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Chromatic Recordings of Electroretinograms

Kazuo Kawasaki
Jhoji Tanabe

Kenji Wakabayashi
Yutaka Shirao

The electrophysiological investigation of chromatic
responses is not a routine part of clinical ophthal-
mology, for better diagnostic methods exist. The in-
terest lies in the information about intraretinal pro-
cessing that is revealed by such recordings, mostly
studied in congenital red-green color deficiency, as
reviewed by Armington.! Most of the previous pub-
lications along this line dealt with the b-wave, flicker
electroretinogram (ERG), or early receptor potential
(ERP).078 1 13, 13, 18-20. 22,33 The gpectral sensitivity
of the b-wave and the flicker ERG were reported to
be reduced at long wavelength in protans.®?
Yokoyama and his coworkers®” 2> # demonstrated
in protans and deutans abnormal spectral response
curves of the b-wave and abnormal ERG responses
to a mixture of red and green stimuli sinusoidally
flickering in counterphase. The b-wave or flicker
ERG is not solely indicative of the receptor activity.

Two kinds of electrical responses have been re-
ported as being generated in photoreceptor cells: the
early and late receptor potentials.> * The major dif-
ference in waveform of the late receptor potential
between the cones and rods lies in the off-response
(response to a cessation of stimulus light); the off-re-
sponse is rapid in the cones and slow in the rods.* >
(The off-response of blue cones is slow,?" 2> but
blue cones are not concerned, insofar as we know,
with red-green color deficiency.)

In the human ERG the off-response begins with a

rapid positive-going deflection (the rapid off-re-
sponse) at a stimulus intensity above about 6 lux at
the retina.?® The rapid off-response in humans fol-
lows flickering stimuli of high frequency (not less
than 34 Hz)** and is resistant to light adaptation,®
and the relative spectral sensitivity function curve
approximates the psychophysical photopic curve.'”
This ERG rapid off-response is unchanged in con-
genital stationary night blindness,” but no rapid off-
responses can be obtained in rod monochromatism.’
The rapid off-response is preserved in vitro after
treatment of the retina with aspartate or glutamate,®
which is known to abolish the postsynaptic re-
sponses of the retina without abolishing the receptor
potential. Thus, the rapid off-response is photopic in
nature and is useful for an objective examination of
the photopic function at the photoreceptor level.

RAPID OFF-RESPONSE IN PROTANS AND
DEUTANS

The method used is to employ a monochromatic,
4-Hz square-wave (50-duty cycle) flickering light.
The maximum stimulus intensity was 1.0 x 10"
quanta - cm™? - sec”! at each wavelength at the po-
sition of the cornea of the eye to be examined. The
pupil was fully dilated. Averaged responses to 40
stimuli were measured. Twenty-four protan patients
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340  Other Protocols for Recording of ERG and Slower Potentials

(10 protanopes and 14 protanomalous aged 9 to 22
years with a mean age of 15.3 years) and 23 deutan
patients (7 deuteranopes and 16 deuteranomalous
aged 9 to 25 years with a mean age of 15.7 years)
were studied. All were males except for one prota-
nomalous female. The normal control group con-
sisted of 24 men with ages ranging from 15 to 29
years (mean, 23.5 years).

The inset in Figure 44—1,A" shows a typical exam-
ple of the ERG evoked by a monochromatic rectan-
gular stimulus (550 nm) in a normal control subject.
The onset of the stimulus light evoked the a-wave,
the b-wave, and the oscillatory potential. The termi-
nation of the stimulus elicited an upward (positive-
going) deflection, which is referred to as the rapid
off-response. The relationship between the stimulus
intensity and the amplitude of the rapid off-re-
sponse was plotted at each wavelength of stimulus
light. The reciprocal of the stimulus intensity needed
to evoke a response of a constant criterion voltage
(20 V), i.e., the sensitivity, was obtained at each
wavelength from the graphs depicting the ampli-
tude-intensity relationship. The spectral sensitivity
curves thus obtained for the rapid off-response
showed a maximum sensitivity around 550 nm in all
normal subjects studied and were approximated by
the human photopic visibility curve (Commission In-
ternationale de I'Eclairage [CIE] 10) (Fig 44-1,A).

The peak of the spectral sensitivity curve shifted
toward the short wavelength (520 to 530 nm) in pro-
tans (Fig 44-1,B). The peak of the sensitivity curve
in deutans was at 550 nm or its vicinity (Fig 44-1,C),
as in normal subjects (Fig 44-1,A). The shape of the
spectral sensitivity curves, however, clearly differed
between normals and deutans; the sensitivity at 480
nm was definitely higher than the sensitivity at 620
nm in all normal subjects tested, whereas the sensi-
tivities at 480 and 620 nm were nearly equal in deu-
tans (Fig 44—1,A and C). This difference is clearly il-
lustrated in Figure 44-3, which will be referred to in
detail later.

