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Abstract: We measured chromatic threshold sensitivity in
the mesopic range using a combination of techniques that
mask the detection of photopic and scotopic luminance
contrast signals. The measurements were carried out at a
number of light levels in the range 45—0.004 c8/ioth
foveally and with the stimulus centered 3.5° in the periph-
ery. In order to investigate the effect of rod signals one
chromatic detection thresholds in the near periphery of the
visual field, we measured chromatic threshold ellipses when
fully dark-adapted and during the cone plateau region of
the dark-adaptation curve. The results confirm a number of
previous observations and reveal new findings:

e A reduction in background adaptation causes a loss o
chromatic sensitivity that becomes more rapid as one’
enters the mesopic range. This loss is observed both
foveally and in the near periphery and cannot, therefore,
be attributed entirely to rod intrusion. A small increase in
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factor of two, as the light level decreases from 10—0.056
cd/nt.

At lower light levels, some subjects show an asymmetry in
chromatic thresholds along the tritan axis. This asymme-
try is consistent with greater sensitivity to increases than
decreases in S-cone excitation.

Measurements of chromatic sensitivity following either
complete dark-adaptation or during the cone plateau
phase of the dark-adaptation curve yield essentially the
same results. These findings, therefore, suggest that rod
signals have little or no influence on chromatic sensitivity
at this eccentricity® 2000 John Wiley & Sons, Inc. Col Res Appl,

26, S36-S42, 2001
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INTRODUCTION

chromatic thresholds is observed in the near peripheryMesopic vision describes a range of light levels, where
when Compared with foveal measurements. ComparisoMiSion is mediated by both rods and cones. The relative
of foveal and peripheral measurements also reveals a tileontribution to visual perception made by rods and cones in
in the orientation of the major axis of the chromatic this range varies with the level of |Ight adaptation and other

threshold ellipse away from the tritanopic towards the parameters such as stimulus size, spectral content, eccen-
deuteranopic colour confusion line: tricity, and duration of presentation. This region spans a
e The loss of chromatic sensitivity is not uniform, with therange of light levels, which extends from 5000 scotopic
tritan axis being most affected. The ellipticity (i.e., the trolands, just below rod saturatiénto almost absolute
ratio of major to minor axis of the ellipse plotted on the threshold, depending on background and stimulus condi-

CIE 1976, UCS diagram) can increase by as much as dions. The mesopic range, therefore, encompasses lighting
conditions from, for example, twilight, night driving, and

. emergency lighting levels to about the luminance of blue
* Correspondence to: Helen C. Walkey, City University, Applied Vision sky2 Even at the lowest end of this range, colour vision can
Research Centre, Northampton Square, London EC1V OHB, UK (e-mailcontribute significantly to the visual resporise.
h.c.walkey@city.ac.uk) _ Although colour vision does extend to these low levels,
Contract grant sponsor: UK Department of Trade and Industry’s Optical h ti itivity deteri t ianifi " £ .
Radiation Metrology Programme, in support of the National Measuremenp romalic sensmvity de e”F’ra es signmcantly at lumi-
System nances below about 3 cdfpwith normal observers becom-
© 2000 John Wiley & Sons, Inc. ing tritanomalous at mesopic levél8.Normal subjects
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FIG. 1. Example of visual stimuli designed to isolate the use of chromatic signals. The spatial luminance distribution of the
checks and the mean luminance of the central square changes randomly every 107 ms, generating dynamic luminance
contrast noise and light flux noise, respectively. Each presentation lasts 1.5 s, with the coloured stimulus presented for 0.5 s
in the middle of this range. (See Methods for full details.)

