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Psychophysical Testing

Kenneth R. Alexander

INTRODUCTION: PSYCHOPHYSICAL
TECHNIQUES THAT ARE RELEVANT TO
ELECTROPHYSIOLOGICAL TESTING

Electrophysiological procedures are useful in as-
sessing the functional properties of subpopulations
of cells within the visual pathway. For example, the
a-wave of the electroretinogram (ERG) has served as
an index of photoreceptoral function. With appropri-
ate techniques such as the focal ERG," """ '"” multi-
focal ERG,'® flash visual evoked potential (VEP),'®
and pattern VEP,'! it is possible to record the electri-
cal response properties of relatively localized regions
of the visual field. Nevertheless, the ability to local-
ize the generators of electrophysiological responses
spatially within the visual field remains limited to a
resolution of a few degrees of visual angle, except
possibly for the potential evoked by extremely fine
patterns.

Conversely, psychophysical procedures allow an
examination of the response properties of compara-
tively small regions of the visual field. In this sense,
psychophysical procedures are complementary to
clinical electrophysiology. A potential drawback to
psychophysical measurements, however, is that
they represent the response properties of the entire
visual pathway as well as the influence of cognitive
factors and motor skills. Nevertheless, psychophysi-
cal procedures, particularly in combination with
electrophysiology and fundus reflectometry, have
been used to perform a “layer-by-layer” analysis of
visual function in order to gain insights into the lo-
cus and nature of defects within the visual pathway
in disorders of the visual system.?® °® 1% The “link-
ing hypotheses” or “propositions” required to spec-

ify the relationships between sensory states and
physiological states have been addressed by Brind-
ley** and Teller."

CRITIQUE OF METHODS OF THRESHOLD
DETERMINATION

The general aim of psychophysical methods is the
measurement of thresholds (or sensitivity, which is
the reciprocal of threshold). The term threshold refers
to a boundary stimulus condition that results in a
change from “no sensation” to “sensation.” In
present usage, the threshold is defined statistically.
An underlying assumption is that, due to various
sources of intrinsic noise such as quantal fluctua-
tions in light output or spontaneous neural activity,
the stimulus condition that defines the sensory
threshold varies from trial to trial. Consequently, the
threshold values that are reported typically repre-
sent the average of a number of trials, or a “percent
seen.” To reduce variability in threshold measure-
ments, practice trials are useful in acquainting the
subject with the range of sensory experiences to be
expected.

There are two general classes of thresholds. First,
absolute thresholds represent the minimum stimula-
tion necessary for the detection of the presence of a
stimulus under a given set of conditions. An exam-
ple is the threshold luminance required for detecting
a flash of light that is presented to the dark-adapted
eye. Second, difference (or increment) thresholds
measure the minimum stimulation necessary for de-
tecting a change in the visual environment. An ex-
ample of an increment threshold is where the
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threshold luminance for the detection of a light flash
is measured as a function of the luminance of the
background against which it is presented.

Thresholds are often measured by using classic
psychophysical procedures that were developed
originally by Fechner.” Perhaps the most straight-
forward technique is the method of adjustment, in
which the subject alters the test stimulus until it is
just detectable. The threshold is then defined as the
average of a series of such measurements. Since the
subject has direct control over stimulus manipula-
tion, this method is open to potential artifacts. For
example, the subject may adjust the stimulus by
some fixed, arbitrary amount on each trial without
regard to sensory events. A variation of the method
of adjustment is the tracking procedure, in which
the subject continuously adjusts the stimulus to
maintain it at a threshold level. This procedure is es-
pecially useful in measuring sensory events that
change over time, such as the recovery of sensitivity
during dark adaptation.

A second psychophysical technique is the method
of limits. In this procedure, the experimenter ini-
tially sets the stimulus either below or above the es-
timated threshold and then alters the luminance sys-
tematically in small steps until the subject signals
either that the stimulus is just detectable (ascending
method) or that it has just disappeared (descending
method). The threshold is defined as the average of
a series of such measurements. The method of limits
has proved useful in the clinical setting. However, it
is vulnerable both to errors of habituation, in which
the subject maintains the same response without re-
gard to sensory experience, and to errors of anticipa-
tion, in which the subject reports prematurely that
there has been a change in the stimulus.

A variant of the method of limits is the staircase
technique, in which the luminance that is presented
on a given trial depends on the response from the
previous trial. If the target was “seen,” the stimulus
luminance is reduced by one step; if it was “not
seen,” the luminance is increased by one step. The
threshold is defined as the average of a number of
such reversals. Several staircases can be interleaved.
and the particular staircase that is represented on a
given trial is determined randomly in order to pre-
vent the observer from adopting a response strategy
such as alternating “yes” and “no” responses.” An
advantage of the staircase procedure is that the stim-
ulus values are constrained to lie near the threshold
in order to maximize the information obtained
within a session.

