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Logistics

Programming assignment 1 is due 9/25, 11:30 AM 
• Can work in groups of 2. 

Project proposal due 10/16 11:30 AM. 
• I’ve put up a list of ideas.  In the past, many choose to implement some concepts 

discussed in the class. 

• Can work in groups of 2.
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Digital Camera Imaging

Color in Nature, Arts, & Tech 
(a.k.a., the birth, life, and death of light)

The Roadmap
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Theoretical Preliminaries

Human Visual Systems

Modeling and Rendering

Applications

Photoreceptors

Introduction and Overview

Light and Dark Adaptation

Retinal Representations

Color Vision and Colorimetry



Why Study Photoreceptors?

• First step in seeing; sets 
the limit of our vision. 

• A great example of how 
different levels of 
abstraction are connected. 

• Why and why don’t certain 
physiological results match 
behavioral results?

�4

Behaviors and experiences 
(perception, cognition, action)

Physics

Cellular and molecular processes 
(ion channels, currents, voltages)

Neural networks 
(Neurons, spikes)

Physical stimuli 
(lights, sounds, heat, etc.)

Psychophysics“Neuroscience”/ 
Neurophysiology

C/M physiology



Recall: Photoreceptors on the Retina
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Periphery

500 C.A. CURCIO ET AL. 

Fig. 1. Comparison of vertical histological (A,C) and en face optical 
(B,D) sections through photoreceptors in the fovea (A,B) and near 
periphery (C,Il)  of human retina. Arrowheads in A,C indicate approxi- 
mate level through the ellipsoid portion of photoreceptor inner seg- 
ments where photographs B,D are taken. The external limiting mem- 

in the external limiting memhrane (ELM) in the foveola. 
These breaks are probably attributable to differential tissue 
volume changes between the cone inner segments and the 
ELM, such that the inner segments swell relative to the in- 
elastic ELM (Bunt-Milam e t  al., '85). This artifact is partic- 
ularly insidious, since the packing of the inner segments still 
looks approximately triangular, but the density measured a t  
the level of inner segments is 15-20Y0 lower than the density 
at  the level of the ELM. Finally, many eyes had such steeply 
sloped walls in the fovea that the photoreceptors presented 
an almost longitudinal rather than cross-sectional view. The 
retina from the surgical case had unusual cysts in the 
myoids of cone inner segments, particularly in the fovea, 
which greatly distorted the appearance of the photoreceptor 
mosaic at  this level. However, this eye was used because the 
ELM was intact, and the photoreceptor mosaic a t  the level 
of the ellipsoids appeared normal. I t  is not clear whether 
this finding was attributable to postenucleation artifact or 
to the clinical history of radiation treatment. 

Morphometric data collection 
Morphornetric methods used for different eyes are sum- 

marized in Table 2. More details are available elsewhere 
(Curcio and Sloan, '86; Curcio et al., '89). 

Counts were made from NDIC-video 
images of the photoreceptor layer at the level of inner seg- 

Window size. 

brane is the discontinuous dark line passing through the letters A and C .  
Tissue shown in A and C is from 2-fim-thick glycol methacrylate sections 
stained with azure I1 methylene blue. All profiles in B are cones; large 
profiles in D are cones, and small intervening profiles are rods. Scale bar 
for histological sections = 10 rm. Bar for optical sections = 10 rm.  

merits, using the stylus of a graphics tablet to mark counted 
cells (Curcio and Sloan, '86). Throughout the retina, rods 
were counted by using the lOOx objective. Cones were 
counted at l0Ox within the fovea and at 40x when they 
were surrounded by a ring of rods, about 1 mm from the fo- 
veal center. The size of the video image was scaled using a 
calibrated slide viewed in horizontal and vertical orienta- 
tions, and adjustments were made in the camera's internal 
size controls as necessary. Counts from adjacent windows 
were pooled when cell density was low (Table 2). To assess 
sampling variability in the peripheral retina, rods and cones 
were counted in six adjacent lOOx windows a t  ten locations 
along the horizontal meridian from 1 to 17 mm from the 
fovea in eye H4. The range of counts obtained for both pho- 
toreceptor types were compared across eccentricities and 
between the two video cameras used. For both rods and 
cones, the standard error of the mean density was 4-870 a t  
most locations and showed no obvious trends with eccen- 
tricity or the camera used. Counts by two observers for the 
same windows of peripheral retina generally differed by less 
than 1 ('(, and infrequently differed by more than 2%.  

In the foveal center, a small area of high density may be 
diluted by surrounding areas of lower density if it  is 
included in a large window (Curcio et  al., '87b; Hirsch and 
Miller, '87). All peak foveal densities are expressed for the 
smaller lOOx window, which was used routinely for all eyes 
subsequent to H5L and therefore the remeasured values for 
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Anatomical Structure

�6Wandell, 1995

2.5 um

35 um

* dimensions for a fovea cone; from Polyak 1941 
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Counting Photons 
(Principle of Univariance)



A Simplified Functional View of Photoreceptors

• Each photoreceptor is a bucket that 
collects photons. 

• Many photons that enter the eye don’t hit any 
bucket (absorbed by lens and macular pigments) 

• Any photon that hits a bucket has a 
probability of being absorbed. 

• The probability p(𝛌) is wavelength-specific and 
varies between photoreceptor types
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A Simplified Functional View of Photoreceptors

• Once a photon is absorbed, it has a 
probability of exciting the photoreceptor 

• Excitation means generating an electrical response, 
also called isomerization or pigment bleach 

• This probability is called the Quantum Efficiency 
of the photoreceptor (Qe), and is generally 
constant in the visible spectrum 

• Excitation probability of a single photon: 
• p(𝛌) Qe 

• Usually we ignore Qe since it’s a constant and just 
talk about absorption
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Principle of Univariance

• For each photoreceptor type: 
• The electrical response caused by a pigment 

excitation is constant regardless of the photon’s 
wavelength. 

• Each photon generating an electrical response has 
the same effect as any other photon that does so. 

• The only effect that wavelength has is to impact 
the probability a photon gets absorbed; after 
absorption the wavelength information is lost.
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Principle of Univariance

• As if each photoreceptor is counting 
excitations 

• If two photoreceptors (of the same type) 
have the same “counter value”, their 
electrical responses are the same. 

• It does not mean the electrical response is 
proportional to the number of excitations; more 
later.
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120 87 242



Measuring Spectral Absorption

�12

• Single photon absorption probability is the percentage of photons 
absorbed in a flux, which we can measure 

• Two general methods, one direct and the other indirect 
• Direct: Microspectrophotometry 

• Indirect: Measuring electrical responses (using suction electrode)



Concentration (# of 
pigments / unit volume)
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Modeling Pure Absorption (Ignore Back Scattering)

Fig. 1. A slab of base area E and thickness Δs.

Δs

E

Optical Models for Direct Volume Rendering, Nelson Max 1995

I I + ΔI

Pigment cross-
section area: 𝜖

cEΔlϵ
E

Consider a very thin slice of a photoreceptor (so 
thin that no pigments are covering each other)

Total area covered 
by the pigments

Percentage of area 
occluded by pigments

Δl
Photoreceptor cross-

section area



Fig. 1. A slab of base area E and thickness Δs.

Δs

E
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Modeling Pure Absorption

Optical Models for Direct Volume Rendering, Nelson Max 1995

cEΔlϵ
E

= −
ΔI
I

Percentage of 
absorbed photons

ΔI
Δl

= − cIϵ
I I + ΔI

Pigment cross-
section area: 𝜖Δl

Consider a very thin slice of a photoreceptor (so 
thin that no pigments are covering each other)

Photoreceptor cross-
section area
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Beer-Lambert Law

dI
dl

= − cIϵ

IT = Ie− ∫l
0 c(l)ϵ If density is non-uniform

IT = Ie−clϵ If density is uniform

“The person credited with a scientific law is 
almost certainly not the one who discovered it.” 

Bouguer was the first to discover this law.
Fig. 1. A slab of base area E and thickness Δs.

Δs

E

Fig. 1. A slab of base area E and thickness Δs.

Δs

E

Fig. 1. A slab of base area E and thickness Δs.

Δs

EI

l

… 
… 
…

As s increases (light travel farther), the 
intensity decreases exponentially!

IT

https://en.wikipedia.org/wiki/Pierre_Bouguer
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Beer-Lambert Law

https://en.wikipedia.org/wiki/Beer%E2%80%93Lambert_law
Fig. 1. A slab of base area E and thickness Δs.

Δs

E

Fig. 1. A slab of base area E and thickness Δs.

Δs

E

Fig. 1. A slab of base area E and thickness Δs.
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E

l
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Exponential decay happens when a 
quantity decreases at a rate 
proportional to its current value. 

• Opposite of exponential growth. 

Exponential decay means lights are 
hard to be completely absorbed. 

• 10% of light @ 70 m deep under ocean, 
but you can still see lights at 850 m deep. 

