed to
account for historical flicker-sensitivity data (Rider et al., 2019) and can predict how flicker
sensitivity varies as a function of frequency across light levels for normal observers and

clinical patients (Stockman et al., 2021) as well as predicting the CFF data.

4.3 Light adaptation and the CFF

The visual system regulates its sensitivity as light levels change by processes of light
adaptation or sensitivity regulation. Such processes are necessary because the human visual
system must operate effectively over light levels that vary by as much as 10*? despite neurons'
in the visual pathway having response ranges that are limited to 103 or less (e.g., Barlow and
Levick, 1976; Shapley and Enroth-Cugell, 1984). Perhaps the most important sensitivity
regulating process at photopic (cone-mediated) levels is the speeding up of the visual
response as the light level increases (Bills, 1920; Ferry, 1892; Porter, 1902; Pulfrich, 1922;
Rogers and Anstis, 1972; Stockman et al., 2006). This speeding up reduces the integration time
of the system, so decreasing the system's response to mean light level and thus preventing its

being overwhelmed as the light level rises. A second important process of sensitivity
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regulation is the control of overall system gain, such that the gain decreases as the light level
rises and increases as it falls. Gain changes, which adjust the sensitivity equally across all

frequencies, seem to act mainly at higher mean light levels (see Rider et al., 2019).

One way to fully understand the dependence of CFF on light level is to apply a model that
explicitly incorporates the effects of light adaptation. We recently developed such a model to
account for the way temporal contrast-sensitivity functions (TCSFs) change with mean light
level. TCSFs are measures of the dependence of flicker sensitivity jointly on flicker contrast
and on flicker frequency for different mean intensity levels. Thus, the CFF is a section
through a set of TCSFs at a constant contrast, usually chosen to be close to 100%. The TCSF
model incorporates intensity-dependent changes both in overall gain and in the processing
speed of a cascade of LP-stages (Rider et al., 2019; Stockman et al., 2021). Here, we apply
this model to the CFF data.

The model is shown schematically in Figure 5A. It is made up of an overall gain control,
G, a sequence of n = 6 LP-stages, labelled [1] to [6], with 2 feedforward stages of subtractive
inhibition (each with an additional LP-stage [A] or [B] in the feedforward loop and each with
a gain control, k, that determines the strength of inhibition).

[Insert Figure 5 about here]

The corner frequencies of four of the LP-stages [1] to [4] as well as the two LP-stages [A]
and [B] in the feedforward loops (fc in the equations below), increase with increasing light
level thus causing a speeding up of the visual response. We retain the simplicity that all the
variable corner frequencies change together. (We shall see that the slope of the CFF
function does not, in fact, depend on this mechanism for changing the speed of the visual
response; nor can the corner frequencies be inferred from the FP slope.) The two other LP-
filters [5] and [6] have fixed corner frequencies (fc.). The strength of the feedforward
inhibition can vary from 0 to 1. Both the speeding up and subtractive inhibition reduce
sensitivity to low frequencies as well as shaping the temporal response. The changes in TCSF
between light levels can be largely modelled by changes in just two variables: the speed of
the visual response (changes in f¢) and changes in gain, G (Rider et al., 2019). We now apply

this model to predict how CFF varies with /.

The model defines amplitude sensitivity, S(f), to different frequencies of flicker, f, at a fixed

light level, /, as,
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S(f)=6(1) (7)

where the strength of inhibition, k, and two corner frequencies, f.;, are both fixed, while the
gain, G(1), and the variable corner frequency, fc(l), vary with light level. S(f) predicts the TCSF
at a given light level (Rider et al., 2019).

In developing the model, we found:
(i) that fo and k could be fixed across /, and further,

(ii) thatthe gain, G(l), is approximately constant at low light intensities, and inversely
proportional to the mean intensity at high levels. The characteristics of G(/) could be well

described by the function:

G,/
G(1)= max_50
D=To (®)

where Gmax is the maximum gain in the dark and Isg is the half-gain intensity (i.e., the light

level that reduces the gain to 50% of its maximum).

(iii) The variable corner frequencies, f., follow a power law of / at low to moderate levels

before reaching a plateau and are thus captured by:

fc(/)=a£IXIs°], (9)

I+,

where a and b are constants. Equation 9 is a slightly modified version of the original
equation added to avoid a slight discontinuity in the CFF predictions (see Appendix C2 for
more details). Iso appears in both Equation 8 (for the gain) and 9 (for the variable corner
frequencies), which implies that the speeding of the response and the reduction in gain are
yoked, so that the gain reduction takes over when the speed of processing is no longer
accelerating, perhaps due to inherent limits on how fast some process can be driven, but
this may not be the case. The link does, however, reduce the number of free parameters

and improves the robustness of the fits.
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In our previous work, we estimated these parameters: f.; and k, were 30.9 Hz and 0.80,
respectively, the gain parameters were log10 Gmax = 12.69 and logio Iso = 3.13 logio Td, and
the parameters that determine the corner frequency (Equation 9) were a=4.07 and b =
0.210 (Rider et al., 2019). The dashed black lines in three righthand panels of Figure 5 are
replotted from Rider et al. (2019) and show f. and f (in panel B), G (in panel C) and k (in
panel D) each as a function of logio(/). The red curves are the modified versions that we fit to

the historic CFF data, see below.

As noted, these equations were developed to account for the way sensitivity as a
function of frequency (TCSF) varies with | measured under variable but similar conditions—
typically, colour normal observers viewing white flickering lights. As above with Equation 4,
we need to set S(f)=1/1 in Equation 7 and rearrange the equation to get frequency as a

function of I. However, Equation 7 is more complicated than Equation 4.

To model the effects of light adaptation on the CFF, we must solve Equation 7 to give fin
terms of / and the other parameters. This is a non-trivial problem, so it is understandable
why earlier workers have tried to simplify the problem by ignoring I. However, since f only
appears in Equation 7 as f?, the equation can be rewritten as a fourth order polynomial in f2.
We found a solution for this equation using MATLAB’s Symbolic Math toolbox, but it is
complicated and covers several pages. We have therefore omitted it from the main text (in
Appendix C, we provide the code for finding the solution), but the final equation used to

generate the CFFs is provided online. To aid discussion we denote the solution as ®(/).

We substituted Equations 8 and 9 with S(f)=1// into the solution to Equation 7 to give

a general formula relating CFF to /, which depends on six constant parameters: Gmax, Is0, G, b,

fa, and k; i.e., the CFF is q>(/|c-; Iso,a,b,fd,k).

max ?

We fitted @ to the historical CFF data by allowing just Gmax and /5o to vary. The fit was
good at medium and high intensity levels, but poor at levels below about 0 logio photopic
Td. Given that the available TCSF data on which the original model was based did not extend
below about 0.5 logio Td, this is unsurprising. There are two obvious reasons for the
discrepancies below 0 logio photopic Td. First, k, the strength of feedforward inhibition was
incorrectly assumed to be fixed even at low /. Second, the power law function (Equation 9)

incorrectly allows the speed of processing, fc, to decline indefinitely (or equivalently, the
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integration time to increase indefinitely) with decreasing I. While these assumptions are
consistent with TCSF data above 0.5 logio Td (Rider et al., 2019), they may not be

appropriate at the lower light levels used for some CFF measurements.

Measurements of bipolar and ganglion cell responses suggests that the inhibitory
mechanisms in the retina, and thus k, become weak or non-existent at very low light levels,
even for cone-mediated vision (see Barlow et al., 1957; Chan et al., 1992; Thoreson and
Mangel, 2012). To accommodate the extended CFF data at low light levels, we now
incorporated this finding into the model by allowing k to decline at very low levels according

to a sigmoidal function:

0.8/
k=—m, (10)
I+1,
where /i, the light intensity at which k is reduced by a half its maximum value of 0.8, was set

to 1070,

Allowing f. to decline indefinitely with / is incompatible with the concept of a lower
limit's being set by the dark light or eigengrau (Barlow, 1956, 1972; Gibson and Waddell,
1952). To avoid the unreasonably small values of f. at low levels, we added a variable term,
Iy, into the general formula for the CFF, so that / is replaced by / + Iy in Equations 8 and 9.
This prevents f. from becoming too small at low light levels, so approximating the system’s
hypothetical dark light, but also, as we show below, having the additional effect of allowing

us to account for the effect of the real backgrounds on the L- and S-cone CFFs.