show increased tritan errors on the FM-100 Hue test perparticular, the extent to which this loss can be attributed to
formed under low illuminatiori-1© Reduction of retinal rod involvement or selective reduction of the signal-to-noise
illuminance also produces a deterioration of wavelengthratio in cone receptors.
discrimination over much of the visual spectrum with, in
particular, greatly reduced discrimination over the mid-
wavelength region of the spectrum. However, an improve- METHODS
ment in discrimination can be seen at roughly 460 *m,
especially when short flash durations are invol¥&d@here  To isolate chromatic signals in the mesopic range, we de-
is little doubt that, in general, colour vision deteriorates atsigned a masking technique to eliminate the detection of
low light levels and this can be quantified by measurementghotopic and scotopic luminance contrast signals associated
of perceived chromatic saturation, wavelength discriminawith a chromatic change. The colour vision test used in this
tion, and colour detection thresholds. This observed degrastudy simultaneously employed three types of luminance
dation in visual performance has been attributed largely t@ontrast masking: luminance contrast noise (LC), large-field
lower signal-to-noise ratios in cone receptors at low lightlight flux noise (LF), and the presence of a luminance
levels, and the effect rod signals may have on chromaticontrast pedestal (LCP). The stimulus for the test field
pathways:® It is, however, by no means clear how the consisted of an array of checks, the central square of which
contribution of these factors changes with light adaptatiorwas defined by an LCP and formed the test target (see Fig.
level and other stimulus conditions. 1). LC masking was provided by randomly modulating the
Previous studies of chromatic discrimination have in-luminance of each check in the array within a range spec-
volved either direct measurement of the just noticeabldfied as a percentage of the stimulus luminance. The dura-
difference between two coloured fields, or an estimate ofion of each frame was 107 ms, and the mean luminance of
standard deviation derived from a number of colour matcheghe stimulus remained constant. LF masking was provided
made between a fixed and variable field. Both methoddy the random modulation of the mean luminance of the test
require setting isoluminance for the fixed and the variablgarget and was independent of ongoing LC noise. The ben-
field, which is often difficult to carry out. In this study, we efit of using local, dynamic LC noise to mask photopic
have investigated the loss of chromatic sensitivity in thecontrast signals has been demonstrated successfully in both
mesopic range using a dynamic luminance perturbatiomormal trichromats and dichrométsand in patients with
technique that isolates the use of chromatic signals. Theerebral achromatopsia.ln a similar way, LF noise was
advantage of this technique is that it eliminates the need tdesigned to mask spatially pooled rod signals that cannot be
determine isoluminance. Our metric for chromatic sensitiv-masked with LC noisé$ The use of a luminance contrast-
ity also differed from previous studies; we measured thedefined pedestal helps further to mask the detection of
threshold for detection of a chromaticity change against duminance contrast changes at the onset of a chromatic
neutral background. Of interest was also the need to exanstimulust”
ine further the preferential loss of blue-yellow sensitivity at ~ Stimuli were presented on a CRT monitor (Sony Multi-
low light levels, which has been reported in the literature, inscan 20“), which was calibrated for the luminance vs. gun
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FIG. 2. (A)—(B) Chromatic threshold ellipses for two subjects measured foveally for each of the light levels investigated:
(section A) HW and (section B) HA. The closed symbols indicate chromatic thresholds. The open symbols indicate that
threshold was not attained before reaching the limits imposed by the phosphors of the display and an arbitrary maximum
value has been assigned (the maximum saturation that can be produced by the display).