Many real-world scenarios exhibit 
exponential growth/decay.
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Exponential Decay

IT = Ie−clϵ

https://en.wikipedia.org/wiki/Exponential_decay
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Transmittance, Absorptance, Absorbance

IT = Ie−clϵ

T =
IT

I
= e−clϵTransmittance 

(fraction transmitted)

Absorptance 
(fraction absorbed) p = 1 − T = 1 − e−clϵ

Absorbance 
(Optical Density)

Concentration 
(Unit: 1/m3)

Proportional to cross-
section area (Unit: m2)

Optical length (Unit: m)

A = − log(T) = clϵ



(Normalized) Absorbance Spectra

�19Dartnall et al. 1983

L

M

Rod

S

• Absorbance is usually 
normalized to peak at unity 

• MSP results showed three 
distinct cone spectra, 
providing the first 
physiological evidence for 
the existence of three cones 

• L(nog), M(edium), S(hort)

wavelength
George Wald 

(Nobel prize, 1967)



Complication: Transverse vs. Axial Illumination
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2.5 um

35 um

Transverse 
illumination

Actual illumination in 
vision is axial

Atransverse = cltransverseϵ

Aspecific = cϵ

Aaxial = claxialϵ

paxial = 1 − e−Aaxial

Wandell, 1995; Principle of Neurobiology 1ed (p. 123); http://www.cvrl.org/database/text/outseg/length.htm

http://www.cvrl.org/database/text/outseg/length.htm


�21Slide credits: Donald Macleod; Principle of Neurobiology 1ed (p. 123)

Electrical Responses From Suction Electrode

Suction Electrode



Electrical Responses vs. Light Intensity

�22Baylor and Hodgkin, 1973

• Electrical response (photovoltage) vs. 
flash intensity at two wavelengths. 

• The responses at 644 nm and 539 nm 
are the same, but the light intensity 
(# of photons) at 539 nm is 18.6 times 
higher than that at 644 nm. 

• It must mean the absorptance at 539 
nm is 5.3% (1/18.6) of that at 644 nm 
— according to the Principle of 
Univariance.

PROPERTIES OF TURTLE PHOTORECEPTORS 177
,sm-2) multiplied by a constant which was chosen to bring the points into
vertical coincidence. All three responses have the same shape, as would
be expected if the effect of absorbed quanta on an individual receptor is
independent of wave-length. The constants by which the intensities were
multiplied are: 1 for light of 644 nm, 0-240 for light of 400 nm, and
7.94x 10-4 for light of 805 nm. These represent the relative quantum
sensitivities at the three wave-lengths, since univariance was obeyed.
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Log I (photons/,uM2)
Fig. 8. Spectral univariance, and method ofdetermining spectral sensitivity.
The mean peak response of a red-sensitive cone is plotted as a function of
log flash intensity (photons /sm-2) for lights of wave-length 644 and 539nm.
The curve through the points obtained with red light fits those with green
light when displaced 1-27 log units to the right. The ratio of quantum sensi-
tivities at 539 and 644 nm is thus taken as 10-1.27 = 0 054. Results from the
cell illustrated in Fig. 7. Sequence of runs 0, A, *.

Results similar to this are observed for responses out of the linear range,
as illustrated in Fig. 7. The solid traces are records of responses from a red-
sensitive cone to flashes of green light (539 nm), while the dashed tracings
are responses to red light (644 nm), which bracket the effective strengths
of the green light. The numbers near the centre of the responses refer to
the dashed responses and give the log strength of the red flashes in photons
,m-2. The numbers near the left end of the traces give the log strength
- 1-27 of the green flashes in photons ,um-2. It is clear that responses of
similar peak height are similar over their entire time course, and that
adjustment of the stimulus intensity by a single fixed factor brings the
entire family of responses into agreement. The interpretation from these
and similar experiments is that for light spots less than 150 ,tm in diameter
the receptors signal the number of photons absorbed, but not their wave-
length (a possible exception is mentioned on p. 184).

A toad cone



Spectral Sensitivity From Electrical Responses

�23Baylor et al. 1987; Baylor and Hodgkin, 1973

PROPERTIES OF TURTLE PHOTORECEPTORS 177
,sm-2) multiplied by a constant which was chosen to bring the points into
vertical coincidence. All three responses have the same shape, as would
be expected if the effect of absorbed quanta on an individual receptor is
independent of wave-length. The constants by which the intensities were
multiplied are: 1 for light of 644 nm, 0-240 for light of 400 nm, and
7.94x 10-4 for light of 805 nm. These represent the relative quantum
sensitivities at the three wave-lengths, since univariance was obeyed.
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Fig. 8. Spectral univariance, and method ofdetermining spectral sensitivity.
The mean peak response of a red-sensitive cone is plotted as a function of
log flash intensity (photons /sm-2) for lights of wave-length 644 and 539nm.
The curve through the points obtained with red light fits those with green
light when displaced 1-27 log units to the right. The ratio of quantum sensi-
tivities at 539 and 644 nm is thus taken as 10-1.27 = 0 054. Results from the
cell illustrated in Fig. 7. Sequence of runs 0, A, *.

Results similar to this are observed for responses out of the linear range,
as illustrated in Fig. 7. The solid traces are records of responses from a red-
sensitive cone to flashes of green light (539 nm), while the dashed tracings
are responses to red light (644 nm), which bracket the effective strengths
of the green light. The numbers near the centre of the responses refer to
the dashed responses and give the log strength of the red flashes in photons
,m-2. The numbers near the left end of the traces give the log strength
- 1-27 of the green flashes in photons ,um-2. It is clear that responses of
similar peak height are similar over their entire time course, and that
adjustment of the stimulus intensity by a single fixed factor brings the
entire family of responses into agreement. The interpretation from these
and similar experiments is that for light spots less than 150 ,tm in diameter
the receptors signal the number of photons absorbed, but not their wave-
length (a possible exception is mentioned on p. 184).

A toad cone

SPECTRAL SENSITI VITY OF MONKEY CONES
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Fig. 3. Average normalized spectral sensitivities of five blue (OJ), twenty green (0) and
sixteen red (0) cones from nine monkeys. Smooth curves are sixth-order polynomials
(eqn. (6)) with. Am = 561 nm (red), 531 nm (green) and 430 nm (blue). The coefficients
(ao-a6) are -5-2734, -87-403, 1228-4, -3346-3, -50703, 30881 and -31607. A, log
sensitivity is plotted as a function of wave number; wave-length scale above. Results
tabulated in Table 1. B, log sensitivity is plotted as a function of log wave number. The
blue and green cone spectra have been shifted on the abscissa (see text).
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Spectral Sensitivity From Electrical Responses

�24Baylor et al. 1987
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Fig. 3. Average normalized spectral sensitivities of five blue (OJ), twenty green (0) and
sixteen red (0) cones from nine monkeys. Smooth curves are sixth-order polynomials
(eqn. (6)) with. Am = 561 nm (red), 531 nm (green) and 430 nm (blue). The coefficients
(ao-a6) are -5-2734, -87-403, 1228-4, -3346-3, -50703, 30881 and -31607. A, log
sensitivity is plotted as a function of wave number; wave-length scale above. Results
tabulated in Table 1. B, log sensitivity is plotted as a function of log wave number. The
blue and green cone spectra have been shifted on the abscissa (see text).
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• The spectral sensitivities are relative 
• We can only tell absorptance of A nm is 

5% of that of B nm, but we don’t know 
absolute fraction absorbed at A/B. 

• So the results are equivalent to the 
normalized absorptance spectra measured 
from MSP, which can give us absolute 
absorptance. 

• 1-e^(-A) ~= A, so normalized absorbance 
can be approximated by normalized 
absorptance.
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Cone Fundamentals



Spectral Sensitivity Measured from Cornea
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• So we have focused on absorption by just the photoreceptors 
• But for a flux of photons enter the eye, they are absorbed by other media 

before reaching the retina 
• They are called pre-receptoral filters 

• There are two main pre-receptoral filters, optics and macular pigments



Absorption by Ocular Media
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114 S. M. LaValle: Virtual Reality

Figure 4.25: A ray of light travels through five media before hitting the retina. The
indices of refraction are indicated. Considering Snell’s law, the greatest bending
occurs due to the transition from air to the cornea. Note that once the ray enters
the eye, it passes through only liquid or solid materials.

Figure 4.26: Normal eye operation, with relaxed lens.

Figure 4.27: A closer object yields diverging rays, but with a relaxed lens, the
image is blurry on the retina.

Virtual Reality, S. M. LaValle, Boettner and Wolter, 1962

Volume 1
Number 6

Transmission of ocular media 781

TOTAL TRANSMITTANCE AT THE
VARIOUS ANTERIOR SURFACES
1 AQUEOUS 3 VITREOUS
2 LENS 4 RETINA

300 400 500 600 800 1000 1200 1600 2000
WAVELENGTH MILLIMICRONS

Fig. 7. Total transmittance through entire eye.
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DIRECT TRANSMITTANCE AT THE
VARIOUS ANTERIOR SURFACES
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2 LENS
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4 RETINA
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WAVELENGTH MILLIMICRONS

Fig. 8. Direct transmittance through entire eye.

Weale that the age can be determined by
the transmittance measurements is doubt-
ful on the basis of our experience to
date.

Vitreous humor. The vitreous transmits
from 300 m/t in the ultraviolet to 1,400 m,u
in the infrared (Fig. 6). Its ultraviolet
total transmittance increases rapidly to 80
per cent at 350 m/.i. The total transmittance
in the visible region is greater than 90 per
cent, but begins dropping rapidly in the
infrared. The water bands at 980 and 1,200
m/x are very strong, and no transmittance
is noted beyond 1,400 m/x. No differences
in transmittance due to age were noted.

Transmittance of the entire eye. The
data shown in Figs. 3 to 6 were used to
compute the successive transmittances as
radiation passes through the whole eye.
The resulting curves are shown in Figs. 7
and 8. In making this computation, the loss
due to reflection of normally incident
radiation at the interface between air and
the cornea was included. Reflection losses
between the other surfaces (e.g., aqueous-
lens) were neglected as they total less
than 0.3 per cent.

These data are representative of the
child or young adult eye except in the
ultraviolet (less than 380 m,u) where the
transmission is that of a child's eye. For
example, the 4 per cent incident on the
vitreous (Fig. 7) at 320 m/x would be com-

pletely absorbed by the lens in the adult
eye.