The steady background lights in our experiments have relatively little effect on the gain
(which is approximately constant at low levels, [see Equation 8], but increase the variable
corner frequencies at low levels, [see Equation 9]). The effect of the background on the
system is therefore mainly to speed it up at low /, causing a steep decline in the CFF with

decreasing / at the lowest intensities. We fitted cl)(l + /b|GmaX,ISO,a,b,ch,k) to the historic CFF

data, allowing just three parameters, l0g10 Gmax, 10810 Iso and logio Is, to vary. The best fitting
parameters (tstandard errors) were 12.26 (+0.008), 3.40 (+0.021) and 0.92 (+0.017),
respectively, with RMSE = 0.0257 and adjusted R? = 99.1%. The functions relating fu, fc, G
and k to I for the historical data are shown as the red curves in Panels B, C and D of Figure 5,

where they can be compared with the original functions used by Rider et al. (2019).
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Although somewhat speculative at low /, for the reasons given above, the model fit shown
by the leftmost cream-coloured curve in each of Figures 6A and 6B (in double and single
logarithmic coordinates, respectively) is remarkably good. The historical data are shown as

light grey symbols and the empirically derived template is shown as the black curve.
[Insert Figure 6 about here]

Fitting the general formula to the L-cone and S-cone CFF templates at low / is
complicated using steady backgrounds to isolate the L- or S-cone responses at lower cone
excitation levels. These backgrounds reduce the contrast of the flicker and do so differently
for the three cone types as well as for the post-receptoral pathways that combine different
cone signals. But since S(f) in Equation 7 is the amplitude sensitivity, it is only the amplitude
and not the contrast of the flicker that is important. The most important effect of the
backgrounds is to prevent complete dark adaptation, thus limiting the lowest corner
frequencies reached as target radiance is decreased.

Another complication is that the backgrounds and targets are of very different
wavelengths both for the L- and for the S-cone measurements, so that at lower temporal
frequencies and lower intensities, the flicker detection may be mediated by chromatic
pathways (e.g., Estevez and Cavonius, 1975; Stockman et al., 1991). Accordingly, we
excluded from the fits data below 6.5 and 6.6 logio quanta s deg™ from the aligned L- and
S-cone data, respectively (corresponding to 0.0 and -0.12 logio Td in Figures 6A and 6B). For
the L-cone data, the 481-nm background causes the L-cone CFF data to fall short of the
historical CFF data below about 1 logio Td (see brown shaded area in Figure 4). This can be
accounted for by increasing the background term, /. We fitted the model to the original L-
cone template shown in Figure 2A, allowing for a lateral shift of 6.5 logio units in the
luminance axis, which is consistent with the horizontal shift required to align the L-cone CFF
data with the historical data. This shift mainly accounts for the L-cone target intensity's being
given in logio quanta degree? sec! whereas the historical data and model are given in
trolands, but it also reflects smaller shifts due to the use of different experimental conditions
and stimulus parameters. We allowed Gmay, Iso and Ip to vary in fitting the model and obtained
best-fitting estimates of log1o Gmax = 12.29 (+0.024), log1o /50 = 2.35 (+0.038) logio Td and logio
Ip = 1.41 (+0.054) log1o Td, with RMSE = 0.0293 and adjusted R? = 97.7%. The fit is shown by

the cream curves in each of Figures 6A and 6B (in double and single logarithmic co-ordinates,
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respectively) along with the aligned L cone data from Figure 2A (pink symbols) and the
empirically derived non-parametric template (dark red curve).

For the S-cone CFFs the data also fall more steeply than the historical CFF data at lower
levels, which we assume is due to the steady 620-nm background in our experiments. In this
case, unlike the L-cone case, the effect of the background on the S-cones must be indirect,
since the S-cones are insensitive to 620-nm light (Stockman et al., 1999). Thus the effect is
likely to be due to opponent interactions with the L- and M-cones (for review, see Smithson,
2014). Alternatively, it has been shown that cones and ganglion cells adapt over different light
levels in both the magnocellular and parvocellular pathways with the ganglion cells adapting
before the cones (Dunn et al., 2007). If the same is true in the koniocellular pathway, which
receives significant input from all three cone types, the background will strongly activate the
L- and M-cones and cause the ganglion cells in that pathway to light adapt and speed up
thereby reducing sensitivity to the weak S-cone signals at lower target levels. In either case,
we assume that the interaction can again be accounted for by adding a steady background
term, Ip, and we fitted the same model to the S-cone template from Figure 2A, again allowing
a lateral shift of 6.72 logio units to account for the different luminance scale here compared to
the model. [The shift of 6.72 logio units is the L-cone shift of 6.50 logio units adjusted by 0.22
logio unit to account for the L- and S-cone spectral sensitivity differences and prereceptoral
absorption at 440 nm affecting the S-cone measurements (Stockman and Sharpe, 2000).]
The best fitting estimates are logio Gmax = 11.82 (+0.039), logio Iso = 1.75 (+0.086) logio Td and
log1o /b = 0.96 (£0.055) logio Td, with RMSE = 0.0347 and adjusted R? = 96.7%. The fit is shown
by the cream-coloured curves in each of Figures 6A and 6B (in double and single logarithmic
co-ordinates, respectively) along with the aligned S-cone data (pale blue symbols) from Figure
2A and the empirically derived non-parametric templates. Again, the fit is good up to the
point where the S-cone data plateau and M-cones begin to have an effect (Stockman and

Plummer, 1998).

4.4 Implications of the model

All the data, including the historical and the L- and S- cone measurements can be fit with
this same light adaptation model by adjusting just three model parameters, Gmax, /50 and Ip.

Moreover, the adjusted parameter values are all plausibly related to the expected quantal
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sensitivities of the receptors and pathways. Additionally, over most of the intensity range,
only two parameters are needed, since /5 is only needed to account for the effect of
backgrounds at very low intensities below about 1 logio Td. In this section, we consider how

the 3 parameters affect the CFF and how the parameters each relate to the Ferry-Porter law.

The effect on the CFF of varying two of the model parameters, Isp and I, is apparent in
Figure 6 in which the historical data are shown by grey symbols and the L- and S-cone data
by red and blue symbols, respectively. Increasing Iy, by introducing a background as seen
with the L-cone data (/p = 1.41) compared to the historical data (/p = 0.92), causes a steeper
decline at low levels, consistent with the data, and meaning that higher intensity targets are
required to see any flicker in this low-level region. In contrast, I, has relatively little effect at
higher levels since the increasing target intensity means that the contribution of the
background to the effective intensity becomes negligible. The effect of varying /5o can also
be seen in Figures 6A and 6B where the CFF functions flatten at lower luminance and lower
CFF values for the S-cone data (logio /5o = 1.75) compared to the L-cone (logio Iso = 2.35) and

historical data (logio Is0 = 3.40).

The effect of varying Gmax (the maximum gain in the dark) on the log(CFF) versus log(/)
shape is illustrated in Figure 7 where CFF on a log scale is plotted against log light level for
several values of log Gmax. The solid dark blue curve is the fit to the historical data shown
also in Figure 6 and has f. changing with light level according to Equation 9. The other
colours and lines, with the exception of the dashed white curve which we will discuss below,
represent successive reductions of 10810 Gmax by 0.3 logio units from 12.29 to 10.79 logio

units all accompanied by the change in f: given by Equation 9.
[Insert Figure 7 about here]

The differences in double logarithmic coordinates produced by reductions in logio Gmax
from 12.29 to 10.79 logio units primarily cause a diagonal shift of the predicted CFF
functions down and to the right. The functions also become progressively more tightly
curved, so that the initial steep vertical rise and the horizontal plateau are closer together at
lower gains than high; nonetheless, the functions can be approximately aligned by shifting
them up and left. Moreover, consistent with much of the clinical CFF data described next in

Section 4, the ratio of vertical to horizontal shifts is approximately 1:4. We have adjusted



24

the aspect ratio of this figure so that such shifts fall along the 45° diagonal, and we return to

this feature later.

It seems intuitive that the speeding up of the visual response with increasing mean
intensity should allow us to see faster flicker. However, Equation 7 suggests that the speeding
up has relatively little effect on sensitivity to frequencies approaching the CFF [as CFF >> f,
see Rider et al. (2019)], and in fact would lead to a slight reduction in CFF. This is because the
left-hand side of Equation 7 is 1// at the CFF (and so is independent of both flicker frequency
and corner frequency); any increase in f. on the right-hand side (affecting primarily the first
term in the denominator) must be offset by a reduction in f to rebalance the equation, and
vice versa. This counterintuitive finding is clearly demonstrated in Figure 7, in which the
dashed white curve shows how the historical CFF fit changes if instead of the corner frequency
increasing with increased light level from about 6.39 to 21.07 Hz according to Equation 9 (dark
blue line), it remains fixed at 6.39 Hz. The differences between the varying and fixed corner
frequencies are small with the CFF slightly (3.7 Hz or 0.03 logio unit) lower at the highest levels

even though the corner frequency has increased by 0.50 log unit.

This shows that under bright conditions we can see faster flicker because the amplitude of
the flicker itself has been increased (because, for the fixed contrast stimuli used in CFF
experiments, the amplitude is always in the same proportion to the mean luminance); our
seeing faster flicker with increasing light level is not as a direct consequence of the system

becoming faster (see, for example, Rider et al., 2019).

