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Abstract 36 

The study of individual differences in perception at absolute threshold has a rich history, with much of 37 

the seminal work being driven by the need to identify those with superior abilities in times of war. 38 

Although the popularity of such testing waned in the latter half of the 20th century, interest in 39 

measures of visual function at the absolute limit of vision is increasing, partly in response to emerging 40 

treatments for retinal diseases, such as gene therapy and cellular therapies, that demand "new" 41 

functional measures to assess treatment outcomes. Conventional clinical, or clinical research, testing 42 

approaches generally assess rod sensitivity at or near absolute threshold: however, cone sensitivity is 43 

typically assayed in the presence of adapting backgrounds. This asymmetry may artifactually favor 44 

the detection of rod abnormalities in patients with outer retinal disease.  45 

 46 

The past decade has seen the commercialization of devices capable of assessing absolute threshold 47 

and dark adaptation, including specialized perimeters and instruments capable of assessing "full-field 48 

sensitivity threshold" that seek to integrate responses over time and space in those with unstable 49 

fixation and/or limited visual fields. Finally, there has also been a recent recapitulation of tests that 50 

seek to assess the subject's ability to interpret the visual scene at or near absolute threshold. In 51 

addition to assessing vision, such tests simultaneously place cognitive and motor demands on patients 52 

in line with the activities of daily living they seek to replicate. 53 

 54 

We describe the physical and physiological basis of absolute threshold and dark adaptation. 55 

Furthermore, we discuss experimental psychophysical and electrophysiological approaches to studying 56 

vision at absolute threshold and provide a brief overview of clinical tests of vision at absolute 57 

threshold. 58 

 59 

 60 

  61 



 3 

Introduction 62 

Although it has perhaps long been overlooked clinically, absolute visual threshold — hereafter 63 

assumed to be the minimum light stimulus required to evoke a visual response from a fully dark-64 

adapted receptoral mechanism — has important ecological implications for species possessing the 65 

sense of vision. For example, nocturnal animals possess molecular (“stable” photopigments generating 66 

little molecular noise; inactivating mutations in genes encoding less sensitive photopigments),61 67 

physiological (e.g. rod-dominated retinas), and anatomical adaptations (e.g. comparatively large 68 

corneas/ entrance pupils69 and orbits,67 a tapetum lucidum)19 that are argued to confer small, but 69 

significant, biological advantages to absolute visual threshold. Much of the research into visual 70 

function at absolute threshold in the first half of the 20th century had been directly or indirectly driven 71 

by the engine of war: vision research before and during World War II was partly directed towards 72 

identifying and selecting military personnel with superior vision at absolute threshold.35; 97; 122 These 73 

early experiments established a correlation between the absolute threshold of vision, scotopic acuity, 74 

and performance at tasks that required interpretation and judgement of complex scenes in normal 75 

subjects.122 Subsequently, interest in this aspect of vision saw something of a decline, despite the fact 76 

that many retinal diseases appear to preferentially affect photoreceptor function at absolute 77 

threshold.57; 116; 117 More recently, however, there has been a resurgence in the level of interest in 78 

absolute threshold as the result of emerging treatments for retinal disease, including gene therapy, 79 

stem cell therapy and electronic retinal prostheses.33; 64; 104; 105; 112 This, in turn, has led to the 80 

reintroduction of tests designed to determine absolute threshold and practical tasks of vision 81 

conducted at, or near, absolute threshold. 82 

 83 

Here, we provide a brief overview of the machinery of vision at the retinal level and describe the 84 

physical and physiological basis of absolute threshold and dark adaptation. Next, we discuss briefly 85 

experimental psychophysical and electrophysiological approaches to studying vision at absolute 86 

threshold and conclude by discussing clinical tests of vision at absolute threshold. 87 

 88 

1. THE MACHINERY OF VISION 89 

The human visual system can operate over a vast range of luminance levels, spanning at least 10 log 90 

units.118 The (entrance) pupil of the eye can only adjust itself over a range of approximately 2 to 8 91 

mm in diameter, giving a little over 1 log unit of control over retinal illuminance. In part, the wide 92 

range of functioning of the human visual system is possible because the retinal receptor system is 93 

duplex in nature: the two morphologically distinct photoreceptors operate over a different range of 94 

luminance levels: the rods being used at lower illumination levels (scotopic levels), while the cones are 95 

used when illumination levels are higher (photopic levels).115 An additional class of photoreceptors has 96 
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more recently been identified: the intrinsically photosensitive retinal ganglion cells (ipRGCs). These 97 

were initially thought to be involved exclusively in regulating non-image forming vision via non-98 

cortical pathways – mainly the pupillary light reflex1; 29; 50 and diurnal entrainment; however, 99 

emerging evidence supports a possible contribution to cortically-mediated visual processing.25; 29; 129; 100 

146  101 

 102 

In common with other mammals, rod photoreceptors comprise the bulk of the photoreceptor population 103 

in humans — approximately 120 million in total — despite being a relatively recent addition in 104 

evolutionary terms. The cone photoreceptor population is roughly 5% of that of the rods, at about 6 105 

million per eye.2; 87 The cones have their peak density at the fovea (300,000 cells.mm-2) and their 106 

density declines sharply with increasing eccentricity, except for a steep increase at the ora serrata.2 107 

The rods, by contrast, are absent from the most central retina, but otherwise have a comparatively 108 

constant density that peaks at about 160,000-190,000 cells.mm-3 at 20-30° eccenticity.2 The rods 109 

and cones differ in several important respects, and many of these differences combine to determine 110 

each system’s sensitivity at absolute threshold. Both classes of photopigment absorb light via a 111 

photopigment that consists of a heptahelical protein, or opsin, covalently bound to 11-cis-retinal, 112 

which is in turn derived from vitamin A.81 Opsins are members of a superfamily of G-protein-coupled 113 

receptor molecules, and absorption of a light quantum leads to isomerization (so-called 114 

“photoisomerization”) which in turn activates an amplifying cascade of reactions ultimately leading to 115 

the closure of cation channels in the photoreceptor outer segment membrane. This leads to 116 

hyperpolarization and a decrease in the release of neurotransmitter (glutamate) into the synaptic 117 

cleft.144; 145 118 

 119 

The signal is taken up again by the second-order neurons – the bipolar cells – of which there are a 120 

dozen physiologically and/or morphologically distinct types.87 These may receive input from either 121 

rods141 or cones. Further, cone bipolar cells are specialized to receive input from different 122 

photoreceptor classes.87 At the fovea a single cone photoreceptor may uniquely provide input to a 123 

single bipolar cell. As the name coincidentally implies, bipolar cells convert the unipolar response of 124 

photoreceptors into a bipolar signal by either depolarizing (ON -bipolar cells) or hyperpolarizing 125 

(OFF-bipolar cells) in response to light. Furthermore, their responses are “tuned” through lateral 126 

interactions mediated by horizontal cells, and they provide inputs into the tertiary neurons of the 127 

retina: the retinal ganglion cells (RGCs).87 Rod bipolar cells (which are exclusively ON-bipolar cells) 128 

do not synapse directly to ganglion cells, but rather make a connection via the AII amacrine cell142 to 129 

the ON- and OFF- cone bipolar cells which, in turn, synapse with ganglion cells. Thus the cone system 130 

piggybacks the rod system.138 In the central retina, each rod spherule contacts two rod bipolar cells, 131 