voltage relationship for each of the three guns using a LMTirom fixation in the right hemifield. An eccentricity of 3.5°
(L1003) photometer. The three display phosphors were alswas chosen, because in the near periphery it is relatively
calibrated for radiance and chromaticity using a Gammaeasy to carry out the measurements, and also because it
Scientific telespectroradiometer (model RD2). Standard coleorresponds to a retinal location where rods are present. The
orimetric transformatiori§ were then used to compute the neutral background chromaticity was = 0.195,v' =
phosphor luminances required to generate a specified lumB.464, corresponding to “MacAdam whit&2’'When testing
nance/chromaticity triplet. Spectrally calibrated neutral den-at the higher light levels, random luminance masking was
sity filters were employed to achieve a 4-log unit change irset at==20% of the mean luminance of the stimulus. For the
mean luminance level. lower light levels and more peripheral measurements, this
A psychophysical staircase procedure was used to meaalue was increased t©40% to compensate for the large
sure thresholds for detection of chromatic changes. Meaincrease in luminance contrast thresholds.
surements were obtained for a 2.0° square stimulus pre- Three subjects: HW, JB, and SM carried out measure-
sented on a uniform background of angular subtense<29° ments at a single light level following dark-adaptation and
23° (Fig. 1). A single stimulus lasted 1500 ms; the changelso on the cone plateau of the dark-adaptation curve. For
of chromaticity lasted only for 500 ms and was arranged tahis experiment, the chromaticity of the background was
be in the middle of each presentation. Each stimulus repred’ = 0.198,v' = 0.395, and the stimulus was positioned at
sented a shift in the chromaticity of the test target, awayB3.5° eccentricity. A Maxwellian view optical systéfrwas
from background chromaticity towards the spectrum locusused to generate a white-light bleaching stimulus (of corre-
in one of 18 directions. Chromatic saturation in each direcdated colour temperature 3200 K). The stimulus field was
tion was measured in the CIE 1934 y)-chromaticity space circular, of 48° diameter and retinal illuminance 5-log tro-
and controlled by one of 18 randomly interleaved staircasedands. The subject was light-adapted for 2 min and prelim-
The values derived from each staircase correspond to theary dark-adaptation measurements were used to establish
chromatic threshold in each direction investigated. The datéhe duration of the cone plateau following bleaching. Mea-
points determined in the CIE 1934, {/)-chromaticity space surements started 4 min after the end of the bleach and
were then transformed to the CIE 19186,¢')-chromaticity  continued for 4 min and 30 s, and then the bleach was
space and plotted in this space. No attempt was made to fiepeated. The measurement of one complete chromatic

elliptical functions to the data. threshold ellipse required 3—4 bleaches.
Four colour normal observers (age range 22—47) took
part in this study. All observations were made monocularly RESULTS

with the right eye and with natural pupils. Two subjects: HA

and HW carried out measurements for five light levels in theFOVeal Measurements
range 45-0.0041 cd/nfollowing appropriate dark-adap Figure 2 shows foveal chromatic threshold ellipses mea-
tation. The stimulus was centered either at the fovea, or 3.58ured in two subjects for each of the five light levels
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FIG. 3. (A)-(B) Chromatic threshold ellipses measured for each of the light levels investigated with the stimulus centered 3.5°
in the periphery: (section A) HW and (section B) HA. The closed symbols indicate chromatic thresholds. The open symbols
indicate that threshold was not attained before reaching the limits imposed by the phosphors of the display and an arbitrary
maximum value has been assigned (the maximum saturation that can be produced by the display).

investigated (measurements were obtained at an additionBleripheral Measurements

light level: 0.013 cd/rf for subject HW). The results are

plotted in the CIE 1976U(, V')-uniform chromaticity space. Figure 3 shows thresholds obtained with the stimulus
The data points represent the mean of three separate mezgntered 3.5° in the periphery. The results show a gradual
surements. When testing at the lower light levels (0.056Ioss of sensitivity with increased ellipticity at lower light

0.013, and 0.0041 cdAy it was not possible to measure levels. The major axes of these ellipses show a slight

thresholds in all directions, because we were constrained bg/ewatlon from the tritanopic confusion line towards a red-

the limits of the phosphors of the display. In such cases, th reen axis. we _have also obseryed this effect in Oth?r
maximum_achievable chromatic saturation was plottedunpUb“Shed studies when the subjects become deutan-like
. o ; at large eccentricities.
These points coincide with the curve that plots the phosphor
limits in Fig. 2. For the lowest light level tested (0.0041
cd/n?), thresholds could be measured for only a few of the
18 directions. Change of Background Chromaticity
The measured thresholds show only small differences

when the light level changes from 45 and 10 c&/m The ellipses measured at 45 and 10 cdhoth at the

However, at lower light levels, thresholds are elevatedfovea and in the near pe_r||_ohery show symmetry with respect
to background chromaticity. The symmetry present at the

and the different colour directions become perceptually . T
less separable and more difficult to distinguish on theloWer mesopic levels studied, i.e., 0.056 and 0.013 édin