In the method of constant stimuli, a set of test

stimuli are presented whose luminance values span
the estimated threshold in discrete steps. Each stim-
ulus is presented a fixed number of times in random
order. The subject responds “seen” or “not seen” on
each trial. The “percent seen” is plotted for each
stimulus luminance, resulting in a psychometric
function. The threshold is typically defined as the
luminance that is “seen” 50% of the time. In the
method of constant stimuli, “catch” trials are often
used in which no test stimulus is presented. If the
subject responds that a flash was seen on such a
trial, he/she is admonished to try harder.

Although these classic psychophysical techniques
can be useful in a clinical setting, it is apparent that
they do not take into account the subject’s response
bias or criterion. An alternative to these classic pro-
cedures is the set of methods derived from signal
detection theory (SDT), in which there is no as-
sumption of a sensory threshold. Rather, the em-
phasis is placed on the decision strategies employed
by the subject. The task is the detection of a signal
(such as a light flash) against a background of noise.
The SDT procedures allow a separation of sensitivity
from response criterion.*?

One of the standard SDT methods is the “yes-no”
procedure in which there is a single observation pe-
riod containing either noise alone or a signal added
to noise. The observer responds either “yes,” a sig-
nal was present, or “no,” a signal was not present.
For simplicity of analysis, it is often assumed that
both the “noise” and “signal-plus-noise” probability
density distributions are gaussian. In an analysis of
the results, the two most important events are hits,
in which the observer correctly responds that a sig-
nal was present, and false alarms, in which the ob-
server reports that a signal was present when it was
not. A plot of hit rate vs. false alarm rate provides a
receiver operating characteristic (ROC) curve from
which a measure of sensitivity (such as d') can be
derived. In a yes-no procedure, the observer’s crite-
rion may be manipulated by varying the payoffs as-
sociated with hits and false alarms and/or by varying
the a priori probability of signal presentation. This is
generally a time-consuming procedure that has seen
limited clinical application.

A second method that has been adopted in some
clinical settings is the forced-choice procedure. In
this method, the observer is presented with two or
more observation intervals. These intervals may be
separated spatially (i.e., the test stimulus is pre-
sented at one of several possible locations within the
visual field) or temporally (i.e., the test stimulus is
always presented at the same location but in one of



several well-defined time periods). All of the obser-
vation intervals but one contain noise, and the ob-
server is to report the interval that contained the sig-
nal. The “percent correct” value is plotted as a
function of stimulus magnitude. A typical measure
of sensitivity is the stimulus that results in a “per-
cent correct” value halfway between chance and per-
fect performance (e.g., 75% correct in a two-alterna-
tive, forced-choice experiment). The results of a two-
interval, forced-choice procedure are related
quantitatively to those of a comparable “yes-no”
procedure.

Forced-choice procedures are often referred to as
“criterion free,” but in a sense this is misleading. It
should be noted that the term criterion has been used
in two disparate ways in psychophysical experi-
ments. First, criterion refers to the magnitude of
sensory experience that is required by an observer in
order to respond that a stimulus was present. By
this definition, forced-choice procedures are crite-
rion free since criterion plays no role in the determi-
nation of percent correct. It should be noted, how-
ever, that forced-choice procedures depend on
subject cooperation. As an extreme example, a sub-
ject may decide to respond incorrectly, so the per-
cent correct is considerably below chance, or the
subject may be inattentive on a certain percentage of
trials, which adds noise to the determination of sen-
sitivity.

Second, criterion refers to the aspect of the stimu-
lus upon which a detection decision is made
(whether the test stimulus was flickering, whether it
appeared to be yellow, etc.). A subject is generally
free to use any means possible to maximize the per-
cent correct. For example, if a shutter sound is corre-
lated with stimulus presentation, the auditory cue
may be used as a basis for judgment. Or the appear-
ance of the stimulus may change in a way that is
correlated with increased probability of detection.
For example, in probe-on-flash measurements of
rod-system luminance-response functions, the pres-
ence of the test stimulus can be detected not only on
the basis of a local brightening of the region of the
test probe but also on its darkening or on the emer-
gence of an afterimage under certain conditions.? In
this sense, criterion can play a role in forced-choice
experiments. Sensory experiences that are correlated
with the presentation of the test stimulus allow cor-
rect responses in a forced-choice procedure but com-
plicate the quantitative modeling of underlying vi-
sual mechanisms.