 5 

which in turn contact approximately five AII cells. Simultaneously, there is neural convergence in the 132 

rod pathway; around 500 rods converge on one AII cell. The rods are apparently represented in both 133 

the magno- and parvocellular systems. Scotopic acuity is believed to be too high to be supported by 134 

the magno system alone.80 In turn, the RGCs are highly specialized, with separate populations 135 

carrying information in parallel.87 For example, there are at least 4 types of distinct RGC specialized 136 

for processing signals received from the S-cones, though there are no rod-specific RGCs.87; 127 It will 137 

be noted that a significant amount of processing of the incoming light signal is performed in the retina 138 

through complex cellular networks that act in parallel.143 139 

 140 

The rods demonstrate greater convergence onto retinal ganglion cells than the cones, an unsurprising 141 

fact given the total population of rods (120 million), cones (6 million) and RGCs (1.125 million).36 142 

Rods derive a greater sensitivity than cones through the cumulative effects of a variety of 143 

adaptations. The rod photopigment, rhodopsin, is believed to be fundamentally more stable (i.e. less 144 

prone to spontaneous “quantal-like” events) than the cone photopigments. This was initially 145 

hypothesized to be a function of its wavelength of peak sensitivity (λmax = 496nm; see Figure 1)37 by 146 

Barlow,12 but has also been proposed to reflect other molecular factors which alter thermal stability.91 147 

In addition to being less “noisy” than the cone photopigments, rhodopsin also appears to be more 148 

efficient in its interaction with the effectors of the phototransduction cascade.58 Additional factors also 149 

help improve the rod’s sensitivity at the cellular level, including outer segment morphology.58 The 150 

kinetics of rod activation are such that they integrate the incoming light signal over a longer time 151 

course (at the expense of temporal resolution).58 The aforementioned convergence onto second- and 152 

third-order retinal neurons also integrates rod responses over space,39 which again affords overall 153 

improvements in sensitivity at the expense of spatial resolution.  154 

 155 

2. SIGNAL VS NOISE & ADAPTATION TO ABSOLUTE THRESHOLD 156 

The task of the visual system is to detect a light signal incident on the retina. This “signal” is not 157 

detected in isolation, but rather, it is detected in the presence of “noise”. This noise may be inherent in 158 

the signal itself or present at the receptoral or post-receptoral level.  159 

 160 

a. Quantal fluctuations/signal noise 161 

Hecht, Schlaer, and Pirenne52 were the first to apply quantum theory to the analysis of signal 162 

detection by the visual system. Previously, it had been assumed “that the stimulus is constant and the 163 

organism variable”.52 They demonstrated, however, that there is inherent variability in the stimulus 164 

itself. 165 

 166 
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If we consider the case of a shutter opening and closing at regular intervals to present a stimulus of 167 

fixed size, duration and radiance, the number of quanta delivered at each “opening” is not constant. 168 

Instead, the number of quanta follows a Poisson distribution. If the eye were a perfect detector, then 169 

absolute sensitivity would depend only upon this quantal variation, which has been termed “quantum 170 

noise”.86 171 

 172 

b. Dark noise 173 

Barlow demonstrated that quantum noise could not account for psychophysical estimates of absolute 174 

sensitivity; he proposed that there must also be a source of noise within the observer.11 The amount of 175 

Poisson noise that must be delivered to an ideal detector to degrade its performance to the level of a 176 

human observer is termed the “dark noise”.86 Such “noise” can be attributed to two distinct 177 

mechanisms:118 178 

 179 

i. Receptoral noise: This form of noise is generated in the rod itself and may be the result of 180 

spontaneous closing and openings of cGMP channels in the rod outer segment75 from fluctuations in 181 

the concentrations or lifetimes of the biochemical intermediates of the phototransduction cascade 182 

(including the lifetime of activated rhodopsin), from reverse reactions in the inactivation of isomerized 183 

rhodopsin following intense bleaches, or from thermal isomerizations. In total darkness, rods display 184 

quantal events similar to those observed at low light levels. The phenomenon was first observed in the 185 

toad rod,16 and then in the primate rod.17 The rate of spontaneous quantal events in simian rods has 186 

been used to account for dark noise in human observers.76 In the toad rod, it is estimated that 187 

spontaneous isomerization occurs approximately every 50 seconds or so. Because the number of 188 

rhodopsin molecules per rod is known, one may calculate the spontaneous isomerization rate of one 189 

rhodopsin molecule. There are approximately 2 x109 rhodopsin molecules in one toad rod. If we 190 

multiply this number by the total rate of spontaneous isomerizations, we find that one rhodopsin 191 

molecule will display a spontaneous isomerization once every 1011 seconds (about 3200 years). The 192 

rate of spontaneous quantal events arising in total darkness from the rods of Macaca fascicularis is 193 

0.0063 per second (once every 2min 39sec at 37°C).17 These spontaneous events are thought to be 194 

primarily the result of thermal isomerizations of rhodopsin molecules.76 Receptoral sources of noise 195 

may be additive in nature (i.e. the noise is continuously present and/or independent of the strength of 196 

the signal) or multiplicative (i.e. proportional to the magnitude of the signal).118 197 

 198 

ii. Neural noise. It can be shown psychophysically that the total internal noise is equivalent to a rate of 199 

up to 0.04 isomerizations per second (i.e. as high as once every 25 sec).86 If the rate of spontaneous 200 

isomerizations for the isolated monkey rod can be used to approximate the rate occurring in human 201 
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rods in vivo, then it becomes apparent that not all of the noise that limits absolute threshold arises 202 

from the photoreceptors.86 It has previously been estimated that around half of the total internal noise 203 

is due to neural noise.14 Such neural noise may result from the spontaneous release of neurotransmitter 204 

from synaptic terminals, fluctuations in the threshold for the initiation of nerve impulses and the 205 

threshold criterion of the subject.118 Evidence gained from power spectral analysis of the discharge of 206 

ganglion cells in the cat suggests that irregularities remain roughly constant when the discharge rate is 207 

raised or lowered by visual stimulation (and thus, the noise is assumed to be largely additive rather 208 

than multiplicative).102 209 

 210 

c. The effects of pathology on the signal to noise ratio 211 

Derangements of normal physiology can be conceptualized as altering the strength of the incoming 212 

signal, the level of noise, or both. For example, decreases in the quantal efficiency of the 213 

photoreceptors, e.g. through defects arising from reductions in the optical density of the photopigment 214 

in the outer segments or alterations to the opsin itself,8 are anticipated to result in a decreased neural 215 

signal; however, specific mutations – particularly dominant “gain of function” mutations – may result in 216 

constitutively active components of the phototransduction cascade.44 This may effectively increase 217 

inherent noise (while also decreasing signal). Alterations in the signal to noise ratio at the level of the 218 

photoreceptors and at the post-receptoral level have the effect of elevating absolute threshold; 219 

however, analysis of threshold versus intensity functions suggests that they have different effects once 220 

light adaptation commences.57; 116; 117; 126 Receptoral pathology is hypothesized to result in a so-221 

called “filter effect”. This translates threshold versus intensity functions upwards and rightwards (See 222 