. . difficult to evaluate because of the aforementioned masking
basis of colour appearance. Nevertheless, all Supjecé‘the ellipse boundaries. To overcome the constraints set by
were aware of colour cha}ng.es, and when qu.est|one ese limits and further investigate the possible symmetry of
could label correctly the principal hues. The major axesg,qp, g|lipses, we repeated a set of measurements at 0.056
of these ellipses are aligned with the tritan colour con-.q/n? and 3.5° eccentricity, but with a change of back
fusion line?: As luminance decreases, the ellipses 0fground chromaticity. Figure 4 shows the results obtained for
observer HA elongate along this axis, leading to a dousypject HW, when the neutral background was shifted from
bling of ellipticity (ratio major to minor axis) over the y = 0,195 = 0.464 tou’ = 0.198,v' = 0.395. At this
range of |Ight levels tested, but observer HW shows “tt'echromaticity’ the background appeared bluish gray. With
elongation with decreased luminance. At the lower lightthe new background chromaticity, it was possible to obtain
levels, however, we were not able to estimate the actuahreshold measurements in all 18 directions; revealing, for
ellipticity, because the limits imposed by the phosphorsthis subject, an ellipse that is asymmetric about the back-
of the display obscure the ellipse boundaries. This leadground along the blue-yellow axis. The asymmetry corre-

to underestimation of the actual increase in ellipticity. sponds to a reduced sensitivity for S-cone decrements (i.e.,
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FIG. 4. Chromatic threshold ellipses measured 3.5° in the
periphery, at a luminance of 0.056 cd/m? for two back-
grounds of different chromaticity. The first background chro-
maticity corresponds approximately to daylight at a colour
temperature of 6500 K. The second results in a more bluish-
gray appearance and was selected to allow greater changes
of chromaticity for all colour directions investigated. The
closed symbols indicate chromatic thresholds. The open
symbols indicate that threshold was not attained before
reaching the limits imposed by the phosphors of the display,
and an arbitrary maximum value has been assigned (the
maximum saturation that can be produced by the display).

on the cone plateau of the dark-adaptation curve for the
same background luminance. The stimulus was cenetred
3.5° in the periphery at an eccentricity, where rods should
contribute to the response. The lowest pedestal light level
that we were able to employ for testing on the cone plateau
was 0.09 cd/rh These results are shown in Fig. Bnder
these conditions, threshold contours vary somewhat be-
tween observers. However, none of the three observers
showed significant changes in the thresholds obtained after
dark-adaptation relative to those obtained on the cone pla-
teau. Subject HW exhibits marginally larger thresholds than
either JB or SM, and shows the aforementioned asymmetry
along the blue-yellow axis [Fig. 5(C)]. Subject SM shows
qualitatively the same asymmetry, but subject JB shows no
asymmetry.

DISCUSSION

The results of this investigation confirm a number of pre-
vious observations, and reveal some new findings. It is
clearly well established that the lowering of background
light adaptation causes an overall reduction in chromatic
sensitivity. This can be demonstrated in wavelength dis-
crimination experiments or chromatic discrimination mea-

surements.The results reported here show that the loss of
chromatic sensitivity in the mesopic range is observed both
foveally and with the stimulus centered 3.5° in the periph-
ery. Rod intrusion cannot, therefore, entirely explain these
findings. It is also known that the use of dynamic LC noise

the yellow direction), and/or an increased sensitivity forfails to cause any significant increase in chromatic detection

S-cone increments (i.e., the blue direction).

Cone Plateau Measurements

thresholds in the photopic rang®22 The results of this
study suggest that chromatic and luminance contrast signals
are also processed separately in the mesopic range.