The maximum transmittance through an
entire eye is calculated as 83.5 per cent.
Recently, a technique was developed in
which a window was cut into the posterior
of a whole eye to permit the measure of
the transmittance through all the ocular
media. With the use of this technique, the
total transmittances of 2 eyes have been
measured to date, with values of 82 per
cent and 79 per cent at 700 m̂ u..

It is evident that the amount of scattered
radiation through the young whole eye,
represented by the difference between
curve 4 in Fig. 7 and in Fig. 8, decreases
with wavelength, from about 55 per cent
at 450 rrifx in the visible to 30 per cent in
the infrared. Generally the scattering in
the older eye starts at a higher figure (70
per cent or more) in the visible, but pro-
ceeds at a more rapid rate of decrease into
the infrared.

Evaluation of data
Several factors may affect the validity

of the results, including the condition of
the eyes, the length of time between
enucleation and the measurements, and
the accuracy of the instrumental methods
and measuring techniques. As stated pre-
viously, only eyes having normal refracting
media were used in this study. Four eyes



Absorption by Macular Pigments

�28Wandell et al., 2022

An excitation (isomerization) initiates a sequence of reactions within the outer seg-
ment: the phototransduction cascade. The consequence of these reactions is to open
ion channels in the outer segment membrane, causing a net inward flow of ionic
current. This photocurrent leads to a voltage change in the cone inner segment, mod-
ulating the neurotransmitter release at the synapse. ISETBio implements a model of
this dynamic process for the cones, including a light-level dependency that modifies
the gain and dynamics of the photoreceptor current. The model relies on measure-
ments described in the literature (Angueyra-Aristizábal, 2014; Pugh and Lamb,
1993, 2000). ISETBio includes code to estimate the photoreceptor current, but we
do not describe these methods here.
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FIG. 9

Spectral properties of visual system components that determine the input-referred quantum
efficiency of the cones. (a) The crystalline lens dramatically reduces the fraction of short
wavelength light transmitted to the retina. The optical density of the lens varies between
people and with age. (b) The macular pigment is present in foveal, but not peripheral,
regions of the retina. The pigment density in the fovea varies across people and with
disease. (c) The optical density of the cone photopigment varies between people and
across the retina. In all panels the dark solid curve is the standard and lighter curves are
variations.

220 CHAPTER 11 Visual encoding

• Macular pigments 
• Concentrated in a small area inside 

the fovea (so don’t affect rod vision 
much, and the results at periphery will 
be different) 

• Believe to exist to counter optical 
aberrations and protect retina from 
light damage



Cone Fundamentals (Cornea-Referred Spectral Sensitivity)
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E(λ) = l(λ)m(λ)p(λ)
Ocular transmittance

Macular transmittance
Photoreceptor absorptance
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FIG. 10

Cone fundamentals. The cone excitation calculations start with the stimulus (scene spectral radiance). The transmission through the lens and
macular pigment combined with the cone absorptance form a spectral function called the cone fundamental. The fundamental is the input-
referred spectral quantum efficiency of the cone. (a) The fundamental is defined using standard values (solid curves) for the lens, macular
pigment and photopigment. There are significant variations (dotted curves) across the population, with the largest variation in the spectrum below
550 nm. (b) There is a reliable difference between the cone fundamentals near the fovea (dashed lines) and periphery because of the macular
pigment (solid lines). (c) The three images give an impression of how the scene spectral radiance (left) is transformed as it passes through the lens
(middle) andmacular pigment (right). The ISETBio implementation includes lens factors as part of the retinal spectral irradiance (oi) computation;
it includes macular pigment factors as part of the cone mosaic (cMosaic) computations.

Wandell et al., 2022
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Cone Fundamentals From Psychophysics
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Ib + ΔI

Ib

• For each photoreceptor type and frequency: 
• Adjust the intensity of the test light so that it’s just 

noticeable from the background 

• The sensitivity at that frequency for that 
photoreceptor type is 1/threshold intensity 

• Repeat this for each frequency and for each 
photoreceptor type 

• Assumption is that the electrical response 
needed for “just noticeability” is constant.



Data from Physiology and Psychophysics Match
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SPECTRAL SENSITI VIT Y OF MONKEY CONES

Wave number (,um-')
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Fig. 5. Comparison of monkey cone spectral sensitivities and 7T mechanisms. Points give
the spectral sensitivity of monkey cones modified by the pre-retinal absorption and self-
screening expected in the human eye. Corrections for pigment self-screening and ab-
sorption by the lens and macula as in Fig. 4A. (see text). Smooth curves show the
7T mechanisms of Stiles (1953, 1959) obtained from tabulations in Wyszecki & Stiles (1982).
A, red cones and nT5; B, green cones, 7T4 (continuous curve) and iT' (dashed curve); C, blue
cones and IT3.
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PA

0 20 40 sec
Fig. 13. Stepped "after image signals" in a macaque rod. Change

in membrane current plotted as a function of time after three bright
flashes, each delivered at time 0 and expected to cause about 3000
photoisomerizations. The initial portion of the flash response is trun-
cated in these high-gain recordings (upstroke near beginning of each
trace). During the recovery phase of the responses, there are step-like
current transitions of amplitude 1.25 pA.

The records show the recovery phase of a rod's re-
sponses to flashes that caused about 3000 photoiso-
merizations. As the membrane current approaches the
original level, it jumps between discrete levels separated
by about 1.2 pA. The timing of these "steps" fluctuates
in the three trials. Toad rods show increased noise after
bright light,82 but the noise does not appear to be com-
posed of long-lasting discrete steps like those of the
primate rods.

The stepped events in the monkey rods have the
following properties. First, they are evoked by bright
light, and are seldom seen unless the flash causes at
least 500 photoisomerizations. Second, the number and
duration of the events increases with increasing strength
of the light. After a very bright light, the current is shut
off for many seconds after the flash. Eventually, as re-
covery proceeds, the current tumbles down through a
series of stepped levels. Third, a step seems to result
from transitions in a single molecule; the steps have

an abrupt rise and fall, a quantized amplitude, and a
widely variable duration. Although somewhat remi-
niscent of single-channel currents, a step cannot result
from closure of a single light-sensitive channel; the ris-
ing and falling phases are slightly rounded, and the
amplitude is much larger than the current through a
single light-sensitive channel under the experimental
conditions. Our working hypothesis is that a single
molecular transition causes the coordinated closure of
many light-sensitive channels over a region about 1
fim long on the outer segment. The identity of the trig-
gering event remains to be determined. One might
speculate that a photoisomerized rhodopsin molecule
sometimes enters a state in which its enzymatic activity
cannot be shut off in the normal way.

It will be interesting to correlate the form and in-
tensity dependence of the rod after-image signals with
the threshold elevation that follows bleaching of the
rods in man.

Wavenumber (pm"1)
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Fig. 14. Averaged spectral sensitivities often rods from three ma-
caques (open circles), compared to Crawford's39 scotopic spectral
sensitivity function (filled circles). The ordinate is the log,0 of the
relative quantum sensitivity; the scales on the abscissa give the wave-
length and wavenumber. Crawford's results have been corrected for
absorption in the lens and self-screening of rhodopsin, as described
in reference 19 (filled symbols). The continuous curve is the Dartnall
nomogram for a rhodopsin with maximal absorption at 491 nm; the
dashed extension was drawn by eye. Reproduced from reference 19,
with permission from the Journal of Physiology.
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Photoreceptor Isolation in Psychophysics
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• Isolate rods vs. cones 
• Adjust light intensity to bleach rods 

• Measure from rod monochromats 

• Isolate S cones by measuring from S-
cone monochromats 

• Isolating M cones from Deuteranopes, 
who have only M and S cones 

• Use high spatial/temporal frequency lights, to 
which S cones are insensitive. 

• Isolating L cones from Protanopes

Dartnall et al. 1983

Sensitivities overlap substantially, so in 
psychophysics how do we measure the responses 

from just one type?
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Beyond Photon Counting: 
• Phototransduction 

• Deactivation and Pigment Regeneration

George Wald 
(Nobel prize, 1967)



Dark Current of a Photoreceptor

�34Rodieck, 1998

Unexcited photopigments cG-gated ion Channel



Pigment = a Long Opsin + a Small Retinal

�35Goldstein et al., 8ed

48 CHAPTER 3  Introduction to Vision

transformed into electricity. Because isomerization of the 
visual pigment molecule is a chemical process, one way to 
approach the problem of transduction would be to study 
the chemistry of visual pigments in a chemistry or physiol-
ogy laboratory or to study physiological relationships PH1 
and PH2 in Figure 3.8, which is our diagram of the percep-
tual process from Chapter 1 (Figure 1.8). But there is also 
another way to approach this problem. We can learn some-
thing about the physiological process of transduction by 
doing psychophysical experiments, in which we measure re-
lationship PP to provide information about the underlying 
physiology.

How can measuring a psychophysical relationship tell 
us about physiology? We can appreciate how this is possi-
ble by considering what happens when a doctor listens to 
a person’s heartbeat during a physical exam. As the doctor 
listens, he is using his perception of the heartbeat to draw 
conclusions about the physiological condition of the heart. 
For example, a clicking sound in the heartbeat can indicate 
that one or more of the heart’s valves may not be operating 
properly.