One of the useful concepts derived from SDT is
the “ideal observer.” Given complete information
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about the properties of the signal and noise as well
as the properties of the detection system, it is possi-
ble to specify quantitatively the ideal performance of
that system. This performance of an ideal observer
may then be compared with that of human observ-
ers to determine how closely their performance ap-
proaches that of the ideal. In this way, it is possible
to derive a better understanding of the constraints
that are placed on human visual performance by op-
tical and neural factors. A recent example of this ap-
proach in modeling the development of the human
visual system is provided by Banks and Bennett.'>
Because the classical psychophysical methods, as
well as those of SDT, tend to be time-consuming,
adaptive psychometric procedures have been devel-
oped, in which the stimulus value on any given trial
is based on a measure of the performance on previ-
ous trials. The purpose of these adaptive procedures
is to increase the accuracy and efficiency of thresh-
old determination. An example is the “transformed”
staircase,® in which complex decision rules are used
to derive specific points on a psychometric function.
If a “two-down, one-up” rule is used, such that the
stimulus value is decreased only after two consecu-
tive positive responses but is increased after one
negative response, the average of the reversal points
(typically 6 to 8) corresponds to the 70.7% point on a
psychometric function.®® Other points on this psy-
chometric function can be obtained by changing the
decision rule. The combination of this technique
with the forced-choice procedure has resulted in the
forced-choice staircase, which has proven useful
clinically. In this type of staircase, the stimulus value
on any given trial is determined by the correctness
of the response on the immediately preceding trial.
Optimized sequences of stimulus alternatives in a
two-interval forced-choice procedure have been pro-
posed to minimize response bias.* Additional types
of adaptive procedures include PEST,”® QUEST, !
and Modified Binary Search (MOBS).'* In the
QUEST procedure, for example, the stimulus value
on each trial is based on the most probable estimate
of threshold as derived from a bayesian statistical
analysis of the results of previous trials. A discus-
sion of some of the merits and drawbacks of these
adaptive procedures as applied to automated perim-
etry is provided by Johnson and Shapiro.*
Although psychophysical procedures are used
primarily to measure thresholds, much of sensory
experience results from suprathreshold stimulation.
The measurement of responses to suprathreshold
stimuli is easily performed by using electrophysio-
logical procedures (e.g., measurement of the b-wave
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luminance-response function). However, assess-
ment of visual responses to suprathreshold stimuli is
extremely problematic for psychophysical tech-
niques. One approach to the psychophysical mea-
surement of luminance-response functions is pro-
vided by the “probe-on-flash” paradigm.®® In this
procedure, a test probe is presented simultaneously
with the onset of a larger, concentric light flash. The
underlying assumption is that the function relating
detection of the probe to flash luminance is related
quantitatively to the luminance-response function of
the visual system. A detailed analysis of this para-
digm has been developed by Hood and Greenstein®
and Massof et al.”!

Other procedures have also been developed that
attempt to assess the suprathreshold properties of
the human visual system. One method is magnitude
estimation,” in which a subject is asked to assign
numbers to the magnitude of the sensory experience
that accompanies the presentation of a suprathresh-
old stimulus such as a light flash. The technique of
magnitude production has also been used whereby
the subject manipulates the stimulus to generate
sensory events of varying magnitude. The stipula-
tion is that the assigned numbers or stimulus set-
tings reflect the magnitude of sensory experience on
a ratio scale (i.e., this light is twice as bright as that
one). From such techniques, it is possible to derive
scales of the relationship between stimulus magni-
tude (S) and sensory magnitude (R). Experiments
have typically reported a power law relationship be-
tween these two variables:

R = kS (1)

in which k is a constant of proportionality and n is
an exponent that varies with sensory modality.™

Matching techniques have also proved useful in
the assessment of suprathreshold visual function.
An example is the Rayleigh equation, a color-match-
ing procedure that provides an important diagnostic
test of congenital color vision deficiencies.'™ A sec-
ond example is the contrast matching of sine wave
gratings of different spatial frequencies. This ap-
proach has been used to evaluate the suprathreshold
contrast perception of simple and complex spatial
patterns.>!

Visual Channels

Central to the psychophysical testing of individu-
als with visual disorders is the concept of visual
channels or filters. There is abundant psychophysi-

cal evidence that visual function is mediated by sep-
arate channels or subsystems within the visual path-
way that provide parallel processing of information
about form, color, movement, and depth.%! 8% 8
For example, studies indicate that form informa-
tion is processed by multiple filters with different
spatial and temporal properties,™ ** '*2 responses
to stimuli of different wavelengths appear to be me-
diated by an achromatic and two chromatic chan-
nels,>” © 1122 and motion sensitivity is governed
by direction-specific mechanisms.'*® In disorders of
the visual system, there may be selective alterations
in the functional properties of these various visual
subsystems.'” There is suggestive evidence that
psychophysically derived channels may have physi-
ological correlates in the magnocellular, parvocellu-
lar, and blob pathways of the primate geniculocorti-
cal visual system.®

Through either the appropriate selection of visual
stimuli or through changes in the criterion for
threshold judgments, it is possible to bias psycho-
physical tests toward selective detection by specific
channels.®® For example, increasing the duration
and size of a long-wavelength test flash shifts detec-
tion from a field-additive, achromatic mechanism to
a chromatically coded pathway.” % 130 Ag a sec-
ond example, experiments have shown that sensitiv-
ity to sine wave gratings can be mediated by either
of two visual mechanisms, one primarily responsible
for flicker detection and one for the detection of pat-
tern.”” Through the experimental manipulation of a
subject’s response criterion, it is possible to study
separately the properties of these two detection
mechanisms using the same visual stimulus.*

In summary, it is apparent that a considerable
number of psychophysical procedures have been de-
vised for the purpose of evaluating visual function,
both of normal individuals and of those with visual
system disorders. Additional methods that are po-
tentially even more efficient in clinical applications
are under development.”* The psychophysical
method of choice in any given situation depends ul-
timately on trade-offs among the necessity for con-
trol of criterion changes, the efficiency of threshold
estimation, and the nature of the detection task.