That is not to say, of course, that the speeding up is not important. If the visual system
were to remain sluggish at higher light levels, the integration time of the system would be too
long and the response to low frequencies and steady lights would rapidly overwhelm the
visual system as neurons reach their maximal response. Conversely, if the visual system were
to speed up too much in relation to the increase in light level, then overall sensitivity would be
reduced to the extent that vision would be significantly impaired. Alternatively, starting from
the fast processing at high light levels, the visual system could respond to the same range of
frequencies at low light levels if it somehow increases the gain to account for the reduction in
light level, the reverse process of MaclLeod’s “dark glasses” analogy (MaclLeod, 1978).
However, it is not clear how the visual system could boost the signal in this way, and it would

render the system more susceptible to high-frequency noise in low light conditions, so an
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alternative mechanism is used by which the visual system slows down to increase temporal
integration and restore sensitivity to lower frequencies. Given the constraint of neuronal
response ranges, an appropriate change in speed is therefore essential to allow us to see fast
flicker without overloading the system, however the increase in speed at higher levels is not
directly responsible for our ability to see faster flicker in brighter conditions. Consequently, we
suggest that little if any information about the speed, or how it changes with light level, can
be derived directly from the CFF alone. To assess how speed changes with light level requires
additional measurements at multiple light levels, such as TCSFs (e.g., Rider et al., 2019;
Stockman et al., 2021). Our model supports the alternative explanation that the steeper
Ferry-Porter slopes imply a higher gain. A corollary of this is that although S-cone pathways
are slower than L-cone and luminance pathways (i.e., have longer integration time)
(Krauskopf and Mollon, 1971) and S-cone CFFs are lower than L-cone CFFs, these two facts
are only indirectly related. The model suggests that the lower S-cone CFFs are primarily due
to lower gain (logio Gmax = 11.82 for the aligned S-cone CFF data, and 12.26 and 12.29 for

the historic and L-cone CFF alignments, respectively).

5. Clinical CFF measurements

We have shown that the shape-invariant templates and model provide plausible
descriptions of normal CFF versus / data measured under a variety of different conditions.
However, the Ferry-Porter slopes of the normal data vary by a factor of less than about 4. A
stronger test of the shape-invariant model is to add to the analysis our extensive set of clinical
CFF data, some of which show substantial reductions in Ferry-Porter slopes and in overall CFF.
We ask if the same shape-invariant templates and the same model predictions illustrated in
Figure 7 can also account for the clinical measurements. In performing this analysis, we bring
together for the first time CFF measurements made in our laboratory in patients with

pathogenetic variants in eleven different genes.

5.1 Patient groups and gene defects

The yellow box in Figure 8 lists the eleven clinical diseases (A)-(K) for which we measured

CFFs. The affected genes are given in parentheses and their locations are indicated by the
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letters A-K inside red circles shown in the simplified schematic representation of the retina on
the left of the figure and in the photoreceptor outer segment in the upper right of the figure.

We discuss the effects of the individual gene defects in more detail later.
[Insert Figure 8 about here]

Table 2 lists the diseases, the affected genes, the number of patients who carried out
the L- and S-cone CFF measurements, the patient codes, and the data sources. More details
of the molecular genetics and genetic variants and the effects of the diseases can be found in
the original publications (we have used the same patient codes here as in the original
publications). The flicker sensitivity measurements for the diseases noted by an asterisk in the
leftmost column of Table 2 were modelled and discussed in Stockman, Henning & Rider
(2021). The affected genes and patient codes are also given in the keys of Figures 9 and 10
along with the symbols used for each CFF function. The ages of the patients are noted in the
legends of Figures 9 or 10. L-cone CFF data are shown for forty patients in Figure 9 and S-

cone CFF data are shown for twenty-two patients in Figure 10.
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Patient

. Affected Patient
Disease numbers Sources
gene codes
forLorS

(A) X-linked cone OPN1LW/ 2 (1) V:1:1, Gardner et al.
dystrophy OPNIMW IV:4 (2010)

Rod Father Stockman et al.
E3 ’

(B) monochromatism GNAT2 2 (L) Son (2007b).
Autosomal dominant

(C)* | progressive cone GUCAIA 4 (L) GP1to Stockman et al.

GP4 (2014b)
dystrophy
Autosomal dominant
1(L) i

(D) progressive cone rod GUCY2D vV:1 :\;I;Iﬂ)erjee etal.
dystrophy 1(9)

1(L) Stockman et al.
E)* | Bradyopsia RGS9 -RGS9-1 '
Leber’s congenital S1, S3,S5, | Ripamonti et al.

*

(F) amaurosis 2 RPEGS > () S6, S12 (2014b).

Early onset retinal Dev Borman et

(G) dystrophy LRAT 3(L) PLtoP3 | (2012)

i 5(L)

(H)* Progressive cone KCNV2 SR1 to SRS Stockman et al.
dystrophy 3(S) (2014a).

- 4(L) . .

(I)* Enhanced S-cone NR2E3 ES1 to ESG Ripamonti et al.
syndrome 6 (S) (2014a)
Congenital stationery GRM6-S1,

0) night blindness GRME 2 (L) GRM6-S3 Ba-Abbad (2018)

: 11 (L) :

(K)* Autpsomal dominant OPA1 P1 to P11 Majander et al.

optic atrophy 9(S) (2017).

Table 2: Summary of clinical data and sources

5.2 Patient CFF data in double-logarithmic co-ordinates

In this section we show that all the patient measurements can be fit by the same

double-logarithmic template developed for normal observers with simple horizontal and
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vertical shifts; that is, the patient data also conform to the same theoretical framework as
those of the normal observers. Figure 9A shows a plot of the individual patient L-cone CFF
versus | data. As might be expected, there is considerable variability among the data sets.
Nevertheless, like the normal CFF data plotted on these coordinates, the patient functions all
have an approximately similar common shape. Remarkably, the differences among the
individual clinical CFF data can also be accounted for by horizontally and vertically shifting a
shape invariant template. Furthermore, before shifting, the form of the patient L-cone CFF
data in Figure 9A is strikingly like the form of the model predictions for changes in Gmax
shown in Figure 7. Figure 9B shows the patient CFF functions shifted to align with the L-cone
CFF template derived from the normal CFF data shown first in Figure 2. With few exceptions,
the individual functions align well with the L-cone template. The horizontal and vertical
shifts required to align each data set with the template are plotted in Figure 11A. The
average mean squared errors of the fits are 0.0013 and 0.0020 logio Hz for the L-cone and S-

cone shifts, respectively.
[Insert Figure 9 about here]

Next, we switch to S-cone patient CFFs. Figure 10A shows a double-logarithmic plot of
the individual clinical S-cone CFF versus / data. The key shows the symbols used for each
patient, using the same code as for the L-cone measurements. The key includes new symbols
for two additional patients, ES5 and ES6, who only carried out S-cone measurements. Like the
L-cone data, the patient S-cone CFF data conform to a common template shape when
plotted in these coordinates. Figure 10B shows the individual CFF functions shifted to align
with the S-cone CFF template derived from the normal CFF data and shown in Figure 2. The
horizontal and vertical shifts required to align each data set with the template are again
plotted in Figure 11B. The individual functions align well with the S-cone template shape,

although there are some deviations and outliers.

[Insert Figure 10 about here]

The horizontal and vertical logarithmic shifts required to align the individual patient and
normal observer CFF data with the normal templates have been plotted in Figure 11A for
the L-cone data and in Figure 11B for the S-cone data. For the patient data, we have used
the same symbols as those in Figures 9 and 10, while for the normal data we have used dark

red (L-cone) and blue (S-cone) crosses (see figure key). Relative to the normal template,
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positive shifts in logio CFF (upward shifts) indicate poorer performance compared to the
mean normal observer, and negative shifts better performance. Negative shifts in logio
radiance (leftward shifts) indicate poorer performance than normal, and positive shifts
better performance.

[Insert Figure 11 about here]

The shifts required to align the normal CFF data with the templates are relatively small
and cluster around horizontal and vertical shifts of (0,0). The shifts required for the patient
data are much more variable. Pure horizontal shifts are consistent with among other
possibilities, changes in the effectiveness of the light, a simple example of which would be a
change in quantal sensitivity caused by pre-receptoral opacities. As discussed below,
combinations of vertical and horizontal shifts are consistent with gain changes after photon
absorption. A pure vertical shift corresponds to a constant multiplicative change in CFF at all
light levels, but it is difficult to envisage a biological mechanism that would cause such a
shift. Some of the shifts, notably those for four of the patients with the KCNV2 defect,
conform to pure vertical or horizontal shifts. However, for most of the L-cone CFF data, the
shifts lie along the diagonal indicated by the dashed line with a slope of -0.26 Hz per logio
unit (-4 to 1 on these coordinates). Thus, along this line, for every vertical logio unit shift of
the CFF data there is a horizontal shift of about 4 logio units. The potential significance of

this is discussed next.

5.3 Implications of the shifts of the clinical data

Figures 9B and 10B show clearly that the shape-invariant L-cone and S-cone templates
provide plausible descriptions of the CFF functions measured in patients with eleven
different eye diseases. The differences between patient and normal observer CFF data can
be characterised by horizontal and vertical shifts of the data in a double-logarithmic space.
But what do these template shifts relate to physiologically, and how do they relate to the
model?