Just as a doctor can draw conclusions about the physi-
ology of the heart by listening to the sounds the heart 
is making, the psychologist Selig Hecht (Hecht, Shlaer, & 
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(b) Close-up of one disc 
showing one visual pigment 
molecule in the membrane. 
(c) Close-up showing how 
the protein opsin in one 
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seven times. The light-
sensitive retinal molecule is 
attached to the opsin at the 
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Figure 3.7 ❚ Model of a visual pigment molecule. The horizontal part of the model shows a tiny portion of 
the huge opsin molecule near where the retinal is attached. The smaller molecule on top of the opsin is the 
light-sensitive retinal. The model on the left shows the retinal molecule’s shape before it absorbs light. The 
model on the right shows the retinal molecule’s shape after it absorbs light. This change in shape is one of 
the steps that results in the generation of an electrical response in the receptor.
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Pigment Isomerizes Upon Photon Absorption

�36Yantis and Abrams, 2016; Goldstein et al., 8ed
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Phototransduction

�37Rodieck, 1998

A single excited pigment removes 
thousands of cG molecules

An activated/
excited pigment

After a pigment is excited, it roams 
about and causes a cascade of 

biochemical reactions that reduce the 
cG concentration.



cG-Gated Ion Channels Close

�38

a single rod pigment excitation reduces about 1,400 
cG channels (2% reduction in dark current)

Rodieck, 1998



Photocurrents are Produced

�39

Changes (reductions) in transmembrane 
current are called photocurrents, which 

are defined to be always positive

Rodieck, 1998

Transmembrane current 
(always negative)



Steps in Phototransduction

�40Rodieck, 1998

A single excited pigment removes 
thousands of cG molecules

An activated/
excited pigment

1

An activated pigment roams 
about and can activate many 

(~700) G proteins by 
replacing the GDP with GTP



Steps in Phototransduction

�41Rodieck, 1998

A single excited pigment removes 
thousands of cG molecules

An activated/
excited pigment

2

An activated G protein roams 
about and binds to a 

phosphodiesterase (PDE) and 
activates it.



Steps in Phototransduction

�42Rodieck, 1998

A single excited pigment removes 
thousands of cG molecules

An activated/
excited pigment

3

An activated PDE roams about and 
hydrolyzes multiple cG molecules.
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Beyond Photon Counting: 
• Phototransduction 

• Deactivation and Pigment Regeneration



Phototransduction Deactivation

�44

• There are a finite number of pigments (in fact all 
the materials involved in phototransduction) and 
cG-gated ion channels. 

• When all the biomaterials are consumed or all 
the channels are closed, transmembrane current 
will be 0 and there will no further response — 
saturation. 

• Why aren’t our photoreceptors constantly 
saturated?!

Rodieck, 1998



“Counteracting Forces”

�45

• For a photoreceptor to be able to continue responding to lights, two 
things must happen. 

• Deactivation/termination of phototransduction and re-open ion channels. 
• When the closed ion channels are re-opened, we have restored the dark current and 

those open channels are available for being closing again 

• Continuously regenerate pigments (retinoid cycle or visual cycle) 
• Re-generated pigments are re-available for isomerization 

• Both are constantly at work to “counter” the affect of phototransduction. 
• Usually the countering forces and the activation reach an equilibrium and we enjoy a 

steady vision; otherwise our vision is saturated (no responses to further lights).



Proof that Deactivation is Constantly at Work

�46

RESPONSE AND SENSITIVITY OF MONKEY RODS

amplitudes of the outward-going photocurrents were graded with the photon density
of the flash. The saturating photocurrent, which presumably corresponds to
complete suppression of the inward dark current (Penn & Hagins, 1972; Baylor
et al. 1979a), was 34 pA in this rod and varied between cells (Table 1). The dark
currents measured here agree with estimates of 18-40 pA from recordings of

30

pA 20-

10

I ,I

0 1-0 2-0
Time (s)

Fig. 1. Family ofsuperimposed responses to 11 ms flashes ofincreasing strength, with outer
segment current plotted relative to dark level (outward change in membrane current
plotted upwards). Stimulus timing shown by flash monitor below records. Lower traces
averaged from up to six responses, uppermost trace is a single sweep. Flash photon
densities raised from 1-7 to 503 photons 4m-2 at 500 nm. Band width 0-50 Hz, temperature
36 'C, bicarbonate buffer. Cell 7 in Table 1.

massed currents of albino rat rods at the same temperature (Hagins, Penn &
Yoshikami, 1970, confirmed by our measurements with suction electrodes). After the
two brightest flashes in Fig. 1, the photocurrent showed a long tail 2-5 pA above the
dark level. This component of the response is described further on p. 593.

Dependence of response amplitude on flash strength. The variation of peak response
amplitude with flash strength is plotted on normalized axes in Fig. 2, which collects
results from five rods with large responses. The smooth curve was drawn according
to the exponential saturation characteristic (Lamb, McNaughton & Yau, 1981):

r/rmax=- e-kri, (2)

where r is the amplitude at the peak of the response, rmax the amplitude of the
maximal response, i the flash photon density (in photons ,um-2) and kf is a
proportionality constant characteristic of the cell. The constant kf is related to the

19-2

579

Baylor et al., 1984

• After a brief flash of light (i.e., a 
fixed amount of photons are 
delivered), the response first 
rises and then falls. 

• The response rises because more ion 
channels are being open, and it falls 
because the closed ion channels are 
being re-opened, i.e., deactivation. 

• Without deactivation the response 
would have fell.



Proof that Deactivation is Constantly at Work

�47Schnapf et al. 1990

• With a steady light (called step 
light), the response eventually 
reaches an equilibrium. 

• Steady light means new photons are 
constantly being delivered to the 
photoreceptor, so new ion channels 
are constantly being closed. 

• But the response reaches 
equilibrium, which means the ion 
channel closing rate matches that of 
the re-opening rate.

VISUAL TRANSDUCTION IV MACAQUE CONES

0 C i
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Fig. 7. Dependence of a green-sensitive cone's step response amplitude on step intensity.
A, step responses. Change in membrane current plotted as a function of time after step
onset, with stimulus monitor below. Each trace was averaged from two to fourteen
responses. Intensities (photons 4um-2 s-') from below upwards, were: 3-31 x 104; 1 03 x 105;
3-32 x 105; 1-04 x 106. Bandwidth 0-20 Hz. B, normalized response amplitude (r) as a
function of step intensity at the four times after step onset indicated by the arrows in A.
Normalizing constant was the maximal response amplitude of 12 pA. Smooth curves have
the form of curve III in Fig. 2, the weighted average of an exponential saturation and a
Michaelis relation. The curves indicate the expected amplitude of the step response at the
peak and plateau derived from the measured response amplitude/stimulus strength
relation for brief flashes. Cell 14 of Table 1.

evoked responses scaled linearly with flash strength. In this linear region, the
responsiveness may be characterized by the flash sensitivity, SF, defined as the peak
amplitude of the flash response divided by flash strength. Collected results from
experiments on four cones are presented in Fig. 8, which plots flash sensitivity,
normalized to the original flash sensitivity in darkness, as a function of normalized
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Deactivation Mechanisms

�48

• Just like the activation of the phototransduction, deactivation also involves 
a set of biochemical reactions.  

• Just to give you a flavor, here is how excited pigments are deactivated. 
• An enzyme, rhodopsin kinase (RK) binds to and phosphorylates an activated pigment 

• Another protein called arrestin (A) then binds to phosphorylated pigment, which inhibits 
the pigment to activate G proteins, essentially deactivating the pigment. 

•

Rodieck, 1998



Accelerating Deactivation via 
Negative Feedback

�49

• Two opposing forces: 
• Activated pigments reduce cG 

concentration, which closes ion channels 
and reduces Ca2+ concentration 

• Ca2+ inhibits guanylate cyclases (GCs), 
which synthesize cG. 

• So reduction in Ca2+ increases the cG 
synthesis rate. 

• This is a classic negative feedback in 
a dynamical system, which 
accelerates the time to equilibrium.

Rieke and Baylor, 1998

Phototransduction

Ion channels close

Ca2+ concentration reduces

cG concentration
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Undershoots in Cone Kinetics

�50Baylor 1987
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Fig. 11. Photocurrent families recorded from a rod and red cone
of the monkey Macaca fascicularis. Flash monitor trace below. The
ordinate is the membrane current collected from the outer segment
by the suction electrode. Flash strengths were increased by factors of
2, and the responses grew to the saturating amplitude, at which the
dark current was completely shut off. Responses from the rod are
slower and more sensitive than those from the cone, and lack the
undershoot present in the cone responses. For the rod, the flashes
were expected to cause between 2.9 and 860 photoisomerizations,
while for the cone the corresponding figures were 190 and 36,000
photoisomerizations. Some flash responses have been averaged from
multiple trials to reduce noise.

ceptors very similar to those in the human retina. We
have compared the properties of their transduction to
the performance of the human visual system, as re-
vealed by psychophysical experiments. These compar-
isons give a physiological basis for several fundamental
features of human vision.

Photocurrents of Primate Rods and Cones

Flash-evoked photocurrent families from a rod and
red cone of the macaque are shown in Figure 11. In
both experiments, the flash strength was raised by fac-
tors of two, and the response grew to a saturating level
at which the dark current was shut off. The rod re-
sponses are similar to those obtained from amphibian
rods,15 except that the responses are roughly 5 times
faster because the experiments on the monkey pho-
toreceptors were performed at 37°C rather than room
temperature. The response to a dim flash requires about
200 msec to reach its peak, and has a mean duration

(integration time) of around 300 msec. The persistence
of the rod excitation after a flash must contribute to
the slowness of human rod vision. Single photon re-
sponses have been recorded from the macaque rods
and show amplitudes of about 0.7 pA, very similar to
those of the toad rods.

Responses from primate cones are faster than those
from the rods. For example, after a dim flash, the cone
response in Figure 12 rises to its peak in about 50 msec.
Cone responses are also much less sensitive; about 30
photoisomerizations give a rod response of half-satu-
rating amplitude, while the corresponding response in
a cone requires about 3000 photoisomerizations. The
differences in the kinetics and sensitivity of the rod and
cone responses help to explain the differences in the
sensitivity and time resolution of rod and cone vision.