DUPLICITY THEORY

It has been well established that human vision, as
well as vertebrate vision in general, is mediated by
two classes of photoreceptoral systems: rods and
cones.’ This has been termed the “duplicity the-




ory,” although it is more an experimentally vali-
dated fact than a theory. The rod system functions
optimally under conditions of dim (scotopic) illumi-
nation, lacks color vision, and has relatively poor
spatial and temporal resolution. The cone system is
optimized for relatively high (photopic) light levels,
is less sensitive to light than the rod system, but has
good spatial and temporal resolution, and mediates
color vision. It should be noted that the terms sco-
topic and photopic have been used both in reference
to the receptor system that mediates vision and to
the level of illumination, regardless of receptor type.
This potential ambiguity of usage is further compli-
cated by the term mesopic, which refers to intermedi-
ate light levels. Under mesopic conditions, it is pos-
sible that both rod and cone systems can mediate
vision, depending on such factors as stimulus wave-
length and size.

The human retina contains a single type of rod
photoreceptor, with rhodopsin as its visual pigment
(other vertebrates such as amphibians may have
more than one type of rod photoreceptor).*' There
are three types of cone photoreceptors in the human
visual system that differ in the spectral absorption
characteristics of their photopigments.''” The spatial
densities of rods and cones differ with eccentricity
and meridian.*” *® The peak spatial density for rods
occurs at approximately 15 degrees of eccentricity;
that for middle- and long-wavelength—sensitive
cones occurs in the center of the fovea. The peak
spatial density of short-wavelength cones occurs at
approximately 1 degree, with an absence in the
foveal center.”® The luminosity functions for rod and
cone systems differ considerably, which results in a
noticeable change in the apparent brightness of
spectral lights as vision shifts from one receptor type
to the other (the “Purkinje shift”).

An important consideration in assessing the re-
sponse properties of rod and cone systems, both in
normal individuals and in those with visual disor-
ders, is that information transfer within the visual
pathway is limited both by the properties of photo-
receptors and by those of the postreceptoral network
into which the receptor signals feed. For example,
suction electrode recordings from individual primate
photoreceptors have shown that cone receptor re-
sponses to a light flash are faster than those of rod
receptors, while the rods are somewhat more sensi-
tive to light,'® so that some of the functional differ-
ences between rod and cone systems appear to be
related to properties of the photoreceptors them-
selves (see Chapter 7). However, the great differ-
ences between rod- and cone-mediated vision are
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due to a considerable extent to the synaptic and
postsynaptic organization of the visual signals.
These postreceptoral processes play a large role in
limiting the response properties of rod and cone sys-
tems. For example, evidence has been presented for
a duplex rod critical flicker frequency (CFF) function,
not only in visually normal individuals* ** but also
in rod monochromats.®* These findings suggest that
rod photoreceptors are capable of responding at
temporal frequencies as high as 28 Hz, and that the
limited temporal resolution often attributed to the
rod system may be imposed by postreceptoral mech-
anisms. Moreover, the relatively poor temporal reso-
lution of the short-wavelength cone system'>* must
result from postreceptoral factors, since the temporal
response properties of the short-wavelength cone
photoreceptors do not appear to differ from those of
the middle- and long-wavelength sensitive cones.®

It has sometimes been assumed that rod and cone
systems function independently. However, recent
studies have demonstrated that the sensitivity of
one system can be modified significantly by the
other (see Chapter 60 and Benimoff et al.'® for re-
views). Such rod-cone interactions are often most
apparent when stimuli are small and/or temporally
modulated. Rod-cone interactions can also be ob-
served in ERG recordings.” '® There appear to be
several fundamentally different types of rod-cone in-
teractions with underlying mechanisms that vary
with stimulus conditions.> *°

DARK ADAPTOMETRY

Basic Clinical Dark Adaptation

It is well known that, following the eye’s expo-
sure to a bright light, visual sensitivity requires a
substantial period of time to recover. If the light ex-
posure is sufficiently intense, complete recovery can
take as long as 45 to 50 minutes.'® The typical time
course of dark adaptation is illustrated in Figure
56-1. This bleaching recovery curve was measured
in the peripheral retina of a normal individual by us-
ing a test flash of 500 nm, a wavelength to which
both rod and cone systems are sensitive. Thresholds
are plotted relative to those measured in the com-
pletely dark adapted state prior to exposure to a
bleaching light.

The dark adaptation curve in Figure 56-1 follows
a characteristic two-branched course, with an inflec-
tion or “kink” occurring at approximately 10 min-
utes. In accordance with duplicity theory, the early
branch represents the recovery of cone system sensi-
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FIG 56-1.