Figure 2) and has been termed d1/2 mechanism loss.57 Post-receptoral pathology, however, is 223 

theorized to result in upwards translation only; this is known as d3 mechanism loss.57 These 224 

observations have important implications for clinical testing and underscore the power of assessing 225 

photoreceptor mechanisms at absolute threshold.126 In particular, assessment at absolute threshold is 226 

predicted to detect alterations from both pathology resulting in d1/2 mechanism loss, as well as d3 227 

mechanism loss.65; 126 Probing sensitivity at higher background intensities — for example where 228 

Weber-like behavior is demonstrated — may fail to elucidate d1/2 mechanism loss (but not d3 229 

mechanism loss; see Figure 2).126 The assessment of vision at absolute threshold is not without its costs. 230 

In particular, sensitivity estimates will be vulnerable to pre-receptoral effects, including pupil size and 231 

pre-photoreceptor absorption by the ocular pigments (leaving aside long-term retinal/neural 232 

adaptation to the latter).123; 124; 126 233 

 234 

d. Adaptation to absolute threshold 235 
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Dark adaptation can be considered as the recovery of visual sensitivity following adaptation to a 236 

background illuminant that bleachesI a fraction of the photopigment in the photoreceptors. This 237 

process is relatively slow: it may take up to 40 minutes for dark-adapted sensitivity to be regained 238 

following an intense bleach.100 239 

 240 

In the isolated retina, there is an association between the bleaching of rhodopsin and exposure to 241 

light.110 It is unsurprising, therefore, that a link has been sought between the time course of recovery 242 

of visual sensitivity following a bleach and the regeneration of rhodopsin. Early experimental 243 

evidence demonstrated that the time course of rhodopsin regeneration in the frog retina roughly 244 

corresponded to that of dark adaptation.100 With the invention of fundus reflectometry, it became 245 

possible to study the time course of rhodopsin regeneration objectively in humans, in vivo. Using this 246 

technique, Campbell and Rushton28 demonstrated that the absorption properties of the dark-adapted 247 

eye closely approximated that of rhodopsin. This finding was later confirmed by Alpern and Pugh,7 248 

who compared psychophysically determined dark-adapted spectral sensitivity to the action spectrum 249 

of lights producing a 10% bleach. 250 

 251 

The time course of regeneration of the visual pigments was described as an exponential function by 252 

Rushton:107; 108 253 

 254 

B B e

t

T= 

−

0  255 

 256 

Where B is the proportion of pigment that remains bleached, B0 is the proportion of pigment 257 

bleached initially, t is time, and T is the time constant of recovery. Rushton107; 108 suggested that the 258 

log sensitivity recovery, like that of the pigment regeneration rates, followed an exponential time 259 

course with similar dynamics. This was supported by electrophysiological research conducted by 260 

Dowling in the rat.42 Threshold elevation was described according to an equation now known as the 261 

Dowling-Rushton relation: 262 

 263 
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 265 

Where I is threshold elevation and I0 is absolute threshold and a is equal to 12.6 266 

 
I Early researchers investigating the reaction to light of “Sehpurpur” (i.e. rhodopsin) noted that it turns from magenta to 
orange then yellow, and ultimately to white. This process was therefore called “bleaching”. The term “bleach” has come to 
be synonymous with the activation and subsequent depletion of rhodopsin by light. 
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 267 

Rushton’s model can still be viewed as an empirical description that provides no underlying 268 

mechanistic explanation.100 It still appears in texts on ocular physiology and is widely employed in the 269 

clinical literature;40; 122 nevertheless, there are some problems with it. With very small bleaches, the 270 

model underestimates the amount of threshold elevation (by as much as 1 log unit).76 With large 271 

bleaches at early timepoints, the estimation is even worse.76 Rushton’s model also requires a pooling 272 

of the rod signals over a large area of the retina at a site proximal to the receptors.76 Support of this 273 

theory was found when bleaching was performed using either stripes or dots.109; 110 However, 274 

subsequent experiments with striped bleaching lights demonstrated that sensitivity in regions where 275 

dark bars had been imaged was not reduced to the same extent as in regions where the bleaching 276 

bars were imaged.13 The other problem is with the time course of recovery. Pugh investigated the 277 

value of T with different bleach intensities and found that it was not constant, but rather varied with 278 

B0.98 Over substantial periods, Lamb suggests the recovery in rod sensitivity following a bleach can 279 

be described well by straight lines.76; 78  280 

 281 

Using the psychophysical data of Pugh,98 Lamb74 demonstrated in 1981 that recovery from a wide 282 

range of bleaches has three components, possibly corresponding to the exponential decay of three 283 

intermediate substances within the rod photoreceptors (named S1, S2 and S3, with time constants of 284 

approximately 5 s, 100 s and 7 min respectively). A striking feature of the S2 component for 285 

bleaches of more than 20% was that the time taken for recovery to a threshold criterion increased 286 

linearly with bleach level. This indicated that the decay of this substance appeared to be “rate-287 

limited”, such that the initial kinetics were linear and not exponential with time.  288 

 289 

Mahroo and Lamb84 later explored photopigment regeneration in cones indirectly by tracking 290 

recovery of the dim-flash cone ERG a-wave following bleaching exposures and found that 291 

regeneration following a range of bleaches appeared to proceed with the same common initial linear 292 

rate. This was consistent with a rate-limited process rather than the first order kinetics previously 293 

assumed by Rushton and others. Their model also provided a better fit to pigment regeneration data 294 

measured by retinal densitometry. Figure 3 shows the difference between the two models. Lamb and 295 

Pugh77 showed that such rate-limited kinetics also provided a good explanation for rod-mediated 296 

recoveries, consistent with a range of densitometric, electrophysiological, and psychophysical data 297 

(this has been termed the Mahroo-Lamb-Pugh, or MLP, model of pigment regeneration kinetics).  They 298 

identified the S2 component of recovery as being consistent with the removal of free opsin. In rods, 299 

free opsin can activate the phototransduction cascade,34 thus desensitizing (effectively light-adapting) 300 

the scotopic visual system, explaining the profound psychophysical threshold elevation following 301 
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bleaching exposures. As free opsin is “removed” by the delivery of 11-cis retinal to the photoreceptor 302 

outer segments (forming rhodopsin), sensitivity recovers. Such rate-limited kinetics in both rods and 303 

cones can emerge from modelling diffusion of 11-cis retinal into the outer segments from a pool of 304 

retinoid through a resistive barrier. The pool was presumed to be in the RPE, although cones also have 305 

access to a Müller-cell mediated pathway.88 Mahroo and Lamb85 later found that following 306 

extremely intense bleaches, the rate of cone-mediated recovery as measured electrophysiologically 307 

slows further (though the initial recovery is still clearly linear, rather than exponential), possibly 308 

indicating depletion of the retinoid pool.  309 

 310 

Lamb and colleagues in 201579 presented data to show that the rate-limited kinetics described 311 

above can also emerge from modelling of an enzymatic, rather than a resistive, rate limit. They 312 

provided arguments favoring the former as the basis of the kinetics seen in human rod and cone 313 

photopigment regeneration, and hence dark adaptation. Interestingly, electrophysiological recordings 314 

following intense bleaches suggest that there may be a readily available pool of cone opsin and one 315 

that is regenerated more slowly.68; 85 It is known that there is a Müller cell-mediated pathway of 316 

photopigment regeneration (in addition to the slower canonical RPE-mediated visual cycle) thought to 317 

be accessible exclusively by the cones:88 such data perhaps reflect the depletion of a “pool” made 318 

available via this faster pathway. 319 

 320 

Melanopsin regeneration kinetics are proposed to follow an exponential time course with time-321 

constants of regeneration intermediate between those of rhodopsin and the cone pigments.93 Although 322 

melanopsin can be autonomously regenerated within ipRGCs,128 regeneration under normal 323 

circumstances appears to be supported by both the RPE and the Müller cells.147  324 