In our experiments, the responses of all three types
of cone had similar kinetics and sensitivities. There
was no evidence that the blue cones were slower or
more sensitive than the red and green cones, suggesting
that the peculiar properties of the blue pathway in psy-
chophysical experiments26131 may depend on mecha-
nisms central to the cones themselves.

The flash responses of cones show a striking under-
shoot on the recovery phase. This resonant behavior
is obvious in the smallest measurable responses, and
appears to be a property of the single photon effect
itself. The resonance makes the cones selectively sen-
sitive to dynamic changes; when a step of light is sud-
denly turned on or off, the membrane current shows
a large spike before the steady state response. Analysis
reveals that the cones should respond optimally to light
flickering at frequencies near 5 Hz. This is about where
the flicker sensitivity of human cone vision is maxi-
mal,76 and it thus seems attractive to suppose that the
resonance in psychophysical experiments may result
from the resonance in the cones. The nature of the
mechanism that produces the resonance remains to be
worked out.

Rod Noise and Psychophysical "Dark Light"

In darkness, the primate rods, like toad rods,17 give
occasional spontaneous signals resembling responses
to single photons.19 In monkey rods, these events occur
about once every 160 sec on average. Psychophysicists
have suggested that the human rod system contains an
intrinsic source of spontaneous excitation with effects
identical to those of a very dim light acting on the
rods.5"7 This noise has been quantified, and found to
have a magnitude equivalent to one photoisomeriza-
tion per rod per 100 sec. Within experimental error,
this frequency is the same as that of the electrically
measured noise events, suggesting that the two phe-
nomena are identical.

Downloaded from iovs.arvojournals.org on 07/27/2023

• Biphasic response in cones 
• There is an undershoot in the kinetics 

• The negative feedback in cones is so 
strong that it causes a temporary 
overproduction of cG molecules, which 
open more ion channels than there are 
even in dark



Retinal Falls Off from the Pigment after Deactivation
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Why do the rods take about 20 to 30 minutes to reach 
their maximum sensitivity (point R on the curve), compared 
to only 3 to 4 minutes for the cones (point C)? The answer 
to this question involves a process called visual pigment 
 regeneration, which occurs more rapidly in the cones than in 
the rods.

Visual Pigment Regeneration When light hits 
the light-sensitive retinal part of the visual pigment mol-
ecule, it is isomerized and triggers the transduction pro-
cess (Figure 3.7). It then separates from the opsin part of 
the molecule. This separation causes the retina to become 
lighter in color, a process called visual pigment bleaching. 
This bleaching is shown in Figure 3.20, which shows a pic-
ture of a frog retina that was taken moments after it was il-
luminated with light (Figure 3.20a). The red color is the vi-
sual pigment. As the light remains on, more and more of the 
pigment’s retinal is isomerized and breaks away from the 
opsin, so the retina’s color changes (Figures 3.20b and c).

Does this mean that all of our pigment eventually be-
comes bleached if we stay in the light? This would be a bad 
situation because we need intact visual pigment molecules 
to see. Luckily, even in the light, as some molecules are ab-
sorbing light, isomerizing, and splitting apart, molecules 
that have been split apart are undergoing a process called 
visual pigment regeneration in which the retinal and opsin 
become rejoined.

As you look at the page of this book, some of your visual 
pigment molecules are isomerizing and bleaching, as shown 
in Figure 3.20, and others are regenerating. This means that 
under most normal light levels your eye always contains 
some bleached visual pigment and some intact visual pig-
ment. If you were to turn out the lights, then bleached vi-
sual pigment would continue to regenerate, but there would 

be no more isomerization, so eventually your retina would 
contain only intact (unbleached) visual pigment molecules.

As retinal combines with opsin in the dark, the pigment 
regains its darker red color. William Rushton (1961) devised 
a procedure to measure the regeneration of visual pigment 
in humans by measuring this darkening of the visual pig-
ment that occurs during dark adaptation. Rushton’s mea-
surements showed that cone pigment takes 6 minutes to 
regenerate completely, whereas rod pigment takes more 
than 30 minutes. When he compared the course of pigment 
regeneration to the rate of psychophysical dark adaptation, 
he found that the rate of cone dark adaptation matched the 
rate of cone pigment regeneration and the rate of rod dark 
adaptation matched the rate of rod pigment regeneration.

Rushton’s result demonstrated two important connec-
tions between perception and physiology:

 1.  Our sensitivity to light depends on the concentration 
of a chemical—the visual pigment.

 2.  The speed at which our sensitivity is adjusted in the 
dark depends on a chemical reaction—the regenera-
tion of the visual pigment.

We can appreciate the fact that the increase in sensitiv-
ity we experience during dark adaptation is caused by visual 
pigment regeneration by considering what happens when 
the visual pigment can’t regenerate because of a condition 
called detached retina. A major cause of detached retinas 
is traumatic injuries of the eye or head, as when a base-
ball player is hit in the eye by a line drive. When part of the 
retina becomes detached, it has become separated from 
a layer that it rests on, called the pigment epithelium, which 
contains enzymes that are necessary for pigment regenera-
tion (see Figure 3.2b). The result is that once visual pigments 

(a) (b) (c)

Retinal

Opsin Opsin Opsin

Figure 3.20 ❚ A frog retina 
was dissected from the eye in 
the dark and then exposed to 
light. (a) This picture was taken 
just after the light was turned on. 
The dark red color is caused by 
the high concentration of visual 
pigment in the receptors that 
are still in the unbleached state, 
as indicated by the closeness 
of the retinal and opsin in the 
diagram above the retina. Only a 
small part of the opsin molecule 
is shown. (b, c) As the pigment 
isomerizes, the retinal and opsin 
break apart, and the retina 
becomes bleached, as indicated 
by the lighter color.
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In Dark After excitation

Illustration of the three 
states of a single pigment

Image of a dissected frog retina; when more 
pigments are excited/activated/bleached, the 

photoreceptor becomes more transparent, 
since fewer pigments are absorbing lights

After deactivation

Goldstein et al., 8ed



Pigment Regeneration in RPE
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ing power, can change its shape to adjust the eye’s focus for 
stimuli located at different distances.

We can understand how the lens adjusts its focus by fi rst 
considering what happens when the eye is relaxed and a per-
son views a small object that is far away. If the object is lo-
cated more than about 20 feet away, the light rays that reach 
the eye are essentially parallel (Figure 3.3a), and these parallel 
rays are brought to a focus on the retina at point A. But if the 
object moves closer to the eye, the light rays refl ected from 
this object enter the eye at more of an angle, which pushes the 
focus point back to point B (Figure 3.3b). However, the light 
is stopped by the back of the eye before it reaches point B, so 
the image on the retina is out of focus. If things remained in 
this state, the person would see the object as blurred.

A process called accommodation keeps this from hap-
pening. The ciliary muscles at the front of the eye tighten 
and increase the curvature of the lens so that it gets thicker 
(Figure 3.3c). This increased curvature bends the light rays 
passing through the lens to pull the focus point back to A 
to create a sharp image on the retina.

DEMONSTRATION

Becoming Aware of What Is in Focus

Accommodation occurs unconsciously, so you are usually 
unaware that the lens is constantly changing its focusing 
power so you can see clearly at different distances. This 
unconscious focusing process works so effi ciently that most 
people assume that everything, near and far, is always in 
focus. You can demonstrate that this is not so by holding a 
pencil point up, at arm’s length, and looking at an object that 
is at least 20 feet away. As you look at the faraway object, 
move the pencil point toward you without actually looking at 
it (stay focused on the far object). The pencil will probably 
appear blurred.

Then move the pencil closer, while still looking at the far 
object, and notice that the point becomes more blurred and 
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Figure 3.2 ❚ An image of the cup is focused on the retina, which lines the back of the eye. The close-up of the retina on the 
right shows the receptors and other neurons that make up the retina.
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Figure 3.3 ❚ Focusing of light rays by the eye. (a) Rays 
of light coming from a small light source that is more than 
20 feet away are approximately parallel. The focus point for 
parallel light is at A on the retina. (b) Moving an object closer 
to the relaxed eye pushes the focus point back. Here the 
focus point is at B, but light is stopped by the back of the 
eye. (c) Accommodation of the eye (indicated by the fatter 
lens) increases the focusing power of the lens and brings the 
focus point for a near object back to A on the retina.

Retinal Pigment 
Epithelium layer

Goldstein et al., 8ed; Rodieck, 1998

All-trans retinal, after fallen off, is transported to the REP 
layer, where it is transformed back to 11-cis retinal



Pigment Regeneration Kinetics
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W. A. H. RUSHTON
derived from the results of Fig. 2 without any arbitrary feature at all.
The good fit of the curve with the experimental points of Fig. 3 means
that the rate of regeneration in the dark is the same as that in bright light
at each pigment level. This rate is simply proportional to the fraction of
pigment which is still unregenerated at the moment, and is not detectably
affected by photo-isomerization, early photoproducts or any other direct
action of light.

0

1 2 3 4
Minutes

5 6 7

Fig. 3. Black and white circles, regeneration of chlorolabe in the dark after full
bleaching (2 runs); scales on the right show fraction p of pigment or true density
ofchlorolabe. Curve, regeneration derived from Fig. 2. Squares, log dark-adaptation
curve (log threshold scale on the left).