Typical normal dark adaptation curve measured at 20 de-
grees in the nasal visual field by using a 500-nm, 1.7-de-
gree, 500-ms test flash following a 2-minute exposure to a
Ganzfeld bleaching light of 3.6 log cd - m~2. Thresholds are
plotted relative to their dark-adapted (prebleach) value. A
transition between cone-mediated and rod-mediated detec-
tion (rod-cone break) occurs at about 10 minutes. Complete
recovery of the rod system requires approximately 45 min-
utes.

tivity; thresholds measured during the later branch
are mediated by the rod system, and the inflection
point is termed the rod-cone break. Consequently,
as dark adaptation proceeds, a chromatic test tlash
initially appears colored and later seems colorless as
detection shifts to the rod system. The difference be-
tween the absolute (colorless) threshold and the
threshold for color has been termed the photochro-
matic interval. It should be noted that the threshold
for color does not correspond exactly with the cone
detection threshold; the rod system can have a
marked influence on color thresholds.> # '2* This
type of rod-cone interaction has been attributed var-
iously to a desaturation of the chromatic cone signal
by an achromatic rod signal® or to a rod-induced
shift in the balance of color-opponent cells.'*

To a first approximation, the dark adaptation
curves of the rod and cone systems may be quanti-
fied according to the exponential equation:

log I, = A + Bexp[—(t — tp)i7)] )

in which I, is the threshold at any given time t dur-
ing dark adaptation; ty is either O (cone system) or
the time of the rod-cone break (rod system); and A, B,
and 7 are free parameters.'® This equation provides
a quantitative description of dark adaptation that
can be helpful in the clinical assessment of abnormal-
ities in the time course of bleaching recovery.?
Nevertheless, significant deviations from this rela-
tionship have been noted for both rod” ** and cone
systems.!'? 27>

The recovery of sensitivity following light expo-
sure depends ultimately on the regeneration of
bleached photopigment.'* For example, if the con-
centration of photopigment within the receptors is
reduced through vitamin A deprivation, then the
time course of psychophysical dark adaptation is
prolonged, and thresholds may never reach normal
levels.”" '°! In addition, there is a general correspon-
dence between the time course of rhodopsin regen-
eration and the rate of return of rod system sensitiv-
ity.""! Yet, it is clear that psychophysical dark
adaptation is not due simply to the recovery of a
light absorber. That is, when 90% of rhodopsin has
regenerated following an intense bleach, the rod
threshold remains elevated by 2 to 4 log units,” *
while the threshold elevation due to a reduced
quantum catch would be only approximately 0.1 log
unit. It has been proposed that the recovery of rod
threshold depends, at least in part, on the removal
or inactivation of bleaching intermediates or photo-
products within the photoreceptors, rather than the
regeneration of bleached photopigment per se.” *

To complicate matters, there is considerable evi-
dence that postreceptoral as well as receptoral pro-
cesses are involved in the recovery of sensitivity
during dark adaptation. For example, changes in
test flash size can influence the shape of the dark ad-
aptation curve,'® 2 ! although test size can have
no influence on the rate of photopigment regenera-
tion. The concept of an “adaptation pool” was intro-
duced by Rushton''? to account for observations that
changes in sensitivity appear to result from the pool-
ing of signals from many photoreceptors. Second,
dim lights that bleach a trivial amount of photopig-
ment and that have no effect on the receptor poten-
tial or on horizontal cell responses in the skate retina
nevertheless result in an elevation of b-wave and
ganglion cell thresholds that requires several min-
utes to recover.” It has been proposed that thresh-
old elevations observed following weak bleaches
and/or early in the course of dark adaptation result
from nonreceptoral (“network”) mechanisms, where-




as threshold elevations observed later in the course
of dark adaptation result from “photochemical” pro-
cesses occurring within the photoreceptors.*’

In addition to a recovery of sensitivity, other phe-
nomena accompany the dark adaptation process. Af-
ter the offset of bleaching, the pupil is initially con-
stricted, and then following a transient series of
oscillations, it dilates with a time course similar to
the recovery of rod sensitivity.® Following the offset
of a bleaching light, an afterimage may be apparent,
which then fades over time. The initial afterimage,
which typically appears colored, originates from the
cone system.? If the bleaching exposure is of a high
intensity, particularly in aphakic individuals, eryth-
ropsia may result in which the visual environment
appears to be tinged with red.®" A prolonged, color-
less afterimage that originates from the rod system®
is also often visible. It has been suggested that the
rod afterimage may be related to the noisy residual
excitation of photoreceptors that has been observed
following the cessation of an adapting light."®

The apparent correlation between the disappear-
ance of the rod afterimage and the recovery of rod
sensitivity has given rise to the concept of the
“equivalent background.”'” According to this hy-
pothesis, the aftereffect of bleaching (“dark light”) is
identical to the desensitizing effect produced by a
steady background of “real light.” It has been pro-
posed that bleached photoreceptors produce a con-
tinuing noise signal in darkness that impairs the de-
tectability of a test flash.'® This proposal stands in
contrast to the photochemical hypothesis, which
postulates that the desensitizing effect of bleaching
results from the concentration of bleaching photo-
products in the photoreceptor outer segments. A de-
tailed discussion of the differences between these
two hypotheses is presented by Geisler.™ It has
been demonstrated that the effects of real and dark
light are not always identical,'® * which suggests
that the equivalent background hypothesis cannot
fully explain the process of bleaching recovery.