An interesting observation concerns the use of the CIE

The asymmetry found for ellipses measured at the lowefl976 (', v')-uniform chromaticity space. This system was
light levels, which is not as evident at high light levels, introduced to correct for the nonuniformity in the CIE 1931
suggests that the effect may be produced by the influence @hromaticity diagram. Figure 2 shows that even at moderate
rod signals on chromatic processes. To test this hypothesikgvels of light adaptation the measured thresholds are not
we compared thresholds following complete dark-adaptaindependent of the direction tested. Instead of forming cir-
tion to a given background luminance, with those measuredles, the threshold contours describe ellipses with their
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FIG. 5. (A)—-(C) Comparison of dark-adapted and cone-plateau thresholds. The results shown were measured with the

stimulus centered 3.5° in the periphery at a luminance of 0.09 cd/m?, following (squares) dark adaptation and on the cone
plateau of (triangles) the dark adaptation curve: (section A) subject JB, (section B) subject SM, and (section C) HW.
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major axis aligned with the blue-yellow axis, as determinedmesopic range can be explained by the reduction in quantal
by the tritan confusion line. As luminance decreases, theatch of the cone receptors and a corresponding decrease in
nonuniformity becomes more pronounced; the ellipses elonsignal-to-noise ratio. The preferential loss of blue-yellow
gate along this axis, often leading to a doubling of elliptic- sensitivity observed at low light levels could be due to either
ity. The nonuniformity of thai’, v’ space is well known, but the scarcity of S-cones in the retiffapr due to S-cone
it does complicate inferences about the ellipticity of thesignals only operating in the Weber region for higher levels
locus of chromatic difference thresholds and their asymmeef S-cone excitatiod?-28 This explanation can also account
try, especially inferences about their magnitude. Howeverfor the observed asymmetry in chromatic sensitivity that is
changesn the ellipticity or asymmetry with luminance or present in some subjects [see Fig. 5(B)—(C)]. If S-cones
other variables cannot be attributed to nonuniformity of theoperate just outside the Weber region at lower light levels,
colour space employed. detection thresholds are larger in the yellow direction,

The nonuniform elevation of chromatic thresholds pro-where the S-cone signals decrease and, therefore, move
duced by the reduction of retinal illuminance is consistentfurther away from the Weber region. Similarly, detection
with the findings of Browr?. The selective loss of chromatic thresholds are smaller in the blue direction, where S-cone
sensitivity, along the blue-yellow axis is also consistentsignals increase and move more into the Weber region. This
with the finding of tritan errors for the FM-100 Hue test, kind of behavior predicts an improvement in sensitivity
when performed under low illumination© towards the blue and an impairment of sensitivity towards

Closer examination of thresholds along the blue-yellowthe yellow. This hypothesis also predicts that changes in
axis at low light levels raises the question of whether rodbackground adaptation level should either enhance or re-
influences on chromatic mechanisms either contribute to thduce the observed asymmetry in chromatic thresholds when
observed increase in thresholds or cause the threshold asyi®-cones are involved. DeMar& al 2° observed symmetry
metry along a tritan axis. Figure 5 shows a comparison ofn such thresholds at 100 cd/nf, and Shinomoret al3°
chromatic thresholds measured 3.5° in the periphery, on thebserved equal sensitivity to both directions of sawtooth
cone plateau region of the dark-adaptation curve, where rotemporal modulation of S-cone excitation at 3 cdfn
influences should be absent, and after full dark adaptation talthough they were able to produce differences by adapta-
the same background level, where rod influences should b#on to such asymmetrical stimuli. The asymmetry in the
maximal. The absence of significant differences betweeitthresholds for increments and decrements of S-cone excita-
the two sets of data suggests that neither the selective losstén is observed in only some subjects and appears to
chromatic sensitivity along the tritan axis nor the asymme-depend on luminance, state of adaptation, and probably
try in thresholds in the blue and yellow directions can beother factors. More experimental work is, therefore, needed
attributed to rod signals. This may not, however, be the cast test this hypothesis and to explain why the chromatic
for other stimulus conditions. There is evidence that boththreshold asymmetry along the tritan axis is not present in
red-green discrimination at 25° eccentriétyand yellow-  all subjects.
blue discrimination at 7° eccentricyin the mesopic range
are impaired by the influence of rods. Wavelength discrim-
ination at 7° eccentricity also appears to be impaired by rod ACKNOWLEDGMENTS
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