The general kinetic equation
Equation (6) gives the rate of bleaching under any light, equation (8)

the rate ofregeneration at any level. We have shown that the two processes
are independent; hence the resultant bleaching is given by their difference

dp
- pIx 10-622-(l-p)/l25,

dt (9)

where p is the fraction of chlorolabe present, t is time in seconds, I in
trolands. I may have any time course whatever, and the resulting value
of p at any moment should be given by solving equation (9).
One simple and important application is the equilibrium level of p
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Dowling (i960) showed in the ra t th a t there was linearity between the amount of 
pigment still bleached (free opsin) and the logarithm of the light flash required 
to elicit a constant small response from the electro-retinogram. The same result 
was obtained (Rushton 1961) in the visual threshold of man using as subject a rod 
monochromat, one who possesses no (or very few) cones tha t otherwise would 
interfere with the scope of rod measurements. Figure 3 is a replot of one of those 
experiments.

time (min)

T50A
©

0
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F ig u r e  3. Open circles show the regeneration of rhodopsin in normal eye following a full 
bleach. Scale on right shows the per cent unregenerated after various times in the dark 
(abscissae). Closed circles show the same for a rod monochromat. Scale on left, log 
threshold during dark adaptation. Irregular line, the log threshold traced by a rod 
monochromat following full bleaching exposure. The rod threshold falls over a million-
fold (7 to 0-5 on log scale). Dotted curve, cone and rod branches of normal eye. 
Continuous curve, an exponential with time constant 7-5 min.

The white circles show (for a normal eye) the time course of the regeneration of 
rhodopsin from the fully bleached state (100%, see scale on right) until full re-
generation (0 % bleached) some 40 min later. The rod monochromat (black circles) 
is seen to follow the same time course though less regularly. The dotted curve 
shows the normal dark adaptation curve (scale of log threshold on left) and the 
continuous irregular line is the dark adaptation curve actually traced by the rod 
monochromat, each after a bleaching exposure similar to that used for the pig-
ment regeneration. As is well known the normal dark adaptation curve shows an 
early branch due to cones, and the rod branch only appears after about 17 min 
following a full bleach. The rod monochromat has no cones to steal the threshold 
and thus the dark adaptation curve may be traced over more than a million-fold
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% of bleached 
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% of available 
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Bleach all pigments using intense light, then remove light, and measure % of pigments vs. time. 
Pigment regeneration in cones is faster than in rods — half time 3X faster (ignore left y-axes).
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Rods vs. Cones: Absolute 
Sensitivity and Saturation



Rod Vision is More Sensitive than Cone Vision
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Pirenne, 1942) was able to draw conclusions about the phys-
iology of transduction by determining a person’s ability to 
see dim fl ashes of light.

Hecht’s Psychophysical Experiment The 
starting point for Hecht’s experiment was his knowledge 
that transduction is triggered by the isomerization of visual 
pigment molecules and that it takes just one photon of light 
to isomerize a visual pigment molecule. With these facts in 
hand, Hecht did a psychophysical experiment that enabled 
him to determine how many visual pigment molecules need 
to be isomerized for a person to see. He accomplished this 
by using the method of constant stimuli (see page 14) to de-
termine a person’s absolute threshold for seeing a brief fl ash 
of light. What was special about this experiment is that 
Hecht used a precisely calibrated light source, so he could 
determine the threshold in terms of the number of photons 
needed to see.

Hecht found that a person could detect a fl ash of light 
that contained 100 photons. To determine how many visual 
pigment molecules were isomerized by this fl ash, he con-
sidered what happened to those 100 photons before they 
reached the visual pigment. The fi rst thing that happens is 
that about half the photons bounce off the cornea or are 
absorbed by the lens and by the vitreous humor, a jellylike 
substance that fi lls the inside of the eye (Figure 3.9). Thus, 
only 50 of the original 100 photons actually reach the ret-
ina at the back of the eye. But of these 50, only about 7 are 
absorbed by the light-sensitive retinal part of the visual pig-
ment. The rest hit the larger opsin (which is not sensitive to 
light) or may slip between the visual receptors. This means 
that a person sees a fl ash of light when only 7 visual pig-
ment molecules are isomerized (also see Sackett, 1972, who 
obtained a similar result).

But Hecht wasn’t satisfi ed just to show that a person 
sees a light when 7 visual pigment molecules are activated. 

He also wanted to determine how many visual pigment mol-
ecules must be isomerized to activate a single rod receptor. 
We can understand how he determined this by looking at 
Figure 3.10, which shows that the light fl ash Hecht’s observ-
ers saw covered about 500 receptors. Because Hecht had de-
termined that the observers saw the light when only 7 visual 
pigment molecules were isomerized, the fi gure shows the 
7 photons that cause this isomerization approaching the 
500 receptors.

With this picture of 7 photons approaching 500 recep-
tors in mind, Hecht asked the following question: What is 
the likelihood that any two of these photons would enter the 
same receptor? The answer to this question is “very small.” It 
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Figure 3.8 ❚ The three main components of the perceptual 
process (see Figures 1.1 and 1.10). Hecht was able to draw 
physiological (PH) conclusions based on the measurement of 
a psychophysical (PP) relationship.
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Figure 3.9 ❚ The observer in Hecht et al.’s (1942) 
experiment could see a spot of light containing 100 photons. 
Of these, 50 photons reached the retina, and 7 photons were 
absorbed by visual pigment molecules.
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Light flash

Figure 3.10 ❚ How Hecht reasoned about what happened 
at threshold, when observers were able to see a flash of light 
when 7 photons were absorbed by visual pigment molecules. 
The 7 photons that were absorbed are shown poised above 
500 rod receptors. Hecht reasoned that because there were 
only 7 photons but 500 receptors, it is likely that each photon 
entered a separate receptor. Thus, only one visual pigment 
molecule was isomerized per rod. Because the observer 
perceived the light, each of 7 rods must have been activated.

Pirenne, 1942) was able to draw conclusions about the phys-
iology of transduction by determining a person’s ability to 
see dim fl ashes of light.

Hecht’s Psychophysical Experiment The 
starting point for Hecht’s experiment was his knowledge 
that transduction is triggered by the isomerization of visual 
pigment molecules and that it takes just one photon of light 
to isomerize a visual pigment molecule. With these facts in 
hand, Hecht did a psychophysical experiment that enabled 
him to determine how many visual pigment molecules need 
to be isomerized for a person to see. He accomplished this 
by using the method of constant stimuli (see page 14) to de-
termine a person’s absolute threshold for seeing a brief fl ash 
of light. What was special about this experiment is that 
Hecht used a precisely calibrated light source, so he could 
determine the threshold in terms of the number of photons 
needed to see.

Hecht found that a person could detect a fl ash of light 
that contained 100 photons. To determine how many visual 
pigment molecules were isomerized by this fl ash, he con-
sidered what happened to those 100 photons before they 
reached the visual pigment. The fi rst thing that happens is 
that about half the photons bounce off the cornea or are 
absorbed by the lens and by the vitreous humor, a jellylike 
substance that fi lls the inside of the eye (Figure 3.9). Thus, 
only 50 of the original 100 photons actually reach the ret-
ina at the back of the eye. But of these 50, only about 7 are 
absorbed by the light-sensitive retinal part of the visual pig-
ment. The rest hit the larger opsin (which is not sensitive to 
light) or may slip between the visual receptors. This means 
that a person sees a fl ash of light when only 7 visual pig-
ment molecules are isomerized (also see Sackett, 1972, who 
obtained a similar result).

But Hecht wasn’t satisfi ed just to show that a person 
sees a light when 7 visual pigment molecules are activated. 

He also wanted to determine how many visual pigment mol-
ecules must be isomerized to activate a single rod receptor. 
We can understand how he determined this by looking at 
Figure 3.10, which shows that the light fl ash Hecht’s observ-
ers saw covered about 500 receptors. Because Hecht had de-
termined that the observers saw the light when only 7 visual 
pigment molecules were isomerized, the fi gure shows the 
7 photons that cause this isomerization approaching the 
500 receptors.

With this picture of 7 photons approaching 500 recep-
tors in mind, Hecht asked the following question: What is 
the likelihood that any two of these photons would enter the 
same receptor? The answer to this question is “very small.” It 
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Of these, 50 photons reached the retina, and 7 photons were 
absorbed by visual pigment molecules.
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Figure 3.10 ❚ How Hecht reasoned about what happened 
at threshold, when observers were able to see a flash of light 
when 7 photons were absorbed by visual pigment molecules. 
The 7 photons that were absorbed are shown poised above 
500 rod receptors. Hecht reasoned that because there were 
only 7 photons but 500 receptors, it is likely that each photon 
entered a separate receptor. Thus, only one visual pigment 
molecule was isomerized per rod. Because the observer 
perceived the light, each of 7 rods must have been activated.

Goldstein et al., 8ed

• Human can reliably detect a flash when only about 5 to 7 pigments are 
excited in about 500 rods; in contrast, it takes about 5 pigment excitations 
per cone in a pool of about 10 cones for humans to signal a flash.



Rod Vision is More Sensitive than Cone Vision
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Functional Specialization of the Rod 
and Cone Systems 
The two types of photoreceptors, rods and cones, are dis-
tinguished by their shape (from which they derive their 
names), the type of photopigment they contain, their dis-
tribution across the retina, and their pattern of synaptic 
connections. These properties reflect the fact that the rod 
and cone systems (i.e., the receptor cells and their con-
nections within the retina) are specialized for different 
aspects of vision. The rod system has very low spatial res-
olution but is extremely sensitive to light; it is therefore 
specialized for sensitivity at the expense of seeing detail. 
Conversely, the cone system has very high spatial resolu-
tion but is relatively insensitive to light; it is specialized for 
acuity at the expense of sensitivity. The properties of the 
cone system also allow humans and many other animals 
to see color.

Figure 11.11 shows the range of illumination over which 
the rods and cones operate. At the lowest levels of illu-
mination, only the rods are activated. Such rod-mediated 
perception is called scotopic vision. The difficulty of mak-
ing fine visual discriminations under very low light con-
ditions where only the rod system is active is a common 
experience. The problem is primarily the poor resolution 
of the rod system (and to a lesser extent, the fact that there 
is no perception of color because in dim light there is no 
significant involvement of the cones). Although cones be-
gin to contribute to visual perception at about the level 
of starlight, spatial discrimination at this light level is still 
very poor.