 325 

3. PSYCHOPHYSICAL ESTIMATES OF ABSOLUTE THRESHOLD 326 

Hecht, Schlaer, and Pirenne demonstrated in a landmark experiment that rods can detect the 327 

absorption of a single photon,52 something that took decades to be confirmed independently via 328 

single cell electrophysiology.15; 99 In their classic experiment, which followed complete adaptation to 329 

darkness (40 minutes in a dark room), sensitivity was probed with brief (1ms) cyan (510nm) stimuli 330 

presented at 20° in the nasal field of vision. The stimuli were small – 10 min of arc – smaller than the 331 

limits of rod spatial summation/convergence onto a single RGC. It was estimated that the eye could 332 

detect 54 to 148 quanta incident on the cornea. Hecht and colleagues estimated that light loss from 333 

interface reflections (principally the cornea; estimated to be 4%), absorption by the ocular media 334 

(estimated as a further 50%), and the retina itself (estimated as an additional 80%) significantly 335 

attenuated the signal. By their calculations, only between 9 and 10% will reach the photoreceptors 336 
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(estimated as 5-14 quanta). A 10 min arc stimulus was predicted to fall on an area containing 500 337 

rods. The probability of any one rod receiving a signal of two quanta was estimated at 4%. These 338 

observations led them to conclude that single quantal absorption by 5-14 rods occurs at absolute 339 

threshold under these conditions.52 More recently, it has been demonstrated that the human visual 340 

system is even more sensitive than initially supposed by Hecht and colleagues: Tinsely and coworkers 341 

employed a quantum light source to demonstrate psychophysically that human rods are capable of 342 

detecting a single quantum incident at the cornea with greater than chance probability.136  343 

 344 

The absolute threshold of the cone mechanisms can be assessed psychophysically via manipulations of 345 

the target wavelength (long wavelength targets favor detection by the M+L-cone mechanism),125 346 

adapting conditions (dim adapting backgrounds may be sufficient to adapt the rod mechanism, but 347 

insufficient to significantly elevate the threshold of the cone mechanisms from absolute values; 348 

differences in bleach recovery times may also be used to assess cone absolute threshold prior to the 349 

cone-rod break),126; 133 stimulus size, duration (brief/flickering, small stimuli favor detection by the 350 

M+L-cone mechanism)73 and stimulus location (foveal presentation favors the M+L cone mechanism).73 351 

 352 

Absolute threshold is affected by stimulus parameters, including the size, duration and spectral 353 

composition of the stimulus.55; 119; 125; 140 It will also be noted that, while testing under conditions of 354 

absolute threshold has the advantage of uncovering losses in sensitivity not revealed when the visual 355 

system exhibits Weber-like behavior (see above),126 it also introduces the possibility of variations in 356 

sensitivity introduced through non-retinal/pre-receptoral variations, including the entrance pupil size 357 

of the eye and filtering by the ocular media.126 358 

 359 

It is important to note that the conventional way of determining the minimum light stimulus required to 360 

detect a target is arguably ethologically unsound. Predators do not emit light, and might absorb more 361 

light than their surrounds, so in dim environments may be even darker than the surround. What is 362 

presumably of adaptive advantage is to detect, in a very dimly lit environment, an object that is even 363 

darker than its surroundings, i.e. the minimum decrement detectable at some very low ambient 364 

intensity. Such a threshold involves more variables and is understandably more complicated; however, 365 

it might arguably be more representative of the natural situation. 366 

 367 

4. ELECTROPHYSIOLOGICAL ESTIMATES OF ABSOLUTE THRESHOLD 368 

The conventional approach in the clinical electrophysiology of vision differs from psychophysics: 369 

instead of estimating the threshold for a visual response, the amplitude and time course of electrical 370 

responses generated from the retinal circuitry for pre-defined stimuli are assessed. Early attempts at 371 
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estimating the threshold of vision via electroretinography (ERG) were marred by the inherent noise in 372 

obtaining recordings, and thresholds for single stimuli were approximately 1.5 log units above the 373 

psychophysical threshold for rods under dark-adapted conditions.46 The application of signal 374 

averaging in the 1960s improved this difference to 0.6 log units, which allowed for the recognition 375 

and recording of a small corneal negative wave.46 This wave was reported to be obscured by the b-376 

wave at around 3.3 log units above the absolute threshold of vision.46 Recording of scotopic threshold 377 

ERGs remains a specialized technique that is not part of the standard clinical armamentarium, and 378 

measurements of this kind have come to be known as the “scotopic threshold response” (STR), a term 379 

first applied to electroretinograms from animals120 and later to the human ERG.121 The original 380 

supposition was that the STR represented a form of rod a-wave;46 however, it was subsequently 381 

determined through comparative studies that it is likely to arise from post-receptoral cells.120; 121  382 

 383 

The isolation of cone-driven from rod-driven responses is challenging and most often involves light 384 

adaptation and/or manipulation of the spectral composition of the stimulus or its temporal properties. 385 

The standard clinical method of recording cone-driven responses is by delivering stimuli in the 386 

presence of a white background (30 photopic cd m-2 through a pharmacologically dilated pupil) that 387 

preferentially adapts the rods; however, this background also significantly light adapts the cones, and 388 

so the dark-adapted cone response cannot be evaluated. Nevertheless in some conditions, cone 389 

function may be selectively impaired in the light-adapted state. Dim red flashes delivered in the 390 

dark-adapted state are sometimes used to assess the dark-adapted cone-driven responses: these 391 

give rise to a shorter latency “x-wave” arising from cone-driven bipolar cells that precedes the larger 392 

b-wave arising from rod-driven bipolar cells. Other techniques include the delivery of stimuli in the 393 

presence of a dim blue background of sufficient scotopic luminance to desensitize the rods, but of low 394 

photopic luminous efficacy, such that the cones are minimally adapted, or soon (e.g. 300 ms) after 395 

extinction of such a background, or closely (approximately 1 s) following a prior bright flash at a 396 

time point at which the cones, but not the rods, have recovered sensitivity.23; 24; 94; 103; 139 397 

 398 

It is important to note that specialized protocols for determining ERG thresholds against backgrounds 399 

of increasing intensities reveal that the same issues described above for psychophysical estimates also 400 

apply to ERGs.116 That is, d1/2 mechanism loss is believed to result in upwards and rightwards shifts in 401 

the ERG threshold versus background intensity function, whilst d3 mechanism loss results in an upwards 402 

shift. This means that the most sensitive means of probing loss due to outer retinal pathology may 403 

theoretically be under conditions close to absolute threshold. 404 

 405 

5. CLINICAL ASSESSMENT OF VISION AT ABSOLUTE THRESHOLD 406 
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a. Dark Adaptation 407 