Template shifts caused by changes in gain are likely to depend on where in the

processing sequence the gain change is introduced. A change in gain at the beginning of the

processing sequence (such as caused by a change in lens opacity or putting on dark glasses)
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would be expected to cause predominantly horizontal shifts in the CFF function, since the
change is equivalent to changing / and Isg but not Gmax. By contrast, a change in gain at the
end of the processing sequence is equivalent to changing Gmax in our model while keeping
everything else fixed. As shown in Figure 7, changing Gmax approximates to vertical to
horizontal shifts in the ratio of 1:4. Notably, the optimal shifts of L-cone clinical CFF data
shown in Figure 11A conform to this ratio, falling along the diagonal indicated by the dashed
line with a slope of -0.26. Importantly, the L-cone patient shifts shown in Figure 11A suggest
the general model is applicable to patients as well as to normal observers.

In many defects, the gain change is likely to be neither early nor late in the processing
sequence or may even be introduced at several stages in the sequence, so that the required
horizontal and diagonal shifts will conform neither to simple horizontal shifts nor to

diagonal shifts in the ratio 1:4.

Alternatively, the finding that the horizontal and vertical shifts of the clinical L-cone CFF
data required to align with the normal template frequently fall along a -4:1 diagonal (dashed
line, Figure 11A) can be related to power-law behaviour discussed in Section 4.3. The finding
may suggest that at the much lower CFFs experienced by most patients only four of the six
stages in the model have approached the power law region defined by Equations 5 and 6 (so
that effectively n=4), while the two remaining stages retain a relatively flat response at
frequencies near the CFF (because f << f¢). The log(CFF) versus log(l) function will than have
a slope of 1/4 rather than 1/6 and consequently changes in gain will shift the CFF along a 1:4
diagonal—as we find for patients. Although our original model was not developed with
patient data in mind (nor for CFF data more generally), we previously found that the best fit
to normal TCSF data meant four LP-stages with variable and lower corner frequencies and
two LP-stages with fixed but high corner frequencies (Rider et al., 2019). Consistent with this
idea the normal L-cone template approximates a 1/4 slope over a lower part of its range but

then reaches a slope of 1/6.

5.4 Individual diseases
So far, we have discussed and analysed the clinical CFFs mainly in general terms. In this

section, we discuss the clinical CFFs on a disease-by-disease basis, linking the results to the
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underlying gene defects. The following text refers to the CFF data plotted in Figures 9 and
10 and to the template shifts plotted in Figure 11. The symbols used for the patients are
given in the figure keys of Figures 9, 10 and 11. Following Figure 8, we discuss each of the
eleven diseases in the order (A) to (K). For semi-logarithmic plots of the patient CFF data and
descriptions of the Ferry-Porter slopes, please refer to the original publications.

For seven of the diseases (noted by asterisks in the subsection titles below), we have
separately measured and modelled L-cone flicker sensitivity (TCSF) data. Measuring the full
TSCF, rather than just the CFF, allows us to estimate processing speed (i.e., fc). Consequently,
for those seven diseases we can infer how each disease changes the speed of processing, and
the response gain at one or more light levels. As we previously reported, based on the TCSFs,
the patient losses, in general, can be explained by changes of speed or gain associated with
one or two low-pass-stages (Stockman et al., 2021). According to the model applied here,
the changes in gain should shift the position of the CFF template shape in double-
logarithmic coordinates but changes in speed should have little direct effect on the shape or

position of the template.

In Section 7.3 and figure 14 of Stockman et al. (2021), we speculated about how each of
the steps in the sequential model shown Figure 5A might link to underlying physiology and
anatomy (reviewed by Rider et al., 2019). In brief, we postulated that the first three LP-
stages [1-3] are in the cones or their pedicles, [4] is later in the retina, and [5] and [6] are
after the retina perhaps in the cortex. The feedforward stages, [A] and [B], with their
associated level controls, k, and sign inversions are assumed to be in lateral connections
mediated perhaps by horizontal cells The gain control, G, is placed early where
photopigment bleaching attenuates the input signal; however, other gain-control processes
(subsumed under G) will occur throughout the network. The locations of these steps can be

compared with those of the affected genes shown in Figure 8.

(A) X-linked cone dystrophy Patients IV:1:1 and IV:4 suffered from X-linked cone dystrophy
caused by a missense mutation of the L- and M-cone opsin genes (OPN1LW or OPNIMW),
which results in protein misfolding leading to the loss of L- and M-cone function (Gardner et
al., 2010). Accordingly, the two patients show severe losses in L-cone CFF in Figures 9A but
slight improvements in the S-cone CFF in Figure 10A. The leftwards and upwards shifts

required to align the L-cone CFF for IV:1 with the normal template (plotted in Figure 11A)
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are significant (no shifts are given for 1V:4 since there was only a single CFF point), which is
consistent with substantial loss of L- and M-cone function. In contrast, much smaller
downwards and either leftwards (IV:1) or rightwards (IV:4) shifts are required to align the S-
cone CFFs with the normal template (Figure 11B). These modest shifts are on the edge of
the normal range but are consistent with a loss of cone-opponent antagonism in the S-cone
pathways caused by the loss of L- and M-cones.

(B*) Rod monochromatism Two patients suffered from achromatopsia caused by a defect in
GNAT2, a gene that encodes the a-subunit of the cone G-protein transducin (see B in Figure
8). Without cone a-transducin, patients should be rod monochromats without cone
function, and by conventional measurements both patients would be diagnosed as suffering
from complete achromatopsia. However, we discovered that a cone CFF could be measured
at photopigment bleaching levels (which are rarely used to measure visual performance in
rod monochromats) that had a cone spectral sensitivity and survived a rod bleach. We
concluded that cone vision is sustained at bleaching levels in remnant cones by a sluggishly
produced photobleaching product that secondarily activates the transduction cascade (see
Stockman et al., 2021; Stockman et al., 2007b). Both patients, however, show a devasting
reduction in L-cone CFF. Their CFF data require large leftwards and upwards shifts to align
with the normal template indicative of the low light sensitivity of the secondary activation of
the cascade. Like the shifts for IV:4, the shifts for these patients follow the -4:1 shift ratio

shown by the dashed line in Figure 11A.

(C*) Autosomal dominant, progressive cone dystrophy Patients GP1 to GP4 suffered from
autosomal dominant, progressive cone dystrophy caused by a missense mutation in the
GUCA1A gene encodes a guanylate cyclase activating protein (GCAP), a protein that helps to
restore cGMP following its light-activated hydrolysis by the activated effector molecule PDE6
(Payne et al., 1998) (see C in Figure 8). This defect causes the activation of retinal guanylate
cyclase 1 (RetGC1) at lower light levels, which inappropriately speeds up the offset of the
visual response by rapidly restoring cGMP. In the youngest patient (GP1), we found a speeding
up of the response in the TCSF data, but the progressive nature of the disease led to a marked
slowing down of the response in older family members (see Stockman et al., 2014b; Stockman
et al., 2021). These changes are reflected in the required L-cone CFF shifts shown in Figure

11A. All four patients require leftwards shifts of about 1.5 logio units but upwards shifts that
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vary from 0.0 to about 0.5 logio units, depending on age. The increasing upwards shifts may
be consistent with a progressive loss of photoreceptors. The leftwards shifts suggest that
the speeding up of the response has somehow reduced the effectiveness of the light

without changing the overall gain.

(D) Progressive autosomal dominant cone rod dystrophy Patient IV:1 suffered from
progressive autosomal dominant cone rod dystrophy caused by a defect in GUCY2D, a gene
that encodes RetGC1. The mutation is believed to cause a gain of function that increases the
affinity of RetGC1 for GCAP at low light levels, and thus should inappropriately speed up the
visual response at those levels (Mukherjee et al., 2014; Wilkie et al., 2000). However, this
patient shows substantial losses in both L-cone and S-cone CFFs, which suggests that the
effects of progressive damage and photoreceptor degeneration (Kelsell et al., 1998; Perrault
et al., 1999b) has limited the CFF and masked any speeding up of the response even though
the patient was only 21 years of age. To align with the normal L-cone template, the L-cone
CFF must be shifted leftwards by nearly 2.0 logio units and upwards by 0.6 logio unit, close
to the 4:1 ratio, shown by the dashed line. The S-cone shifts are smaller but are also

indictive of damage.

(E*) Bradyopsia Patient -RGS9-1 suffered from bradyopsia caused by a defect in RGS9-1, a
gene that encodes a GTPase accelerating protein in the transduction cascade (see E in Figure
8). This protein increases the rate of deactivation of the a-transducin-PDE6 complex after its
activation by light and thus slows down the visual response and causes a disease known as
bradyopsia or “slow vision” (Nishiguchi et al., 2004). Despite this, the L-cone CFF in Figure 9A
rises normally at lower radiances but then asymptotes at about 22 Hz, while the S-cone CFF in
Figure 10A rises and then asymptotes at about 12 Hz. As inferred from TCSF data, the slowing
down of the visual response in this patient is compensated for by the speeding up of other
stages, but this compensatory mechanism fails at moderate light levels (Stockman et al., 2021;
Stockman et al., 2008), which results in the low asymptotic CFFs. Figure 11 shows that a
modest upwards shift is required to align the L-cone CFF with the normal template, while
upwards and rightwards shifts are required to align the S-cone CFF. The early asymptotes in

both the L-and the S-cone CFF data, however, make the fits to the templates poor.