As illumination increases, cones become more and more 
dominant in determining what is seen, and they are the 
major determinant of perception under conditions such 
as normal indoor lighting or sunlight. The contributions 

of rods to vision drops out nearly entirely in photopic vi-
sion because their response to light saturates—that is, the 
membrane potential of individual rods no longer varies as 
a function of illumination because all of the membrane 
channels are closed (see Figure 11.9). Mesopic vision oc-
curs in levels of light at which both rods and cones contrib-
ute—at twilight, for example. From these considerations it 
should be clear that most of what we think of as normal 
“seeing” is mediated by the cone system, and that loss 
of cone function is devastating, as occurs in individuals 
suffering from macular degeneration (see Box 11B). Peo-
ple who have lost cone function are legally blind, whereas 
those who have lost rod function only experience difficulty 
seeing at low levels of illumination (night blindness).

Differences in the transduction mechanisms utilized 
by the two receptor types are a major factor in the ability 
of rods and cones to respond to different ranges of light 
intensity. For example, rods produce a reliable response to 
a single photon of light, whereas more than 100 photons 
are required to produce a comparable response in a cone. 
It is not true, however, that cones fail to effectively capture 
photons. Rather, the change in current produced by single 
photon capture in cones is comparatively small and diffi-
cult to distinguish from background noise.

Another difference is that the response of an individual 
cone does not saturate at high levels of steady illumina-
tion, as the rod response does. Although both rods and 
cones adapt to operate over a range of luminance values, 
the adaptation mechanisms of the cones are more effec-
tive. This difference in adaptation is apparent in the time 
course of the response of rods and cones to light flashes. 
The response of a cone, even to a bright light flash that 
produces the maximum change in photoreceptor current, 
recovers in about 200 ms, more than four times faster than 
rod recovery (Figure 11.12A).
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FIGURE 11.11 The range of luminance values over 
which the visual system operates. At the lowest levels of 
illumination, only rods are activated. Cones begin to contrib-

ute to perception at about the level of starlight and are the 
only receptors that function under relatively bright conditions.

11_PurvesNS_6e.indd   245 9/15/17   10:36 AM



Why?

• A single rod has a higher signal-to-noise ratio (SNR) than a cone 
• Higher single photon response in rod 

• Lower noise in rod 

• A single rod’s response kinetics is longer, which increases the effective 
signal integration time 

• Rods have a higher degree of convergence (to RGCs)

�57



Signal: mean value 
Noise: Std. of value 
SNR = Signal / Noise

Signal to Noise Ratio (SNR)

�58

36 Essential Principles of Image Sensors

As the amplitude of noise is represented by its difference from a true value, the noise 
amplitude N is shown as

N s t s

s t s

= ( ) −

= ( ) −

0

0
2

 (3.2)

In the case of a complete random temporal noise, the average value 〈N〉 is zero as follows:

 N s t s= ( ) − =0 0  (3.3)

The summation of a number of uncorrelated noises is expressed as follows:
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Using Equation 3.3, Equation 3.4 is rewritten as follows:

N Ni

i

total = ∑ 2 (3.5)

t
s(t): real output overlapped with noise

S0: true value

FIGURE 3.2
Signal overlapped with noise and the true signal value along a time axis.
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FIGURE 3.1
Classification of noise in image sensors.

Essential Principles of Image Sensors, Takao Kuroda



Single Photon Response
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Figure 1.4 - Primate cones have a lower gain, higher noise and faster kinetics 
than primate rods. 
a. Estimated single photon response in darkness in a primate L-cone.
b. Corresponding current dark noise. Notice the 100-fold difference in scales between 
(a) and (b).
c. Single photon responses from example cone in (a) (red trace) and from example rod 
(Figure 1.2) (black trace) have been overlaid to highlight the differences in gain 
evidenced by the differences in peak amplitude.
d. The same single photon responses have been normalized to highlight the faster 
kinetics in cones.
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Angueyra-Aristizábal, Dissertation 2014

• Single photon response 
• Rod is ~20x higher than cone 

• ~30 pigment excitations closes half of 
the ion channels in a rod. It requires 
about 650 excitations in a cone to do 
so (Baylor et al., 1984; Schnapf et al., 1990). 

• Why? Phototransduction in rods is 
much more rapid. 

• So more ion channels have already been 
closed before counteracting forces kick in



Dark Noise in Photoreceptors

�60Angueyra-Aristizábal, Dissertation 2014

• Photocurrent should be 0 in dark, 
but it’s not.  Photocurrent in dark is 
called dark noise. 

• Two components of dark noise: 
• Discrete: spontaneous thermal excitation 

of pigments 

• Continuous PDE activations 

• Dark noise is much higher in cones 
than in rods.
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Figure 1.2 - Primate rods are extremely sensitive due to a high gain and low 
noise.
a. Estimated single photon current response in a primate rod (obtained by dividing the 
average response to a dim flash by the flash intensity) in darkness 
b. Corresponding current dark noise.
c. The spontaneous activation of rhodopsin produces discrete noise events that are 
indistinguishable from a single photon response.
d. Example of discrete noise event in a different primate rod and overlay with the 
estimated single photon response.
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Figure 1.4 - Primate cones have a lower gain, higher noise and faster kinetics 
than primate rods. 
a. Estimated single photon response in darkness in a primate L-cone.
b. Corresponding current dark noise. Notice the 100-fold difference in scales between 
(a) and (b).
c. Single photon responses from example cone in (a) (red trace) and from example rod 
(Figure 1.2) (black trace) have been overlaid to highlight the differences in gain 
evidenced by the differences in peak amplitude.
d. The same single photon responses have been normalized to highlight the faster 
kinetics in cones.

12



Kinetics of Responses in Rods and Cones

�61Baylor 1987

42 INVESTIGATIVE OPHTHALMOLOGY & VISUAL SCIENCE / January 1987 Vol. 28
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Fig. 11. Photocurrent families recorded from a rod and red cone
of the monkey Macaca fascicularis. Flash monitor trace below. The
ordinate is the membrane current collected from the outer segment
by the suction electrode. Flash strengths were increased by factors of
2, and the responses grew to the saturating amplitude, at which the
dark current was completely shut off. Responses from the rod are
slower and more sensitive than those from the cone, and lack the
undershoot present in the cone responses. For the rod, the flashes
were expected to cause between 2.9 and 860 photoisomerizations,
while for the cone the corresponding figures were 190 and 36,000
photoisomerizations. Some flash responses have been averaged from
multiple trials to reduce noise.

ceptors very similar to those in the human retina. We
have compared the properties of their transduction to
the performance of the human visual system, as re-
vealed by psychophysical experiments. These compar-
isons give a physiological basis for several fundamental
features of human vision.

Photocurrents of Primate Rods and Cones

Flash-evoked photocurrent families from a rod and
red cone of the macaque are shown in Figure 11. In
both experiments, the flash strength was raised by fac-
tors of two, and the response grew to a saturating level
at which the dark current was shut off. The rod re-
sponses are similar to those obtained from amphibian
rods,15 except that the responses are roughly 5 times
faster because the experiments on the monkey pho-
toreceptors were performed at 37°C rather than room
temperature. The response to a dim flash requires about
200 msec to reach its peak, and has a mean duration

(integration time) of around 300 msec. The persistence
of the rod excitation after a flash must contribute to
the slowness of human rod vision. Single photon re-
sponses have been recorded from the macaque rods
and show amplitudes of about 0.7 pA, very similar to
those of the toad rods.

Responses from primate cones are faster than those
from the rods. For example, after a dim flash, the cone
response in Figure 12 rises to its peak in about 50 msec.
Cone responses are also much less sensitive; about 30
photoisomerizations give a rod response of half-satu-
rating amplitude, while the corresponding response in
a cone requires about 3000 photoisomerizations. The
differences in the kinetics and sensitivity of the rod and
cone responses help to explain the differences in the
sensitivity and time resolution of rod and cone vision.

In our experiments, the responses of all three types
of cone had similar kinetics and sensitivities. There
was no evidence that the blue cones were slower or
more sensitive than the red and green cones, suggesting
that the peculiar properties of the blue pathway in psy-
chophysical experiments26131 may depend on mecha-
nisms central to the cones themselves.

The flash responses of cones show a striking under-
shoot on the recovery phase. This resonant behavior
is obvious in the smallest measurable responses, and
appears to be a property of the single photon effect
itself. The resonance makes the cones selectively sen-
sitive to dynamic changes; when a step of light is sud-
denly turned on or off, the membrane current shows
a large spike before the steady state response. Analysis
reveals that the cones should respond optimally to light
flickering at frequencies near 5 Hz. This is about where
the flicker sensitivity of human cone vision is maxi-
mal,76 and it thus seems attractive to suppose that the
resonance in psychophysical experiments may result
from the resonance in the cones. The nature of the
mechanism that produces the resonance remains to be
worked out.

Rod Noise and Psychophysical "Dark Light"

In darkness, the primate rods, like toad rods,17 give
occasional spontaneous signals resembling responses
to single photons.19 In monkey rods, these events occur
about once every 160 sec on average. Psychophysicists
have suggested that the human rod system contains an
intrinsic source of spontaneous excitation with effects
identical to those of a very dim light acting on the
rods.5"7 This noise has been quantified, and found to
have a magnitude equivalent to one photoisomeriza-
tion per rod per 100 sec. Within experimental error,
this frequency is the same as that of the electrically
measured noise events, suggesting that the two phe-
nomena are identical.