A typical dark adaptation curve is seen in Figure 4. Following the cessation of a bleach, the visual 408 

system's sensitivity recovers rapidly for the first minute or so and then reaches a plateau. In this 409 

portion of the curve, threshold is determined by the cone photoreceptors. Previous studies have 410 

modelled kinetics of cone system dark adaptation following various bleaches.95 After several minutes 411 

the visual system undergoes a second drastic recovery in sensitivity. In this portion of the curve, it is the 412 

rod photoreceptors that govern threshold. Rod mediated thresholds can be divided into two 413 

components – the so-called S2 and S3 phases (see Figure 3).78 The transition between the cone and 414 

rod portions of the dark adaptation curve is often termed the cone-rod break. The experimenter can 415 

vary the time of the cone-rod break simply by altering certain features of the stimulus: for example, if 416 

one were to use a long wavelength stimulus, this would favor detection by the cone system, as the 417 

ratio of the luminous efficiencies for the V (i.e. M+L-cone mechanism) and V´ (i.e. rod) functions will 418 

be maximal for long wavelengths; hence the break occurs later in the time course of recovery, if at 419 

all. Conversely, if a short test wavelength is used, the rod system will be favored, and the cone-rod 420 

break occurs earlier in the time course of adaptation. If stimuli are small enough and centered at the 421 

foveola, then the normal dark adaptation curve is always monophasic, consisting only of the initial 422 

cone portion of the curve.66 423 

 424 

One of the most popular devices for performing clinical dark adaptation manually was the 425 

Goldmann-Weekers Dark Adaptometer, which is still used today in some centers.20; 53 This has largely 426 

been supplanted by automated techniques. For example, modifications of the 700 series of the 427 

Humphrey Visual Field Analyzer (HVFA) have been undertaken to enable the device to perform dark 428 

adaptometry.47; 56; 90; 131; 132 Generally, an external illumination source is required to provide a 429 

“bleaching” light and an external computer controls the motor of the neutral density wheel in the 430 

optical path of the stimulus. Currently, there are commercially available devices for recording dark 431 

adaptation curves. One such dedicated device is the AdaptDx® (MacuLogix, Hummelstown, PA), 432 

launched initially in 2014.54; 59; 60; 137 The device uses a short, intense period of light adaptation to 433 

cyan light at 505nm (default 0.8ms, estimated to be equivalent to an 83% rod bleach; see Table 1) 434 

to a 4° x 4° field. Sensitivity is subsequently determined for 2° cyan (505nm) circular stimuli. At 435 

around the same time, the MetroVision® (Paris, France) released a range of perimeters (MonCV 436 

series) with inbuilt dark adaptation capabilities. The MonCVOne CR allows the user to specify the 437 

adaptation duration, intensity (600cd.m-2 for 5 minutes on our device) and the test location post-438 

bleach. The stimulus size is set at 1.7° (Goldmann size V); both white and narrow-band stimuli are 439 

available (410nm, 480nm, 560nm, 640nm) and testing with one or all stimulus colors is possible. The 440 

default stimulus presentation time is 500 ms. Additionally, electrophysiology systems are currently 441 
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available which have dark adaptation protocols, including those from Diagnosys LLC (Cambridge, 442 

UK), Roland consult (Berlin, Germany) and LKC technologies (Gaithersburg, MD,  USA). 443 

 444 

There have also been a number of studies which have tracked the recovery of human cone and rod 445 

system sensitivity during dark adaptation electrophysiologically. The appearance of a rod-cone 446 

break in ERG recordings was shown over 60 years ago,5 and in the last two decades or so, a number 447 

of protocols have been used to probe recovery in rods4; 26; 27; 41; 135 and cones,21; 22; 68; 84; 85 with 448 

direct inferences made regarding the kinetics of rod and cone photopigment regeneration through 449 

comparisons with reflection densitometry and psychophysics.  450 

 451 

b. Perimetric approaches 452 

Compared to the visual field measured under photopic conditions clinically (usually 10 cd.m-2 in 453 

clinical perimetry)125 the normal visual field at absolute threshold is comparatively flat. Its shape 454 

varies with stimulus wavelength: there is a central depression at the point of fixation corresponding to 455 

the rod-free zone for short-wavelength targets and a modest foveal peak for long wavelength 456 

targets (See Figure 5), reflecting transition from rod-mediated detection peripherally to M+L-cone 457 

mechanism mediated detection centrally.125; 126 Spectral sensitivity assessment of the central 30° of 458 

the visual field with vector addition fitting of data suggests that for Goldmann size V (1.7°) targets 459 

under scotopic conditions, sensitivity can be adequately described by rod mechanism detection for 460 

targets <640nm in wavelength (see Table 1); however, at the point of fixation there is clear evidence 461 

of contribution from/isolation of the cones at wavelengths >560 nm (see Table 1).125  462 

 463 

Isolation of the rod and cone mechanisms was a popular approach with manual perimeters, and was 464 

achieved by manipulation of the spectral quality of the stimulus and/or through manipulation of the 465 

background intensity. Scotopic perimetry was introduced in the mid-1980s as a means of separating 466 

cone from rod responses perimetrically.62; 63 The impetus in doing so was the inability – at that time – 467 

of ERG techniques to track topographical changes in rod and cone function. The original method 468 

utilized a modified HVFA.62; 63 A typical testing approach is to pharmacologically dilate the subject’s 469 

pupil, dark adapt them and then probe sensitivity under scotopic conditions with a short wavelength 470 

(blue) and a long-wavelength (red) target. Testing is then repeated with a long wavelength target 471 

under photopic conditions (white background, typically 10cd.m-2). Similar modifications of other 472 

perimeters for performing so-called “two color perimetry” have also been described32; 43 and the 473 

approach has been used extensively to study visual function in retinal degeneration. 32; 43; 56; 62; 63; 92; 474 

125 Until recently, such devices were not commercially available and were therefore primarily 475 

employed by clinical research laboratories. Currently, a few commercially available perimeters have 476 
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scotopic testing capabilities. The MonCVOne perimeter (MetroVision, Paris, France) is a projection-477 

type perimeter that can test under scotopic conditions without a background (or with white and 478 

colored backgrounds126 ranging from 0.032cd.m-2 to 320cd.m-2 in 0.5 log cd.m-2 steps) with a variety 479 

of test wavelengths mirroring those available for dark adaptation using Goldmann size V stimuli (see 480 

above). The default stimulus duration is 300ms (modifiable) and the dynamic range is 110dB for 481 

white stimuli and 70dB for chromatic stimuli. The Medmont Dark Adaptated Chromatic Perimeter® 482 

(Medmont International, Nunawading, Australia) was specially developed for scotopic testing.18; 71; 134 483 

It utilizes LEDs to produce 1.7° stimuli (Goldmann size V) with peak wavelengths at 505nm (cyan) and 484 

625 nm (red) and the default stimulus presentation time is 200ms. Like the MonCVOne, it benefits 485 

from a wide dynamic range  (75dB). The key features of commercially available devices for dark 486 

adaptation and scotopic perimetry are outlined in Table 2. 487 

 488 

c. Microperimetric approaches 489 

Microperimetric methods combine funduscopic techniques with clinical perimetry and directly correlate 490 

a retinal locus to function. The majority of approaches employ, by default, mesopic background 491 

levels.125 This has the advantage of exploiting the limited dynamic range of these devices (when 492 

compared to the perimeters described above). Currently available devices present perimetric stimuli 493 

in Maxwellian view.51 This has the advantage of negating variances due to individual differences in 494 

pupil size (unless the pupil of the eye is smaller in effective diameter than the entrance pupil of the 495 

device), an important advantage when testing under conditions of absolute threshold (see above).126 496 