(F*) Leber’s congenital amaurosis 2 Patients S1, S2, S5, S6 and S12 suffered from Leber’s

congenital amaurosis 2 caused by mutations in RPE65 (see F in Figure 8), a gene that encodes
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a key component in the retinal pigment epithelium based visual cycle, which restores
photopigment after it is bleached by light (e.g., Gu et al., 1997; Marlhens et al., 1997; Perrault
et al., 1999b; Redmond et al., 1998). Cones but not rods can regenerate photopigment by way
of a second cycle involving Mueller cells, thus enabling cone-mediated vision in younger
patients, but older patients become blind in the third or fourth decade of life (Hanein et al.,
2004; Perrault et al., 1999a; Wang and Kefalov, 2011; Wu et al., 2004; Znoiko et al., 2002).
Figure 9A shows that all patients have substantially reduced L-cone CFFs indicating that their
vision is severely compromised. In Figure 11A, the L-cone CFFs for four of the patients
required upwards and leftwards shifts in the approximate ratio of -4:1 to align with the
normal template, which is consistent with a reduction in gain. The L-cone CFF data for
patient S6 requires mainly a vertical shift. The progressive loss for the patients correlates
with the leftwards shifts, which may reflect photoreceptor loss and a reduction in the visual

effectiveness of lights.

The Ferry-Porter slopes for these patients range from about 2.35 to 5.45 Hz per decade
(see Ripamonti et al., 2014b). Yet, despite these differences in slope, TCSF data for the same
patients show little evidence for differences in processing speed (Stockman et al., 2021),

thus supporting our contention that these differences in CFF reflect mainly gain changes.

(G) Early onset retinal dystrophy Three patients P1, P2 and P3 suffer from early onset retinal
dystrophy caused by a defect in LRAT (see G in Figure 8), a gene that encodes an enzyme
called lecithin retinol acyltransferase found in the retinal pigment epithelium that is part of
the visual cycle that restores bleached photopigment (Ruiz et al., 1999). Deficiency of LRAT
results in an insufficiency of 11-cis-retinal and reduced levels of visual pigment (Senechal et
al., 2006) and leads to photoreceptor death (Batten et al., 2004; Fan et al., 2008). The losses
of L-cone CFF indicated by the shifts in Figure 11A are variable. The CFFs for P1 require a
large leftwards shift of more than 3.0 logio units, whereas those for P2 and P3 require
smaller leftwards and upwards shifts that fall along the -4:1 diagonal, consistent with a

reduction in gain.

(H*) Progressive cone dystrophy Five patients SR1 to SR5 (three of whom SR1, SR2 and SR4
carried out S-cone measurements) suffered from progressive cone dystrophy caused by
pathogenic variants in KCNV2, a gene that encodes a voltage-gated potassium-channel-

modifying subunit in the rod and cone photoreceptors, a mutation of which may disrupt the
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resting potential of the cones leading to a compromised cone output signal (see H in Figure
8) (Salah et al., 2008; Thiagalingam et al., 2007; Wissinger et al., 2008; Wu et al., 2006). Except
for SR5, the patients show a consistent pattern of L- and S-cone loss in that the CFF data
require a leftwards shift of approximately 1.7 logio units to align with the L-cone template
and of about 1.1 logio unit to align with the S-cone template with little or no vertical shift.
Thus, for both types of cone the losses are consistent with a loss of the effectiveness of the
light (comparable to a reduction in lens opacity or putting on dark glasses) rather than a
change in gain. This may reflect the change in resting potential limiting the size of the visual

response without changing the mean response.

The Ferry-Porter slopes for the KCNV2 patients are fairly similar to each other and to
normal observer slopes (see Stockman et al., 2014a). TCSF measurements show that
although SR2 and SR4 suffer from significant speed reductions compared to the other
patients (Stockman et al., 2021), these have not affected their Ferry-Porter slopes, which

again is consistent with our argument that these slopes do not reflect processing speed,

(I*) Enhanced S-cone syndrome Six patients ES1 to ES6 (ES1 to ES4 carried out only L-cone
measurements) suffered from enhanced S-cone syndrome caused by a pathogenic variant in
NR2E3, a gene that encodes for a photoreceptor-specific nuclear receptor (transcription
factor) necessary for photoreceptor development. The defect leads to an overpopulation of
the retina with S-cones with fewer L-cones and M-cones and a near absence of rods (e.g.,
Greenstein et al., 1996; Haider et al., 2000; Hood et al., 1995; Jacobson et al., 1990; Kellner et
al., 1993; Marmor et al., 1990; Milam et al., 2002; Sharon et al., 2003). Accordingly, ES1 to ES4
have lower L-cone CFFs than normal in Figure 9A with losses of up to 4 to 10 Hz, while all six
patients show some improvements in S-cone CFF in Figure 10A. In Figure 11A the L-cone CFF
shifts required to align with the normal L-cone template are upwards and leftwards,
consistent with a small reduction in gain, whereas in Figure 11B the S-cone CFF shifts
required to align with the normal S-cone template are downwards and rightwards,

consistent with a small increase gain.

(J) Congenital stationery night blindness Two patients GRM6-S1 and GRM6-S3 suffered from
congenital stationery night blindness caused by a defect in GRM6, a gene that encodes
metabotropic glutamate receptor 6 (mGIuR6), a G-protein coupled receptor in rod and cone

ON bipolar cells (Nakajima et al., 1993). Since rod bipolars are exclusively of the ON type, this
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defect blocks the transmission of the primary rod signals to the brain and causes complete
congenital stationary night blindness (CSNB) (see J in Figure 8) (Ba-Abbad, 2018; Dryja et al.,
2005; O'Connor et al., 2006; Sergouniotis et al., 2012; Zeitz et al., 2007). With only OFF cone-
bipolars, both patients show a moderate reduction in the L-cone CFF compared to normal
observers. As shown in Figure 11A, the CFF data for GRM6-S3 require an upwards shift to
align with the normal template, while those for GRM6-S1 require the now familiar -4:1

diagonal shift consistent with a significant reduction in gain.

(K*) Autosomal dominant optic atrophy Eleven patients P1 to P11 (nine of whom made S-cone
CFF measurements) suffered from autosomal dominant optic atrophy (DOA) caused by a
heterozygous mutations in the OPA1 gene, a gene that encodes an inner mitochondrial
membrane protein (Alexander et al., 2000; Burte et al., 2015; Delettre et al., 2000). This
disease affects retinal ganglion cells with no evidence of functional or structural abnormalities
in the preceding neural stages in the outer retina (Cohn et al., 2008; Johnston et al., 1979;
Kjer, 1959; Kjer et al., 1983; Votruba et al., 1998; Yagasaki et al., 1986; Yu-Wai-Man et al.,
2010); consequently, the visual losses should be consistent with normal processing before the
ganglion cells (see K in Figure 8). Most patients show losses for both L- and S-cone CFFs that
vary in severity. In Figure 11 the L-cone and S-cone CFF data require mainly upwards and
leftwards shifts to align with the normal template, consistent with the disease causing a

reduction in gain due to ganglion cell loss.

A review of the molecular basis of these and many other retinal diseases can be found in
Berger, Kloeckener-Gruissem & Neidhardt (2010). Details of the phototransduction cascade
can be found in several review articles (Arshavsky et al., 2002; Burns and Baylor, 2001; Fain et

al., 2001; Perlman and Normann, 1998; Pugh and Lamb, 2000; Pugh et al., 1999).

6. Conclusions and future directions

We have re-examined over one hundred years of CFF data from various laboratories and
over twenty years of clinical and control CFFs from Stockman's laboratory at the UCL
Institute of Ophthalmology and have shown that they conform closely to a common
template when plotted in double-logarithmic co-ordinates, requiring only vertical and

horizontal shifts to align all the data. Moreover, the template shape and the shifts can be
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accounted for by a relatively simple model of light adaptation and changes in just three

parameters of the model, Gmax, Is0 and Ip.

The fit of the model to the historical CFF data is extremely good over the full six decades
of intensity. The quality of the fits to the S-cone data and particularly to the L-cone data is
slightly less impressive, but this is unsurprising given that the model was originally derived
to explain data from sources that typically used flickering white lights and thus the same
contrasts for all three cone types. As discussed above, to favour flicker detection by either
the L- or the S-cones our stimuli contain strong chromatic contrasts between the target and
background particularly at low target intensities where detection may then be mediated by
chromatic as well as by achromatic pathways (Estevez and Cavonius, 1975; Stockman et al.,
1991). Furthermore, both sets of CFF data may be influenced at higher light levels by
contributions from M-cones. Indeed, the S-cone CFFs are usually mediated by M-cones at
the highest 440-nm target levels simply because the S-cones saturate and the M-cones
consequently become more sensitive (Stockman and Plummer, 1998). Although perhaps
less obvious, the M-cones may also affect the nominally L-cone CFF measurements at high
650-nm target radiances. Despite the M-cones being over 10 times less sensitive to the 650-
nm target and 60% more sensitive to the 481-nm background than the L-cones (Stockman
and Sharpe, 2000), the L-cone and M-cone sensitivities to the nominally L-cone CFF target
will converge towards higher intensities (see Figure 1 of Stockman and Mollon, 1986). Such
a change from predominantly L-cones at low levels to a mix of L- and M-cones at higher
levels might explain the discrepancy between our single channel model and the L-cone CFF
data, where the fit seen in Figure 6 is too steep at about 1.5-2 log Td, but too shallow at

about 2.5-3 log Td.