In the psychophysical measurement of dark adap-
tation, the parameters of the test flash have a
marked effect on the nature of the recovery curve.
One of the primary factors is the test stimulus wave-
length, as illustrated in Figure 56-2. This figure pre-
sents normal dark adaptation curves obtained with
middle-wavelength (open circles) and long-wave-
length (filled circles) test flashes. It is apparent that
the test flash wavelength influences the time of the
transition from cone-mediated to rod-mediated de-
tection (rod-cone break). With a middle-wavelength
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Dark adaptation curves for a normal observer with middle-
wavelength (open circles; BG) and long-wavelength (filled
circles; R) test stimuli, with bleaching and test conditions
comparable to those of Figure 56—1. The solid line through
the open circles represents the best fit of Equation 2 to the
rod-mediated portion. This curve has been shifted vertically
to fit the filled circles. The dashed curve represents the fit of
Equation 2 to the cone-mediated thresholds. Since data are
plotted in photopic units, thresholds for the two chromatic
stimuli are identical during the cone plateau. The curves
subsequently diverge, and the threshold difference indicates
that both represent rod-mediated thresholds. The rod-cone
break occurs later in time for the R test flash.

test flash, the transition occurs at approximately 10
minutes under these conditions. For a long-wave-
length test flash, there is an extended cone plateau,
and the rod-cone break occurs considerably later in
the course of bleaching recovery. The change in the
time of the rod-cone break is predictable from the
relative sensitivity of the rod system to the two
wavelengths of test flash. This is illustrated by the
solid line through the filled circles in Figure 56-2,
which is shifted vertically by the differential sensitiv-
ity of the rod system to the long-wavelength and
middle-wavelength test flashes. Although it is often
assumed that long-wavelength test flashes are cone
mediated in the retinal periphery, this is not neces-
sarily the case. Large, long-wavelength test stimuli
can be detected by rods in the peripheral retina at
the end of dark adaptation, as shown in Figure
56-2.

Although not illustrated in Figure 562, the char-
acteristics of cone system dark adaptation are also
influenced by the wavelength of the test flash. If a
short-wavelength test flash is used to measure dark
adaptation following long-wavelength bleaching the
cone-mediated portion of the curve typically has two
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branches. The first branch represents detection by
the short-wavelength cone system; the second
branch is mediated by the middle-wavelength cone
system.'> Even when dark adaptation is measured
with a test stimulus that is detected solely by the
long-wavelength cone system, recovery does not
necessarily proceed along a single exponential time
course. Temporary plateaus and losses of sensitivity
are observed and have been attributed to the influ-
ence of postreceptoral mechanisms.*”> *

The retinal locus of the test flash also has an im-
portant influence on the nature of the dark adapta-
tion curve.®” A small test flash that is presented to
the fovea typically results in a dark adaptation curve
that is cone mediated throughout bleaching recov-
ery. As illustrated in Figure 56-2, a test flash that is
presented to the parafovea can be detected by either
the cone or rod system, depending on test flash and
bleaching parameters and the time during recovery
at which the threshold is measured. Although it is
often assumed that detection occurs either through
the cone or rod system independently, evidence for
rod-cone interactions during dark adaptation has
been presented. For example, the foveal cone
threshold has been observed to fall slightly during
the later part of dark adaptation, an effect that has
been attributed to the influence of the rod system.*
Moreover, during the later part of the cone plateau
in the peripheral retina, threshold variability may in-
crease, and the cone-mediated threshold may rise
slightly, an effect that has also been ascribed to the
influence of the rod system.'>*

Bleaching parameters can have a marked effect on
the time course of dark adaptation. One consider-
ation is bleaching wavelength. Short wavelengths
are more effective than long wavelengths in desensi-
tizing the rod system. Therefore, short-wavelength
bleaches result in a longer cone plateau with a more
distinct rod-cone break. Long-wavelength bleaching
affects primarily the cone system, so the rod-cone
break occurs relatively early in bleaching recovery or
may be absent altogether, with thresholds rod medi-
ated throughout dark adaptation.