Both the Nidek MP1® (Nidek Inc., Aichi, Japan ) perimeter and the MAIA® (CenterVue Srl, Padova, 497 

Italy) perimeters now offer modifications for performing scotopic microperimetry.130 The Nidek MP1-S 498 

(and now the MP3-S) provides testing with a Goldmann size V stimuli target. The disadvantage of the 499 

device is its limited dynamic range (20dB in its original form) which can be extended by introducing 500 

neutral density filters (by up to 2.0 log units/20dB). The S-MAIA device utilizes both red (627nm) and 501 

cyan (505nm) Goldmann size III stimuli (See Table 3).  502 

 503 

d. Full-field stimulus testing 504 

There can be distinct drawbacks in the perimetric assessment of patients with retinal disease under 505 

photopic conditions. These include difficulties with fixation owing to central field loss or nystagmus and 506 

unnecessary and lengthy assessments that are disheartening for patients. The full-field stimulus testing 507 

(FST) approach was developed specifically for these reasons.106 FST is in some respects the 508 

psychophysical equivalent of the full-field electroretinogram. Early reports of this approach employed 509 

a perimeter-based (HVFA, Humphrey Allergan, San Leandro, California) Ganzfeld bowl with 510 

hardware modifications,104 and were soon-after followed by software modifications to an ERG 511 
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Ganzfeld bowl (Espion ColorDome®, Diagnosys, Lowell MA, USA) which extended the dynamic range 512 

by 2 log units, thus permitting the assessment of patients with profound reductions in sensitivity.105 A 513 

commercially available system was subsequently included with the Diagnosys Espion system.70  514 

 515 

The original incarnation of FST utilized the standard staircasing protocol of the HVFA, similar to those 516 

previously described.104 The current Espion FST testing protocol generates a frequency of seeing 517 

curve. Sensitivity is calculated as the stimulus intensity corresponding to a 50% accuracy of target 518 

detection, based upon the fitted sigmoidal frequency of seeing curve (see Figure 6). It offers various 519 

stimulus options in terms of stimulus color, including white, blue (465nm) or red (637nm). The stimulus 520 

presentation time is 4ms and its intensity can be varied over a 100dB range. As noted in Table 1, an 521 

FST protocol is also available on the MonCVOne CR for white, red (647nm or 655nm) and blue 522 

(455nm or 500nm) stimuli. 523 

 524 

One early supposition was that sensitivities measured by FST would primarily reflect the sensitivity of 525 

the most sensitive retinal areas.89; 104 However, studies comparing full-field scotopic perimetric 526 

techniques to FST suggest that the latter can be best predicted in light of the whole visual field results, 527 

rather than simply the most sensitive locus.71 This is to be anticipated, even without invoking means of 528 

spatial summation as traditionally conceived (e.g. if we assume instead probability summation of 529 

stimulated non-summating retinal areas). FST protocols demonstrated the efficacy of sub-retinal gene-530 

replacement therapy in Leber congenital amaurosis 2 in pivotal clinical trials.111 Furthermore, it forms 531 

an essential component of postregulatory approval monitoring of patient outcomes.38 532 

 533 

6. INTERPRETATION OF COMPLEX SCENES/PRACTICAL TASKS NEAR ABSOLUTE 534 

THRESHOLD 535 

a. Subjective assessment of complex visual scenes 536 

Detailed work on the subjective experience of research participants under scotopic conditions was 537 

conducted in the first half of the 20th century. For example, Craik and Vernon explored the 538 

perception of everyday objects (e.g. stylized clock faces) and more complex scenes under scotopic 539 

conditions and related this to threshold sensitivity.35 The selection of military personnel with superior 540 

scotopic capabilities was an issue for both the “allies” and their adversaries in WWII.30; 31; 96; 97 541 

Consequently, research into this aspect of vision was conducted in earnest during the war and 542 

published subsequently. Key aspects of British efforts appear in an MRC report from 1957 by Pirenne 543 

and coworkers.97 It is relevant today because it anticipates modern “simulated real-life” tasks 544 

discussed below that similarly seek to link performance at a complex task to performance at 545 

standard/clinical tasks, e.g. scotopic acuity and threshold sensitivity. These workers envisaged that 546 
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their scotopic vision test would distinguish those normal subjects with a high degree of “perceptual 547 

efficiency” under scotopic conditions, who might, for example, be specially selected for night-time 548 

duties. Their test has also been used to explore scotopic vision in congenital achromatopsia/rod 549 

monochromacy.122 Pirenne and colleagues’ test requires not only that subjects have an adequately 550 

high sensitivity, but that they can interpret correctly what they see under scotopic conditions. In the 551 

test, subjects were seated on a chair in a dark room and viewed (binocularly) a photographic copy of 552 

the Hogarth engraving entitled Hudibras beats Sidrophel, and his man, Whacum (see Figure 7) at a 553 

distance of 90 cm. The picture was illuminated with a dim light (such that the luminance of the 554 

tablecloth in the picture was estimated to be 0.00048 scotopic cd/m² in its modern recapitulation).122 555 

Subjects were required to describe the scene after being given specific instructions which do not vary 556 

and their reports are subsequently scored using a standard, if Byzantine, method. To what extent 557 

does absolute sensitivity dictate performance in the interpretation of complex scenes? Interestingly, 558 

the findings of both Pirenne and colleagues’ original experiments97 and subsequent experiments in 559 

Daltonians and achromats122 suggest a significant correlation between the absolute threshold 560 

measured with standard psychophysical techniques and performance at this test.122 The former finding 561 

led Pirenne and colleagues97 to conclude that military personnel could be selected for night time 562 

duties using tests of absolute threshold.  563 

 564 

The introduction of new approaches to treating inherited retinal diseases (IRDs) has driven the 565 

development of analogous tests of visual function, which in this case seek to replicate activities of 566 

daily living, rather than unusual scenes (see below). More simple tests involve the identification of 567 

everyday objects in patients with low vision and resemble in some respects the tests utilized by Craik 568 

and Vernon.35 Such tests have been used to explore functional vision in patients following 569 

implementation of electronic retinal prostheses45 and more recently following optogenetic gene 570 

therapy (assessed with concurrent electroencephalography, EEG).113 571 

 572 

b. Simulation of navigation tasks 573 

i. Multi-luminance Mobility Testing 574 

The impetus for the development of the multi-luminance mobility test (MLMT) was the recognition that 575 

one of the key activities of daily living negatively impacted by IRDs was mobility/navigation. 576 

Furthermore, it was envisaged that one of the functional benefits of new therapies (such as gene 577 

replacement therapy) might be improvements in mobility. The test itself was developed to assess 578 

efficacy in phase 1-3 trials of AAV.RPE65/voretigene neparvovec gene therapy for Leber congenital 579 

amaurosis 2 (LCA2)112 and assessment of its construct and content validity was performed 580 

independently in a non-interventional study.33 581 
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 582 