The common template shape predicted by our model conforms to a logarithmic function
in double-logarithmic co-ordinates, thus providing a simple explanation of the long-known
but hitherto unexplained Ferry-Porter law. Changes in gain produce changes in the position
of the logarithmic function and thus changes in the Ferry-Porter slope. Changes in

processing speed on their own do not cause changes in the Ferry-Porter slope.

If our modelling is correct, CFF measurements are somewhat limited in their value as a
clinical investigation tool because while the CFFs give a good indication of the overall gain of

the visual system they give little indication of its processing speed. Thus, perhaps somewhat
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counterintuitively, a lower CFF found in a patient does not necessarily imply that their visual
processing is slower than normal. As discussed above, a lower CFF might be indirectly due to a
reduction in processing speed as it would prompt a change in gain to prevent low-frequency
signals overwhelming the visual system, such as in Leber’s congenital amaurosis (RPE65) (see
Figure 9 of Stockman et al., 2021), or it could be a more direct change in gain caused, for
example, by the loss of ganglion cells in autosomal dominant optic atrophy (OPA1), the
progressive loss of cone function in X-linked cone dystrophy (OPN1), or changesin L/M to S
cone ratio in enhanced S-cone syndrome (NR2E3) that show evidence of reduced gain for L-
cone CFF but increased gain for S-cone CFF (see Figure 11). To confirm a change in processing
speed requires other measurements in addition to the CFF. It is worth noting that flash
detection measurements made as a function of background intensity (e.g., threshold-versus-
intensity functions) suffer from a similar confounding of speed and gain with higher sensitivity
being associated with either a higher gain or a longer integration time (see Rider et al., 2019).
Flicker sensitivity measurements (TCSFs) are particularly useful in this context because they
depend on both gain and speed (Stockman et al., 2021). TCSFs, however, depend on flicker
sensitivity measurements made as a function of frequency at a fixed /, so that to obtain
information about the dependence of gain and processing speed on /, the measurements
must be repeated at several intensity levels. This is laborious and time consuming and
although we were able to perform such measurements thanks to the generosity of many
patients (summarised in Stockman et al., 2021), it is not an appropriate technique for general

use in the clinic.

An alternative approach would be the development of a hybrid CFF test in which CFF is
measured at several light levels at two or more contrasts (say 25, 50 and 100% contrast,
depending on a patient’s flicker sensitivity). The results of such measurements can then be
used to evaluate part of the TCSF by determining the slope of the sensitivity loss at high
frequencies at each light level (by plotting log contrast as a function of linear CFF) to thus give
the “frequency constant” from which the speed of the visual response can be estimated (for
details see Stockman et al., 2021), while the gain can be estimated from the 0 Hz intercept.
Measuring CFF at different contrasts to estimate the TCSF has been done before (e.g., Conner,
1982). This hybrid method would allow for a relatively simple but thorough investigation of

the consequences of any given clinical defect in terms of temporal response and light
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adaptation and would be particularly useful for monitoring changes in gain and speed over
time or in response to treatments. It could also provide extremely useful information for
visual deficits of unknown aetiology, as different patterns of speed and gain changes across

light levels will be consistent with deficits in different parts of the visual pathway.
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Appendices

A. Methodological details
Al. Experimental system

The type of optical system used for our experiments is known as a “Maxwellian-view”
system (see Westheimer, 1966) that projects discs of light directly onto the retina (see
Figure Al of Stockman et al., 2021). The two discs in these experiments were a target disc of
4° in visual diameter illuminated by either red 650-nm light or a violet 440-nm light, which
was optically superimposed on a second, background disc of 9° in visual diameter
illuminated by either a blue 481-nm light or an orange 620-nm light. The observer’s view is
thus either of a blue circular disc with a red disc in its centre, or of an orange circular disc

with a violet disc in its centre. The main advantage of a Maxwellian-view system is that it



40

can produce high-intensity, uniform images directly on the retina. Calibration is also
straightforward since it involves measuring the light entering the pupil and knowing the
retinal area over which the light falls. We use the intensity units of quanta per second per
degree squared (quanta s deg?). So, for example, for a 650-nm target light of 9.0 log1o
quanta s deg? and 4-deg in visual diameter (i.e., filling 12.57 deg? of area on the retina),
the number of quanta entering the pupil is 12,570,000,000 per second. We used a Xenon-
arc lamp as our light source, but LEDs could be used instead to carry out the experiments
described here with the intensity of a red or violet LED being temporally modulated under
electronic or computer control. One caveat is that the images of the light sources on the
pupil must fall within the smallest natural pupil to avoid the intensity being reduced by

pupillary constriction at higher light levels.

The combination of a 650-nm target and a 481-nm background favours flicker detection
by the long-wavelength-sensitive L-cones, which are more sensitive than the middle-
wavelength-sensitive M-cones to the 650-nm light and less sensitive to the 481-nm
background (Stockman and Sharpe, 2000). The combination of a 440-nm target and a 620-
nm background favours flicker detection by the short-wavelength-sensitive S-cones, which
are more sensitive than the L-cones or the middle-wavelength-sensitive M-cones to the 440-
nm light and virtually insensitive to the 620-nm background (Stockman and Sharpe, 2000).
The combinations also make rod involvement in flicker detection unlikely. Restricting flicker
detection to largely either L- or S-cones potentially simplifies the interpretation of the

results.

In our experiments, the intensities of the lights were controlled by inserting fixed and
variable filters that attenuate the light. Additionally, a fast ferro-electric liquid crystal
shutter under computer control was used to vary the intensity of the target light at various
temporal frequencies while keeping the time-averaged intensity constant. The form of the
flicker was sinusoidal and the amplitude of the flicker was kept at 92% of the mean intensity
thus maintaining a fixed contrast of 92%. In the L-cone conditions the blue, 481-nm
background was fixed at about 8.20 logio quanta s deg (which is 2.46 logio scotopic trolands
or 1.31 logio photopic trolands). In the S-cone conditions the orange, 620-nm background was

fixed at about 11.51 logio quanta s deg? (which is 2.38 logio scotopic trolands or 4.37 logio
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photopic trolands). The backgrounds were present in all our experiments except one control

experiment using the 650-nm target where they were omitted.

A2. Procedures

All observers light adapted to the background and target for 3 minutes before any
measurements were made. The method of adjustment was used to determine threshold,
i.e., the observers adjusted the flicker frequency to find the frequency at which the flicker
was just visible. The target was flickered sinusoidally at the highest available amplitude on
our system (which was 92% of the maximum target intensity) and the time-average radiance
set by the insertion of neutral-density filters into the target channel to values ranging from
about 6.5 to 11.0 logio quanta st deg™ for 650 nm L-cone target and about 6.5 to 10.5 logio
quanta s deg? for the 440 nm S-cone target. At each target radiance, the observer adjusted
the rate of flicker up or down to find the flicker frequency at which the flicker was just

visible.

For all measurements, three settings were made and averaged. The process was
repeated on each of three separate sessions, usually on separate days, for the normal
observers and, on one, two or three separate sessions for the patients depending on
availability and time constraints. The mean of the results for each experimental run of three
settings was averaged and the standard error across the separate sessions determined. The
standard errors shown in the data plots show the variability across sessions for each

observer (a lack of error bars means only one session was run).

A3. Calibration

The intensities of the target and background lights were measured at the exit pupil of
the optical system using an UDT radiometer, calibrated by the manufacturer (Gamma
Scientific, San Diego, CA, USA) against a standard traceable to the US National Bureau of
Standards. A spectroradiometer (EG&G, San Diego, CA, USA) was used to measure spectral
power distributions of all lights. Full methodological details can be found elsewhere

(Stockman et al., 2007a; Stockman et al., 2007b; Stockman et al., 2008).
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A4. Data alignment

In a "leave-one-out" procedure, each of the individual CFFs was used in turn as the
starting function against which all the other individual CFFs were aligned by horizontal and
vertical shifts on the double logarithmic coordinates using a least squares procedure
implemented in MatLab. The alignments to the starting function that gave the lowest mean
squared error are shown in the figures (with the CFF and / values adjusted to the mean values
across observers). The same procedure was used for the S-cone CFFs, but the S-cone
alignments ignored data above 9.2 logio quanta st deg? where the CFF is affected both by
cone-opponent saturation (Mollon and Polden, 1977) and by the intrusion of other (mostly

M-) cones (Stockman and Plummer, 1998)].