Downloaded from iovs.arvojournals.org on 07/27/2023

• Cone response decays much faster than 
does rod. 

• Because deactivation force is stronger in cones 

• A longer duration integrates responses of 
more incoming photons. 

• If the time durations of two excitations overlap, 
the total electrical response is greater than that 
of one excitation.

* from macaque rod and L cone



• Downside of being more sensitive. Saturation difference is unlikely 
affected by differences in the speed of pigment regeneration. 

• Tens of millions of pigments in a photoreceptor, but a rod saturates after a few hundred 
pigment excitations.

Rod Vision Saturates Much More Easily
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Functional Specialization of the Rod 
and Cone Systems 
The two types of photoreceptors, rods and cones, are dis-
tinguished by their shape (from which they derive their 
names), the type of photopigment they contain, their dis-
tribution across the retina, and their pattern of synaptic 
connections. These properties reflect the fact that the rod 
and cone systems (i.e., the receptor cells and their con-
nections within the retina) are specialized for different 
aspects of vision. The rod system has very low spatial res-
olution but is extremely sensitive to light; it is therefore 
specialized for sensitivity at the expense of seeing detail. 
Conversely, the cone system has very high spatial resolu-
tion but is relatively insensitive to light; it is specialized for 
acuity at the expense of sensitivity. The properties of the 
cone system also allow humans and many other animals 
to see color.

Figure 11.11 shows the range of illumination over which 
the rods and cones operate. At the lowest levels of illu-
mination, only the rods are activated. Such rod-mediated 
perception is called scotopic vision. The difficulty of mak-
ing fine visual discriminations under very low light con-
ditions where only the rod system is active is a common 
experience. The problem is primarily the poor resolution 
of the rod system (and to a lesser extent, the fact that there 
is no perception of color because in dim light there is no 
significant involvement of the cones). Although cones be-
gin to contribute to visual perception at about the level 
of starlight, spatial discrimination at this light level is still 
very poor.

As illumination increases, cones become more and more 
dominant in determining what is seen, and they are the 
major determinant of perception under conditions such 
as normal indoor lighting or sunlight. The contributions 

of rods to vision drops out nearly entirely in photopic vi-
sion because their response to light saturates—that is, the 
membrane potential of individual rods no longer varies as 
a function of illumination because all of the membrane 
channels are closed (see Figure 11.9). Mesopic vision oc-
curs in levels of light at which both rods and cones contrib-
ute—at twilight, for example. From these considerations it 
should be clear that most of what we think of as normal 
“seeing” is mediated by the cone system, and that loss 
of cone function is devastating, as occurs in individuals 
suffering from macular degeneration (see Box 11B). Peo-
ple who have lost cone function are legally blind, whereas 
those who have lost rod function only experience difficulty 
seeing at low levels of illumination (night blindness).

Differences in the transduction mechanisms utilized 
by the two receptor types are a major factor in the ability 
of rods and cones to respond to different ranges of light 
intensity. For example, rods produce a reliable response to 
a single photon of light, whereas more than 100 photons 
are required to produce a comparable response in a cone. 
It is not true, however, that cones fail to effectively capture 
photons. Rather, the change in current produced by single 
photon capture in cones is comparatively small and diffi-
cult to distinguish from background noise.

Another difference is that the response of an individual 
cone does not saturate at high levels of steady illumina-
tion, as the rod response does. Although both rods and 
cones adapt to operate over a range of luminance values, 
the adaptation mechanisms of the cones are more effec-
tive. This difference in adaptation is apparent in the time 
course of the response of rods and cones to light flashes. 
The response of a cone, even to a bright light flash that 
produces the maximum change in photoreceptor current, 
recovers in about 200 ms, more than four times faster than 
rod recovery (Figure 11.12A).
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FIGURE 11.11 The range of luminance values over 
which the visual system operates. At the lowest levels of 
illumination, only rods are activated. Cones begin to contrib-

ute to perception at about the level of starlight and are the 
only receptors that function under relatively bright conditions.
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RESPONSE AND SENSITIVITY OF MONKEY RODS

amplitudes of the outward-going photocurrents were graded with the photon density
of the flash. The saturating photocurrent, which presumably corresponds to
complete suppression of the inward dark current (Penn & Hagins, 1972; Baylor
et al. 1979a), was 34 pA in this rod and varied between cells (Table 1). The dark
currents measured here agree with estimates of 18-40 pA from recordings of

30

pA 20-

10

I ,I

0 1-0 2-0
Time (s)

Fig. 1. Family ofsuperimposed responses to 11 ms flashes ofincreasing strength, with outer
segment current plotted relative to dark level (outward change in membrane current
plotted upwards). Stimulus timing shown by flash monitor below records. Lower traces
averaged from up to six responses, uppermost trace is a single sweep. Flash photon
densities raised from 1-7 to 503 photons 4m-2 at 500 nm. Band width 0-50 Hz, temperature
36 'C, bicarbonate buffer. Cell 7 in Table 1.

massed currents of albino rat rods at the same temperature (Hagins, Penn &
Yoshikami, 1970, confirmed by our measurements with suction electrodes). After the
two brightest flashes in Fig. 1, the photocurrent showed a long tail 2-5 pA above the
dark level. This component of the response is described further on p. 593.

Dependence of response amplitude on flash strength. The variation of peak response
amplitude with flash strength is plotted on normalized axes in Fig. 2, which collects
results from five rods with large responses. The smooth curve was drawn according
to the exponential saturation characteristic (Lamb, McNaughton & Yau, 1981):

r/rmax=- e-kri, (2)

where r is the amplitude at the peak of the response, rmax the amplitude of the
maximal response, i the flash photon density (in photons ,um-2) and kf is a
proportionality constant characteristic of the cell. The constant kf is related to the

19-2
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half-saturating flash strength, io, by io = (in 2)/kf. Values of kf, sensitivity to dim
flashes and maximum response amplitude for the cells of Fig. 2 and for other cells
with large rmax are given in Table 1. The average value of kf was 0-036+ 0014 /tm2
(mean +S.D., seven cells in Table 1). Assuming an effective collecting area of 1P7 /sm2
(see p. 578), about thirty isomerizations elicited a half-maximal response, and 200

10

rirmax

05

0 _
0*01 0.1 1 10 100

kf i
Fig. 2. Relation between normalized photocurrent at the peak of the flash response and
normalized flash photon density (logarithmic scale). Collected results from five cells
(individual values of rmax and kf given in Table 1). Curve drawn according to eqn. (2) of
text.

isomerizations just saturated. Eqn. (2) describes the relation between photon density
and response amplitude in toad rods at fixed early times after a flash (Lamb et al.
1981), but is steeper than the Michaelis relation which fits the peak amplitudes of
responses of toad rods (Baylor et al. 1979a).
The response would grow toward saturation according to eqn. (2) if each photo-

isomerization completely suppressed the inward current along a fixed, short length
of outer segment and if the length of the blocked region varied with the time course
of the observed response (Lamb et al. 1981). The constant kf corresponds to the
effective collecting area of the short segment that is blocked by one photon at the
peak of the response. This length, A, can be calculated by

A = Lkf/Ac, (3)
where L is the length of the outer segment and Ac is the effective collecting area of
the entire outer segment. For kf = 0-036 #Mm2, L = 25,m and Ac = 1 7 #m2, A
corresponds to 0 53 ,sm.

Kinetics of responses to dim flashes. The points in Fig. 3 show the average response
of a rod to a series of dim flashes. The continuous curve through the points has the
form of the impulse response of the Poisson filter of Baylor, Hodgkin & Lamb (1974).
Their eqn. (44) may be rewritten in normalized form as

r*(t) = iSD[te(I-]]1n-,(
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(Peak) Response vs. Light Intensity

�64Baylor et al., 1984

* Macaque rods

Flash intensity in log scale

Peak response 
in linear scale



(Peak) Response vs. Light Intensity
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Same data but both in linear scale

• Electrical response vs. light 
intensity is not linear! 

• ~exponential saturation 

• as if the photoreceptor becomes less 
sensitive when light becomes more 
intensity: desensitization 

• essential for adaptation; more later. 

• This doesn’t contradict the Principle of 
Univariance! 

• Why do photoreceptors 
desensitize? What benefit?

If the initial rate were maintained, 
the rod would very quickly saturate



(Peak) Response vs. Light Intensity
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• Why not linear? 
• Think of what produces the responses 

• ~Linear when the light is dim 
• That’s how people estimate single 

photon response (assuming this limited 
linearity) 

• This is also why perceived 
brightness is not linear w.r.t. light 
power/intensity

Same data but both in linear scale

If the initial rate were maintained, 
the rod would very quickly saturate



Brightness Encoding
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Linearly increase light power/intensity

Allocate more bits to 
encode this range

Allocate fewer bits to 
encode this range

0 25524 48



Brightness Encoding
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Linearly increase light power/intensity

sRGB encoding of brightness

0 255
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Key Things to Take Away

• Principle of univariance: 
• Electrical response is independent of wavelength 

• Implication: if two lights cause the same amount of pigment excitation, they are see as 
the same light. 

• Overall photoreceptor sensitivity = ocular transmittance x macular 
transmittance x photoreceptor absoprtance 

• Phototransduction is a cascade of biochemical reactions caused by a single 
pigment excitation closing ion channels and producing photocurrents.
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Key Things to Take Away

• Two countering forces that prevent our vision from constant saturation 
• Pigment regeneration 

• Deactivation of phototransduction 

• Former happens in minute-scale and latter in ms-scale 

• Rod vision is more sensitive than cone vision and is more easily saturated 
• Photoreceptor response vs. light intensity is not linear, and that’s why your 

perceived brightness is not linear w.r.t. light intensity
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