In this task, subjects must follow arrows marked within an obstacle course measuring 1.5m by 3m 583 

enclosure.33 Obstacles may be placed in the pathway of the subject, or adjacent to the path. In 584 

addition to the requirement to identify the arrows within the course, subjects are required to navigate 585 

raised stairs and a door. As with the “Hudibras” test described above, scoring of the test is via 586 

assessment by two to three masked observers to derive a total number of errors, from which an 587 

overall score is derived, with a pre-determined cut-off for passing.33 Additionally, the time to 588 

completion is recorded, with deviations from the course added as time penalties. As its name 589 

obliquely implies, the test is performed at multiple pre-specific illuminance (rather than luminance) 590 

levels of 1, 4, 10, 50, 100, 150, 200, 250 and 400 lux (though 100 and 150, together with 200 and 591 

250 were combined in analysis).33; 112 The change in minimum illuminance required to pass the MLMT 592 

and changes in FST following treatment with AAV.RPE65/voretigene neparvovec have been shown to 593 

demonstrate a statistically significant correlation (Pearson-R = 0.71).112 Similar paradigms were 594 

developed in parallel to assess the efficacy of a competing gene replacement strategy for LCA2.10 595 

The MLMT itself was a key functional outcome measure in the pivotal trial of voretigene 596 

neparvovec,111 helping demonstrate a meaningful improvement in visual function, rather than simply 597 

an improvement in an abstracted clinical task. 598 

 599 

ii. Streetlab platforms (Institut de la Vision) 600 

Investigators at the Institut de la Vision, Paris, developed a low vision rehabilitation suite over the 601 

period of a decade114 termed the “Streetlab”. This is comprised of 3 different simulated 602 

environments: an artificial street (also, somewhat confusingly, termed Streetlab), a stylized apartment 603 

(Homelab) and a driving simulator. The Streetlab artificial streetscape aims to recreate a street 604 

environment and is an enclosure measuring 9m x 7m and is 5.5m in height. It is illuminated evenly by 605 

a set of luminaires that can provide constant light levels ranging from 0 to 2,000 lux and which can 606 

be varied in correlated color temperature (2,700 to 6,500K).114 A 3D sound system is also included, 607 

as is the facility for objective measurement via integrated image capturing techniques. These include 608 

an eye-tracker, a motion capture system, and inertial sensors which can record complex behavior 609 

patterns that, at present, have been analyzed by predetermined metrics (e.g. preferred walking 610 

speed), but which would lend themselves to artificial intelligence approaches, such as those applied to 611 

animal behavioral data.48 The combined platforms have been used to explore the relationship 612 

between clinical tests of visual function (e.g. visual field) and performance at simulated activities of 613 

daily living in patients with glaucoma,82 and adaptations in gaze/eye movements in patients with 614 

visual field loss secondary to rod-cone dystrophy/retinitis pigmentosa.9 615 

 616 
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iii. Virtual reality devices 617 

Virtual reality (VR) based tests have recently been implemented, which seek to extract the most 618 

important aspects of the simulated tasks and courses. Aleman and coworkers describe a VR test based 619 

loosely on the principles of the MLMT described above.3 In this task, the subject navigates a similar VR 620 

course in which arrows (red instead of black, and adjusted in luminance to ensure that they are just 621 

visible to the subject) mark the direction to be taken. A head tracker incorporated into the goggles 622 

and limb (hand/ankle) trackers monitor the patient's movements. In the practice phase, objects can be 623 

highlighted sequentially to facilitate familiarization with the task/to avoid collisions. Unlike the MLMT, 624 

there is no mechanical or auditory feedback. The luminance of the elements within the VR display can 625 

be varied systematically (between <0.2cd.m-2 and a maximum of 144cd.m-2), and the virtual test 626 

area encompasses a total of 2mx3m. Unlike the MLMT described above, the software automatically 627 

measures the speed with which subjects perform the course and records errors of judgement with 628 

respect to the path and obstacles. A pilot study involving 4 patients with LCA2 and 6 control subjects 629 

suggests that this may be a promising approach for future studies.3 630 

Knopf et al.72 have developed a virtual reality obstacle course incorporating real world experiences 631 

such as walking along a crowded foot path or across a virtual carpark that can offer a safe, 632 

affordable, and standardized orientation and mobility assessment tool that provides objective 633 

outcome measures not previously achieved by physical courses. 634 

 635 

Conclusion 636 

Our understanding of the physical and physiological basis of vision at absolute threshold, as well as 637 

the adaptation of the visual system to absolute threshold, is well-developed, though some questions 638 

remain. As we have seen, there are distinct advantages to assessing photoreceptor mechanisms at 639 

absolute threshold in patients with retinal disease because adaptation may act to mask so-called d1/2 640 

loss of sensitivity (i.e. loss of sensitivity from pathology at the level of the photoreceptors).126 641 

 642 

The interest in determining the absolute threshold of vision clinically has seen a renaissance as the 643 

result of emerging treatments for retinal diseases, such as voretigene neparvovec (AAV.RPE65) for 644 

LCA2.83; 112 ISCEV standard clinical electrophysiology has well defined suprathreshold testing 645 

strategies that facilitate diagnosis and are useful for early disease monitoring.101 The prospect of 646 

novel therapies for retinal disease has necessitated the exploration for new biomarkers to measure 647 

functional outcomes.49 Absolute threshold tests provide this capability, and clinicians now have access 648 

to a variety of commercially available tests for assessing increment thresholds under conditions of 649 

absolute threshold. A suggested guide to clinical application is provided in Table 4. Conventional 650 

perimeters can assess sensitivity over a wide range of background luminances, with a dynamic range 651 
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of ≥ 7 log units/70dB. Although it is now possible to explore absolute threshold using so-called 652 

fundus-guided techniques,130 they suffer the disadvantage of offering a limited dynamic range (2log 653 

units/20dB) that can cause significant ceiling effects without the incorporation of additional neutral 654 

density filters in the optical pathway of the stimulus. In addition to selective perimetric techniques for 655 

probing absolute sensitivity, FST64; 104; 105 is now readily available for assessing patients with poor 656 

fixation and/or eye movement disorders such as nystagmus. Additionally, newer tests such as the 657 

multi-“luminance” mobility test33 and the Streetlab114 can assess the minimum light levels required for 658 

subjects to perform tasks that seek to simulate activities of daily living. 659 

 660 

Method of literature search 661 

PubMed was used to search for articles: no limits were placed on date, or language, of publication. 662 

Search terms included “rod threshold”, “cone threshold”, “dark adaptation” and “absolute threshold”. 663 

The search was expanded using the “related articles” function in PubMed. Secondary sources were 664 

identified from the articles identified in the primary search. In addition, personal archives of 665 

references were accessed. 666 
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Figure 1. Peak sensitivities of the photopigments: rhodopsin (black), the S-cone photopigment 986 

(blue), the M-cone photopigment (green) and the L-cone photopigment (red) and melanopsin 987 

(cyan).37 988 

 989 

Figure 2. Threshold versus intensity functions (log Troland) averaged for 10 normal subjects 990 