B. Normative CFF data

Table B1 gives the normative means and standard errors for the data shown in Figures

Table B1

Mean L-cone CFF data for 21 normal observers plotted in Figure 1A. Column 1 gives the
mean radiance of the 650-nm flickering target in logio quanta s deg2. Columns 2 and 3 give

the mean L-cone CFF and two standard errors of the mean, respectively, both in hertz.

Mean target

diance CFF (Hz) 2 S.E.
6.51 7.00 2.58
6.78 11.32 1.14
7.08 15.06 0.96
7.35 18.23 1.20
7.68 21.11 1.26

7.95 23.19 1.23



8.32
8.59
8.92
9.19
9.64
9.91
10.28

26.46
28.76
31.95
34.48
37.34
38.54
40.25

1.28
1.34
1.34
1.31
1.35
1.42
2.04
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Table B2 gives the normative means and standard errors for the data shown in Figures

Table B2

Mean S-cone CFF data for 12 normal observers shown in Figure 1B. Column 1 gives the

mean radiance of the 440-nm flickering target in logio quanta s deg?. Columns 2 and 3 give

the mean S-cone CFF and two standard errors of the mean, respectively, both in hertz.

Mean target
radiance
6.54
6.83
7.13
7.42
7.74
8.03
8.39
8.70
9.02
9.31
9.61
9.90
10.26
10.57

CFF (Hz)

4.20

6.65

9.39
11.65
13.82
16.13
18.75
20.53
21.93
22.59
22.43
22.12
25.45
27.67

2 S.E.

0.64
0.75
0.73
0.77
0.85
0.86
0.97
0.89
1.06
1.11
1.28
1.34
1.84
2.48



Table B3

Historical, L-cone and S-cone template functions

log /
(Td)

-0.85
-0.80
-0.75
-0.70
-0.65
-0.60
-0.55
-0.50
-0.45
-0.40
-0.35
-0.30
-0.25
-0.20
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

Historical

4.03
4.25
4.47
4.70
4.95
5.21
5.48
5.77
6.07
6.38
6.72
7.07
7.43
7.82
8.22
8.65
9.09
9.55
10.02
10.51
10.99
11.49
12.02
12.54
13.07
13.59
14.10
14.64
15.15
15.67
16.21
16.73
17.24
17.76
18.28
18.81
19.33
19.86

CFF (Hz)

L-cone

S-cone

44



1.05
1.10
1.15
1.20
1.25
1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2.10
2.15
2.20
2.25
2.30
2.35
2.40
2.45
2.50
2.55
2.60
2.65
2.70
2.75
2.80
2.85
2.90
2.95
3.00
3.05
3.10
3.15
3.20
3.25
3.30
3.35

20.40
20.97
21.57
22.18
22.79
23.38
23.94
24.49
25.05
25.64
26.27
26.94
27.63
28.31
28.98
29.61
30.26
30.90
31.61
32.32
33.03
33.71
34.39
35.06
35.75
36.44
37.16
37.87
38.58
39.27
39.94
40.58
41.20
41.84
42.49
43.14
43.80
44.43
45.06
45.66
46.26
46.86
47.48
48.11
48.75
49.39
50.03

18.61
19.44
20.39
21.35
22.30
23.20
24.03
24.81
25.59
26.36
27.11
27.87
28.61
29.30
29.94
30.63
31.29
31.94
32.58
33.13
33.65
34.17
34.71
35.31
35.96
36.60
37.25
37.90
38.57
39.26
39.91
40.51
41.10
41.71
42.33
42.95
43.54
44.16
44 .81
45.54
46.31
47.09
47.83
48.56
49.28
50.02
50.77

18.48
19.24
20.06
20.81
21.55
22.27
23.01
23.72
24.47
25.25
26.07
26.90
27.74
28.58
29.40
30.19
30.96
31.71
32.49
33.21
33.95
34.65
35.38
36.14
36.91
37.65
38.42
390.11
39.73
40.34
41.01
41.66
42.16
42.64
43.05
43.42
43.79
44.17
44.57
44.90
45.16
45.45
45.58
45.70
45.82
4591
45.96
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3.40 50.66
3.45 51.27
3.50 51.89
3.55 52.49
3.60 52.96
3.65 53.42
3.70 53.88
3.75 54.38
3.80 54.88
3.85 55.33
3.90 55.72
3.95 56.08
4.00 56.41
4.05 56.74
4.10 57.06
4.15 57.35
4.20 57.60
4.25 57.84
4.30 58.02
4.35 58.16
4.40 58.33
4.45 58.49
4.50 58.62
4.55 58.74
4.60 58.85
4.65 58.96
4.70 59.06
4.75 59.17
4.80 59.27
4.85 59.37
4.90 59.47
4.95 59.57
5.00 59.67
5.05 59.77
5.10 59.87
5.15 59.97
5.20 60.06
5.25 --

5.30 --

C. Model details

C1. MATLAB code for solving Equation 3

51.51
52.20
52.85
53.37
53.82
54.26
54.75
55.17
55.51
55.76
56.03
56.34
56.66
56.95
57.22
57.44
57.66
57.87
58.06
58.25
58.31
58.33
58.34
58.36
58.30
58.24
58.11
57.98
57.85
57.74
57.63
57.51
57.39
57.27
57.15
57.03
56.90
56.78
56.66

46
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Setting S(f) = 1// in Equation 7, where f is the CFF and / is the amplitude of the flicker,

and rearranging, we get,

(fz+J‘C2)3(f2+fcf)—(27z)’66/(f2+((1—/<)fc)2)=o
F*+aF’+BF+yF+5=0,
where F = f?
a=3f+f (A1)
B=3ff.+3£
y=3f'f,2+3f ~(27) "Gl
and 5 =f£°f,* —(27) * GI(1-k) f.

Equation (A1) is a quartic in F and can be solved explicitly to give four solutions, some or all
of which may be complex under a particular set of parameter values, and then the positive
square root of any real and positive solutions can be taken to give f, the CFF. Note that the
filter implied by Equation 7 of the main text is a bandpass filter. Thus, under some
conditions as well as the high-frequency upper CFF, which is the focus of this paper, there
may also be a low-frequency lower CFF below which flicker is not visible. The full set of
solutions to Equation Al is extremely convoluted and is omitted here, but can be found
quite simply using Equation Al and Matlab’s Symbolic Math Toolbox:

syms F G I fc fcL k

assume (F>0 & G>0 & I>0 & fc>0 & fcIL>0 & k>0)

solX = solve (I*G/sym(2*pi)” 6 == (F+fc"2)"3* (F+fcL"2)/ (F+ (1-
k)~2*xfc*2), F, 'MaxDegree', 4)

Once these solutions are found, we substitute the gain, corner frequency and inhibition

strength functions for G, f., and k from Equations 8, 9 and 10 respectively, and solve to get F

and its positive square root gives f as a function of /.

C2. Model adjustments

Equation 9 is a modified version of the original equation given in Rider et al. (2019),

which was £ (1) :min(a/",c), where a, b and c are constants, and min() denotes the smaller
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value of its two arguments, al® and c. The modification was introduced here in part to
simplify the modelling (one fewer parameter) but also because here we found that as Gmax is
reduced in the L-cone or S-cone fits, the speeding up near ¢ was too great relative to the
gain reduction, causing a discontinuity in the slope of the CFF. As this discontinuity is not
present in the measured functions, we assume it to be an artefact of the modelling and
fitted instead the soft-limiting power function, Equation 9, to the f. parameters from Rider
et al. (2019). The precise choice of sigmoidal function (we tried many) does not materially

affect our results.

Note that in Rider et al. (2019), the constant factor of (2r)® in Equation 7 was subsumed
into the gain term, denoted by g in Equation 2 of that paper. Accordingly, for direct
comparison with the Gmax values reported here, 6logio(27) = 4.79 should be added to the

values in the original paper.
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FIGURE LEGENDS
Figure 1.

Critical flicker frequencies (CFFs) from observers with normal vision. In panel (A), the
symbols show L-cone CFF (Hz) for 21 individual observers as a function of mean log target
radiance (logio quanta s* deg?) and the assignment of symbols to observers is given in the
figure key. Black symbols show the mean CFF and their white error bars are + 2 standard errors
of the mean (S.E.M.) across observers. The means were calculated by interpolation of the
individual data where necessary. The solid black line shows the extent of the data consistent
with the linear relation between CFF and the logarithm of intensity (the Ferry-Porter law). The
data from each observer are averaged from three or more separate runs of three settings
each and the error bars are one standard error of the mean (+SEM) calculated between runs.
Symbols with fine black outlines indicate observers who carried out both the L-cone and the S-
cone measurements. Panel (B) shows S-cone data for 12 individual observers again as a
function of mean target radiance (logio quanta st deg). (Note that the abscissa of (A) and
(B) refer to intensities of two different wavelengths.) Black symbols show the mean CFFs and
their white error bars are + 2 standard errors of the mean (S.E.M.) across observers. Again, the
means were calculated by interpolation of the individual data where necessary. The solid black
line shows the extent of the data consistent with the Ferry-Porter law. Panel (C): lllustration of
the technique for measuring CFF. The observer varies the frequency of a sinusoidally-flickering
light (low frequency at the bottom, high frequency at the top in the illustration) to find the
highest frequency at which flicker can just be seen. The mean intensity (horizontal dashed line)
and the amplitude of the flicker are kept constant. The CFF data are individual data published
previously as mean normal observer data in several publications (e.g., Gardner et al., 2010;
Ripamonti et al., 2014a; Ripamonti et al., 2014b; Stockman et al., 2014a; Stockman et al.,

2007b; Stockman et al., 2008) using the methods also described in Section 2.