The duration and intensity of the bleaching light
also have an important effect on dark adaptation.
The relationship between p, the fraction of un-
bleached pigment, and t, the bleaching time mea-
sured in seconds, has been described by the follow-
ing relationship:

_dp_pl _A-p)
dt  Q ty G)

where [ is the retinal illuminance in trolands (either
photopic or scotopic, as appropriate), Q is the en-
ergy of the pulsed stimulus (in td - sec) required to
bleach p from 1 to 1/e (photosensitivity), and t; is the
time constant of regeneration in seconds.® ® For the
rod system, Q = 1.57 - 107 scotopic td - sec and t, =
519 seconds; for the cone system, Q = 5.0 - 10° pho-
topic td - sec and t, = 130 seconds.'*> However, sig-
nificant departures from this first-order kinetic equa-
tion have been observed ! 3¢ 109 121

For relatively brief bleaching (e.g., less than 45
seconds for the rod system), there is a reciprocal re-

lationship between light energy and duration'
such that p depends on It, in td - sec:
log (log 1/p) = log (It;) — log Q. 4)

For longer bleaching in which significant regenera-
tion has occurred, the relationship can be described
as

p= I/l + 1) %)

where I, = Q/t,.° An extremely brief (microsecond to
millisecond range), high-intensity flash does not
have the same bleaching effect as a longer-duration
light delivering the same total number of quanta.
This phenomenon has been termed “Rushton’s par-
adox.”'® It has been proposed that this effect results
from photoreversal, in which additional quantal ab-
sorption can reisomerize bleaching intermediates.
Therefore, with extremely brief flashes, it is not pos-
sible to bleach the photopigment completely, regard-
less of the degree of quantal flux. The extent to
which such reisomerization can occur in humans de-
pends on a number of factors, including bleaching
wavelength, and there is some question as to the
exact magnitude of the photoreversal phenome-
nOl"l.“B' 109

If the bleaching light is relatively weak, there is a
rapid recovery of sensitivity following light offset
that has been termed “early dark adaptation”'* or
“Crawford masking”*® and is presumed to represent
neural activity (“network adaptation”). Depending
on the adapting level and the photoreceptor system
involved, the recovery of sensitivity can require only
a few milliseconds or as much as a few minutes. Un-
der such conditions, the threshold elevation at the
offset of the adapting field is substantially greater
than would be expected from the extent of photopig-
ment bleaching.'"?

It is typically the case that sensitivity begins to re-




cover immediately following the offset of an adapt-
ing light. Nevertheless, under certain conditions,
thresholds may become transiently elevated rather
than reduced during the initial period of dark adap-
tation. An example is transient tritanopia, in which
the cone system threshold for a short-wavelength
test flash is elevated transiently following the offset
of a yellow adapting light."> '** Comparable results
may be observed under other conditions of chro-
matic adaptation.'” It has been proposed that tran-
sient tritanopia represents the action of a “restoring
force” that temporarily elevates the threshold by
driving a postreceptoral opponent mechanism to a
polarized state.'® Since transient tritanopia can be
observed in the b-wave of the primate ERG, the site
of the chromatic interaction appears to be at or distal
to the generators of the b-wave.'?®

Although the recovery of sensitivity during dark
adaptation is thought to depend predominantly on
events that occur within the retina of the bleached
eye, binocular interactions have been reported. For
example, the time course of dark adaptation for a
test flash presented to one eye is affected by the
presence of a small, dim light presented to the non-
tested eye during bleaching adaptation.®" *® More-
over, rod thresholds during bleaching recovery can
be lowered by pressure blinding the dark-adapted,
nontested eye.” In addition, the rod absolute
threshold in the test eye can be reduced by intense
long-wavelength adaptation of the contralateral
eye.'” To account for these findings, it has been
proposed that a dark-adapted, nontested eye gener-
ates noise that interferes with detection.® '

For the clinical measurement of dark adaptation,
the most widely used, commercially available instru-
ment is the Goldmann-Weekers Dark Adaptometer
(Haag-Streit). [t should be noted that a calibration
error has been observed in some models of this in-
strument.®” Perimeters that allow precise control of
test stimulus properties, such as the Tibingen pe-
rimeter (Oculus), can also be used to measure dark
adaptation.” Methods for the semiautomation of
dark adaptation testing have been reported.”® 7 A
test of dark adaptation that is easily implemented is
the macular photostress recovery test, which has
been advocated as a method for distinguishing be-
tween vision loss due to macular disease and loss re-
sulting from disorders of the optic nerve,”® although
the underlying physiological processes are uncer-
tain. In this procedure, the eye is first exposed to il-
lumination from a penlight, and then the patient is
asked to read test letters on an acuity line that is just
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larger than his best acuity. The time required for the
patient to recover the ability to read at least three
Snellen letters on this line is used as an index of
dark adaptation.

A number of different eye diseases may be accom-
panied by abnormalities in dark adaptation (re-
viewed by Krill’® and Hart®'). In the clinical evalua-
tion of dark adaptation abnormalities, it is important
to distinguish between elevations of threshold and
delays in the time course of bleaching recovery per
se. For example, some diseases that atfect the photo-
receptors and/or RPE, such as progressive cone dys-
trophy?" '® and chloroquine toxicity,® can result in
threshold elevations without an accompanying ab-
normality in the time course of bleaching recovery.
Other disorders of the outer retina may be accompa-
nied by delayed bleaching recovery, including retini-
tis pigmentosa,* ** age-related maculopathy,?® ** 53
acute posterior multifocal placoid pigment epitheli-
opathy,® 72 fundus flavimaculatus,” ''® and uveal
disease.” Moreover, there can be considerable inter-
patient variability in the degree of dark adaptation
abnormality within a given disorder.* 7> Some visual
disorders that primarily affect the inner retina, such
as diabetes mellitus and glaucoma, can also result in
an abnormal time course of dark adaptation. % %/
In addition, systemic conditions such as vitamin A
deficiency,”" "' hypoxia,*”* *> hypoglycemia,” and
alcohol ingestion? can result in dark adaptation ab-
normalities.