(rods – purple; M+L-cone mechanism green) and the anticipated effects of d1 receptoral defects in 991 

cones (50% dotted line, 90% dot-dashed line) and rods loss (dotted purple line). Note that at 992 

absolute threshold, d1 losses are evident, but may be masked during adaptation (i.e. where 993 

dotted and dot-dashed lines converge). 994 

 995 

Figure 3. Photopigment regeneration according to exponential or rate-limited kinetics. A, Curves 996 

plot theoretical recovery of rod or cone photopigment in the dark following a range of bleaches 997 

assuming exponential recoveries with a single time constant. B, Curves assume that recovery is 998 

“rate-limited”: initial recovery is linear and proceeds at a common rate following a range of 999 

bleaches. The latter formulation (the “MLP model”) appears to provide a better fit to 1000 

photopigment regeneration data from a range of studies (with different parameter values for rod 1001 

and cone recovery respectively), although the rate appears to slow further following very intense 1002 

bleaches. The x-axis values have been omitted as different values apply to cone and rod 1003 

photopigment regeneration: following a near total bleach, recovery takes around 5 min for cones, 1004 

but may take over 20 min for rod photopigment. 1005 

 1006 

 1007 

Figure 4. Dark adaptation curve for a normal subject measured with a 480nm stimulus. The first 1008 

10 minutes of the curve are generated by cone responses, which plateau before a first rapid (S2) 1009 

phase of rod recovery followed by a slower (S3) rod phase. 1010 

 1011 

Figure 5. The scotopic visual field measured with a modified Humphrey Visual Field Analyzer for 1012 

a 440nm narrow-band Goldmann size V stimulus (left) demonstrating a central depression 1013 

corresponding to the rod-free zone, and a 680nm stimulus (right) demonstrating a small peak, 1014 

resulting from cone participation for centrally-presented long wavelength targets. X- and Y-axes 1015 

represent Cartesian coordinates in the visual field and Z-axis represents sensitivity in dB. 1016 

 1017 

Figure 6. Full-field stimulus threshold results using the Diagnosys Espion for a patient with Leber 1018 

congenital amaurosis type 2 before (top row) and at 3 months (bottom row)  following treatment 1019 
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with AAV.RPE65 (voretigene neparvovec). Results are presented as percentage probability of 1020 

detection versus intensity and demonstrate a post treatment improvement of ~ 1.5 log units. 1021 

 1022 

Figure 7. Hudibras beats Sidrophel, and his man, Whacum by William Hogarth.  1023 

 1024 

Table 1. Perimetric photoreceptor mechanism isolation by wavelength for Goldman size V targets 1025 

presented under scotopic conditions. Difference in sensitivity (dB) calculated from vector curve 1026 

fitting of mechanism templates. Positive values represent isolation of the rods from the M+L-1027 

cones and negative values vice versa. 1028 

 1029 

Table 2. Key features of the AdaptDx, MonCVOne and Medmont DACP devices for assessing 1030 

dark adaptation functions/scotopic thresholds. 1031 

 1032 

Table 3. Comparison of the Nidek MP-1S and S-MAIA microperimeters. 1033 

 1034 

Table 4. A suggested guide for specialized psychophysical testing of threshold based upon 1035 

diagnosis, electrodiagnostics and conventional perimetry. ISCEV International society for clinical 1036 

electrophysiological of vision, ffERG full-field electroretinogram, pERG pattern electroretinogram, 1037 

FST full-field stimulus testing, MD mean deviation, LCA Leber congenital amaurosis, ARMD age-1038 

related macular degeneration.  1039 
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Figure 1 1050 
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Figure 2 1053 
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Figure 3 1056 
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Figure 4 1060 
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Figure 5 1064 
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Figure 6 1068 
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Figure 7 1072 
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Table 1 1077 

Target 
wavelength 

Isolation: 
Receptor Type 

Magnitude of isolation 

Periphery [±3°, ±3°] Fixation 

410nm Rods ≥ 36 dB 33 dB 16 dB 

440nm Rods ≥ 34 dB 31 dB 14 dB 

480nm Rods ≥ 31 dB 28 dB 11 dB 

520nm Rods ≥  28dB 25 dB 8 dB 

560nm Rods ≥ 22 dB 19 dB 2dB 

600nm Rods (M+L-
cones at 
fixation) 

≥ 13 dB 10 dB -7 dB (i.e. M+L-cones isolated) 

640nm Rods (M+L-
cones at 
fixation) 

≥ 3 dB 0 dB -17 dB (i.e. M+L-cones isolated) 

680nm Rods (M+L-
cones at 
fixation & 
[±3°, ±3°]) 

> 0 dB -3 dB (i.e. 
M+L-cones 
isolated) 

-20 dB (i.e. M+L-cones isolated) 
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  1080 
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Table 2 1081 

 AdaptDx MonCVOne-CR Medmont-DACP 

Dark adaptation Yes Yes Yes (no integral 

bleaching source) 

Scotopic perimetry No Yes Yes 

Bleaching intensity & 

duration 

18,000 scot.cd.m-2 

for 0.8ms 

(default)/user-

defined 

600 cd.m-2 for 5 min 

(default)/user-

defined 

NA 

Target size 2° 1.7° (GsV) 1.7° (GsV) 

Target duration  200ms 500ms (DA) 

300ms/user-defined 

(Scotopic perimetry) 

200ms 

Stimulus location 5, 8 or 12° User-defined at any 

perimetric location 

User-defined at any 

perimetric location 

Target wavelength 505nm (Cyan) White 

420nm (Violet) 

480nm (Blue) 

560nm (Green) 

640nm (Red) 

505nm (Cyan) 

625nm (Red) 

Dynamic range 50dB 110dB (White) 

70dB (Chromatic) 

75dB 

Full-field scotopic 

threshold testing? 

No Yes No 
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Table 3 1085 

Device MP-1S S-MAIA 

Stimulus size Goldmann V Goldmann size III 

Background luminance 0.0032cd.m-2 <0.0001cd.m-2 

Stimulus duration 200ms 200ms 

Threshold strategy 4-2dB 2-1dB 

Dynamic range 20dB 20dB 

Stimulus wavelength NA (white) Cyan 505nm 

Red 627nm 

Maximum stimulus luminance 127cd.m-2 0.08cd.m-2 (for both 505nm 

& 627nm) 
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Table 4 1089 

 1090 

Suggested clinical indication for threshold psychophysical testing 

 ISCEV ffERG ISCEV pERG Threshold 

perimetry 

Kinetic perimetry 

Disorder /  

Symptom-

sign 

Normal Undetectable Normal Abnormal Severe 

Abnormal 

(MD >-12dB) 

Abnormal 

LCA - FST 

Mobility/navigation 

- - - FST 

Mobility/ 

navigation 

Rod-cone 

dystrophy 

- FST 

Mobility/navigation 

- Microperimetry Esterman 

binocular field 

FST 

Mobility/ 

navigation 

Unexplained 

Nyctalopia 

Dark 

adaptometry 

 - Microperimetry - - 

Cone-Rod 

dystrophy 

- FST 

Mobility/navigation 

 Microperimetry Microperimetry - 

Macular 

dystrophy 

- -  • Microperimetry 

• Dark 

adaptometry 

• Scotopic 

perimetry 

Microperimetry - 

iARMD - - • Dark 

adaptometry 

• Scotopic 

perimetry 

• Microperimetry 

• Dark 

adaptometry 

• Scotopic 

perimetry 

Microperimetry - 
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