Figure 2.

Aligned CFF data. The CFFs from Figure 1 and using the same symbols, are replotted on
a logarithmic axis as a function of log radiance. (A): L-cone and S-cone CFFs separately

aligned by vertical and horizontal shifts in the double-logarithmic graph. The templates
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shown by the solid white (L-cone) and black (S-cone) lines have been separately extracted
from the aligned data by LOESS smoothing (see text). (B): Alignment of the L- and S-cone
data from all the observers with normal vision with the S-cone CFFs shifted according to the

alignment, as shown in this panel, of the S-cone template to the L-cone template.

Figure 3.

Historical CFF data. (A): CFFs are plotted as a function of log luminance (i.e., on semi-log
axes) and the data are taken from eight papers: Porter, 1902 (black stars); lves, 1912
(coloured hexagons); Hecht & Verrijp, 1933 (white and grey diamonds); Hecht & Shlaer,
1936 (coloured triangles); de Lange 1958 (black and white circles), Giorgi 1963 (coloured
half-filled circles); Pokorny & Smith, 1972 (coloured diamonds); and Hamer & Tyler, 1958
(red and green squares). Note, the abscissa is an approximate scale since the luminance
units were not always consistent or explicitly stated and because the CFFs have been aligned
between 20 and 25 Hz by shifting them horizontally (see text). (B): CFFs from (A) replotted
on a logarithmic axis as a function of log luminance (i.e., on double logarithmic axes). The
CFF functions have been aligned by vertical and horizontal shifts in the double-logarithmic
graph. In (B), data points from (A) that were likely to have been rod mediated were

removed. The template (solid white line) was extracted by LOESS smoothing.

Figure 4.

Normal data aligned. CFFs and templates plotted on double logarithmic axes with CFF
as a function of log luminance L-cone (white line), S-cone (black line) and historical (dashed
black-white line) templates horizontally and vertically aligned over their overlapping regions
[about 1.2 and 3.0 logio Td for all three templates, between 0.5 and 3.0 logip Td for the L- and
S-cone templates and between 1.2 and 4.5 logio Td between the historical and L-cone
templates.]. Individual data are for L-cone (pink symbols), S-cone (violet symbols) and
historical CFF data (grey symbols). The cyan symbols show the results of control
experiments in which five observers made CFF measurements using our standard 650-nm
target but without the 481-nm background used in our other L-cone measurements. The

brown shaded area therefore highlights the effect of the steady backgrounds on the L-cone
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and S-cone CFFs. The pale green shaded area between luminances 3 and 4.5 highlights the

region where the S-cone template deviates from the historical and the L-cone templates.

Figure 5.

Model and model parameters. (A): Schematic of light adaptation model from Rider et al.
(2019). The model components include a gain control (G), 6 low-pass (LP) stages ([1]-[6]),
and 2 inhibitory feed-forward stages, each of which is made up of a separate LP-stage ([A]
and [B]), a gain control (k) and a signal inversion (-). The order of these components is not
constrained in the model, so that the ordering in the schematic is essentially arbitrary. The
smooth curves shown in (B) to (D) in red are for the fit to the historic CFF data; the original
model fits replotted from Rider et al. (2019) are shown as dashed black curves. (B): The corner
frequency, f, of the six variable stages ([1]-[4], [A] and [B]), and f., of the two fixed filters ([5]
and [6]) both in Hz as functions of mean intensity (/, logio photopic Tds). The red curve is given
by Equation 9 with the background term /, (see main text) while the dashed black curve is given
in Appendix C. (C): The gain, G, as a function of mean intensity. Both curves are given by
Equation 8 with different parameters, see main text. (D): The strength of inhibition, k, as a
function of mean intensity. The red curve is given by Equation 10. The dashed line is the
original fixed value of k from Rider et al. (2019). [Note that the dashed black curves in (B) to

(D) were derived from TCSF data and do not extend below 0.4 log10Td.]

Figure 6.

Model fits and templates. (A): Double logarithmic plots of the model fits (cream lines) to
the historic data (grey dots), L-cone data (pink dots) and S-cone data (blue dots). The historical
(black line), L-cone (red line) and S-cone (blue line) templates are also shown. (B): As in (A) but

on semi-logarithmic coordinates.

Figure 7.

The effect of changing the gain in the dark, Gmax, While keeping other parameters

constant. (A): The dark blue curve is the fit to the historical data from Figure 5, and the



52

other colours represent successive reductions of 0.3 logio unit in gain, Gmax. The dashed
white curve shows the model fit to the historical data but with the light-adaptive increase in
speed removed. Note the removal of the light-dependant speed change has very little effect
on the fit and that the white dashed curve exceeds the “faster” blue curve at higher levels.

(B): As in (A) but on semi-logarithmic coordinates.

Figure 8.

Simplified diagrams of the retinal locations affected by known gene defects in the
eleven eye diseases for which we have CFF data. The diseases labelled (A-K), and the eleven
associated gene defects are listed in the yellow box. Five of the defects are in molecules in
the transduction cascade within the photoreceptor outer segment (upper right-hand
diagram): Defects in (A) OPN1LW or OPNIMW, which encodes the L- or M-cone opsin; (B)
GNAT2, which encodes cone a-transducin, (C) GUCA1A, which encodes the guanylate cyclase
activating protein (GCAP); (D) GUCY2D, which encodes guanylate cyclase (GC); and (E) RGS9-
1, which encodes a GTPase accelerating protein (RGS9). Six defects lie beyond the
outersegment (left diagram): Defects in (F) RPE65, which encodes a retinal pigment
epithelium-isomerase; (G) LRAT, which encodes an enzyme called lecithin retinol; (H)
KCNV2, which encodes a voltage-gated potassium channel; (1) NR3E2, which encodes a
photoreceptor-specific nuclear receptor; (J) GRM6, which encodes a G-protein coupled
receptor; and (K) OPA1, which encodes an inner mitochondrial membrane protein. For more

details and the roles of these molecules, see text.

Figure 9.

L-cone patient data. (A) CFFs on a logarithmic axis as a function of log target radiance.
The white curve shows the mean normal L-cone template. As listed in the figure key on the
right, different symbol shapes and colour combinations denote different gene defects, while
different patterns within those shapes denote different patients. Orange red triangles
denote GNAT2, a father (aged 48) and son (24); cyan stars denote RGS9, -RGS9-1 (aged 62);
black and white hourglass circles denote GRM6, blindness GRM6-5S1 (aged 66) and GRM6-S3
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(10); red circles denote GUCA1A, GP1 (39), GP2 (41), GP3 (51) and GP4 (55); dark grey
squares denote GUCY2D, IV:1 (aged 21); green diamonds denote RPE65, S1 (24), S3 (18), S5
(23),S6 (17) and S12 (19); cyan circles denote KCNV2, SR1 (54), SR2 (35), SR3 (29), SR4 (48)
and SR5 (44); lime-green squares denote OPA1, P1 (aged 13), P2 (24), P3 (27), P4 (29), P5
(39), P6 (47), P7 (47), P8 (47), P9 (52), P10 (54) and P11 (25); blue hexagons denote NR2E3,
ES1 (37), ES2 (29), ES3 (39) and ES4 (32); black and white diagonal half-filled squares denote
OPN1LW/OPNIMW, IV:1:1 (aged 27) and IV:4 (14); and red/grey hexagons denote LRAT, P1
(27), P2 (54), and P3 (41). (B) Patient L-cone CFF data aligned with the normal L-cone
template. Data for patient IV:4 with a defect in OPN1LW/MW is not shown because the CFF

function comprised a single point for which a unique shift cannot be determined.

Figure 10.

Patient S-cone CFF data, using same symbol conventions as in Figures 8 and 9 (see key).
Normal S-cone template shown in white. (A) All patient S-cone CFFs plotted on logarithmic
axis as a function of log target radiance. (B): S-cone CFFs from (A) horizontally and vertically
aligned with the normal S-cone template. ES5 (aged 28) and ES6 (aged 27) carried out only

the S-cone measurements.

Figure 11.

Horizontal and vertical shifts required on double logarithmic co-ordinates to align the
patient CFF functions (see key) with the normal template. (A): L-cone CFF functions. The
shifts for normal observers (crosses) are roughly symmetrically placed about the origin. The
diagonal dashed line with a slope of -0.26 Hz per logio unit is the best fit to the cluster of
patient points lying along the diagonal in upper left quadrant (> 0 Hz and < 0 logio Td). (B): S-

cone CFF functions.
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