In the clinical assessment of dark adaptation, it is
helpful to identify the photoreceptor system that
mediates detection in order to determine whether an
abnormality is specific to the rod or cone system.
Therefore, it is necessary to measure dark adapta-
tion with at least two wavelengths of test flash, to
which the rod and cone systems have markedly dif-
ferent sensitivities. For example, Figure 56-3 shows
dark adaptation curves measured at 20 degrees in
the nasal visual field of an individual with congeni-
tal stationary night blindness (see Alexander et al.”
for further patient characteristics). During the first
few minutes of dark adaptation, the superimposition
of the data points for the two wavelengths of the
test flash indicates that thresholds are cone medi-
ated for this patient during this period. Thresholds
for the long-wavelength test flash (filled circles) then
remain constant throughout the remainder of
bleaching recovery. However, at the normal time of
the rod-cone break (approximately 10 minutes as
shown by the dashed line), thresholds for the mid-
dle-wavelength test flash (open circles) show a slight
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Dark adaptation curves for an individual with congenital sta-
tionary night blindness that were measured under condi-
tions comparable to those described in Figure 56—2. The
use of chromatic test flashes distinguishes between rod-
and cone-mediated thresholds. Thresholds for the R test
flash are cone mediated throughout dark adaptation and are
elevated above those of a normal observer (dashed line, re-
plotted from Fig 56—2). Thresholds for the BG test flash are
rod mediated after approximately 10 minutes. Despite the
extreme elevation of rod-mediated thresholds, the rod-cone
break occurs at the normal time.

decline for this patient. The small but consistent dif-
ference between thresholds for the two wavelengths
of the test flash during the later portion of dark ad-
aptation indicates that thresholds for the middle-
wavelength flash are rod mediated at the end of
bleaching recovery, although elevated by approxi-
mately 4 log units above normal. Without such a
comparison, it might have been concluded errone-
ously (see Krill’®) that thresholds obtained with the
middle-wavelength test flash represented a delayed
recovery of cone sensitivity in this patient with con-
genital stationary night blindness.

The pathophysiological mechanisms that underlie
abnormalities of dark adaptation are likely to be dif-
ferent in various visual disorders, a point that is il-
lustrated exquisitely by studies of patients with fun-
dus albipunctatus and Oguchi’s disease.?" > % In
both diseases, the dark-adapted sensitivity of the
rod system is within normal limits once complete
rod recovery has occurred. However, this recovery
process requires an extraordinarily long period of
time. In fundus albipunctatus, the extremely pro-
longed recovery of rod sensitivity that is observed
psychophysically is accompanied by a delayed re-
generation of rhodopsin as measured densitometri-
cally.'® Therefore, the abnormality of dark adapta-
tion observed in this disorder appears to occur at a
very distal stage of the visual process.

These findings are in striking contrast to those ob-
tained from patients with Oguchi’s disease.” In this
relatively rare condition, the regeneration of photo-
pigments occurs with a normal time course. How-
ever, exposure to lights that bleach an insignificant
amount of photopigment results in an extremely
prolonged loss of rod sensitivity. It has been pro-
posed that these results, coupled with ERG b-wave
abnormalities, implicate a defective neural process
within the retina in Oguchi’s disease rather than an
abnormality in photopigment regeneration.>

The administration of vitamin A can be effective
in ameliorating dark adaptation abnormalities in in-
dividuals with vitamin A deficiency due to systemic
conditions such as biliary cirrhosis or Crohn’s dis-
ease.”! However, effective treatments for dark adap-
tation abnormalities in various hereditary retinal dis-
eases are, for the most part, unavailable. Exceptions
include abetalipoproteinaemia (Bassen-Kornzweig
syndrome), a systemic disorder accompanied by a
form of retinitis pigmentosa that results from an ab-
sence of lipoproteins containing apoprotein beta,®
and gyrate atrophy, a chorioretinal degeneration as-
sociated with an inability to degrade ornithine due
to an enzyme deficiency.” In the former, large dos-
ages of vitamin A have been reported to improve
dark-adapted thresholds in persons with the early
stage of this disorder,”™ and vitamins A and E in
combination have been shown to arrest retinal dete-
rioration as measured electrophysiologically.? In gy-
rate atrophy, the dietary restriction of proteins and
of arginine, a precursor of ornithine, is being stud-
ied to evaluate the apparent effectiveness of this
treatment in improving visual function in patients
with this disorder.®® A more comprehensive under-
standing of the pathophysiology of dark adaptation
abnormalities and the development of possible treat-
ment regimens for patients with other visual disor-
ders await further explication of the complex photo-
chemical and neural events underlying the dark
adaptation process.
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