The right-hand graphs (A’, B, and C’) in Figure
44-1 show the mean and the standard deviation of
the spectral sensitivity of the rapid off-response in
normals, protans, and deutans, respectively. As
compared with the normal control, in protans the
mean of the sensitivity of the rapid off-response was
higher at short wavelengths (480, 500 nm) (P < .005)
and lower at long wavelengths (560 nm and longer)
(P < .005). The mean sensitivity in deutans was
lower than normal between 480 and 560 nm (P <
.005) and higher than normal at long wavelengths
(620 nm) (P < .001) (Fig 44-1). Reflection fundus
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FIG 44-1.

Spectral sensitivity of the rapid off-response in normal sub-
jects (A and A’), protans (protanopes, protanomais) (B and
B’) and deutans (deuteranopes, deuteranomals) (C and C’).
The left graphs show sensitivity curves in each individual
tested. Curves with small circles indicate protanopes (B) or
deuteranopes (C). The remainder of the curves pertain to
protanomals (B') or deuteranomals (C’). Right graphs show
means and standard deviations of spectral sensitivity. The
dotted curve and shaded area in B’ and C’ indicate the
mean and standard deviation in normal subjects, respec-
tively. Averaged waveforms of 40 responses to repetitive
monochromatic stimuli of 4 Hz were analyzed in Figures
44—1 and 44-3 to 44—6. Ordinates indicate logarithms of
the reciprocal of the quantal number of stimulus light to
evoke the rapid off-response of the 20-pV criterion ampli-
tude. Sensitivity at O log units on the ordinate corresponds
to the sensitivity of 1.0 x 10'® quanta - cm~2 at the cornea.
The inset in A’ illustrates a typical exampie of an ERG at
550 nm in a normal subject. The arrow indicates the rapid
off-response.
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. . .+ Amplitude of the rapid off-response in 20 normal
0 %6 3 subjects (10- to 27-year-old males, upper graph),
in 13 protans (12- to 22-year-old males, middle
4 graph), and in 19 deutans (12- to 22-year-old
1) males, fower graph) as a function of the intensit
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of white stimulus light. Zero log unit of stimulus
intensity was 1.0 x 10® lux at the cornea. Left
graphs are amplitude-intensity curves of individual
subjects. Right graphs are means and standard
. . deviations. Curves with open circles in the left
-20 -16 -13 graphs indicate dichromats. The rest of the curves
indicate abnormal trichromats. Open squares in
the right graphs indicate the mean amplitude in
ﬁ H normal subjects. Solid circles and solid squares
) indicate the mean amplitudes in protans and
deutans, respectively.
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Log ratio of sensitivity of the rapid off-response at 480 nm to its sensitivity at 620 nm in protans, Pigmentfarbenamblyopie of
the protan type (P-PFA), protan carriers (P-carrier), normal control subjects, deutan carriers (D-carrier), Pigmentfarbenambly-
opie of the deutan type (D-PFA), and deutans. Sensitivity was defined here as the reciprocal of the quantal number of stimulus
light that is needed to evoke a rapid off-response of 20-uV criterion amplitude. Open and filled triangles in protans indicate
protanopes and protanomals, respectively. Open and filled squares in deutans indicate deuteranopes and deuteranomals, re-
spectively. Open and filled triangles in protan carriers indicate mothers of protanopes and those of protanomals, respectively.
Open and filled squares in deutan carriers indicate mothers of deuteranopes and those of deuteranomals, respectively. Open
circles and vertical bars indicate the mean and standard deviation in Figures 44—3, 44—4, and 44-7 to 44-9, respectively.
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densitometry has demonstrated a decrease or loss of
the visual pigment at long wavelengths in protans
and at medium wavelengths in deutans.'® 7 The re-
duction in sensitivity of the rapid off-response at
long wavelengths in protans and at medium wave-
lengths in deutans (Fig 44-1) is in agreement with
such densitometric results. It is noteworthy that the
sensitivity of the rapid off-response is higher than
normal at short wavelengths in protans and at long
wavelengths in deutans (Fig 44-1). In this regard,
we should refer to Wald’s finding®' that the psycho-
physical sensitivity was higher than normal at short
wavelengths in protans and at long wavelengths in
deutans. Wald®' hypothesized that the red-absorb-
ing cones lost in protans are replaced mainly by in-
creased numbers of green-absorbing cones and that
the green-absorbing cones lost in deutans are re-
placed mainly by added red-absorbing cones. This
hypothesis is consistent with the high sensitivity of
the rapid off-response at 480 to 500 nm in protans
and at 620 nm in deutans (Fig 44-1). Although the
spectral characteristics of the rapid off-response dif-
fered among normals, protans, and deutans (Fig
44-1), the amplitude of the rapid off-response to
white stimulus light was not significantly different
among these three groups (Fig 44-2). This finding is
also compatible with Wald’s hypothesis mentioned
above.

The difference in shape of the spectral sensitivity
curve among normals, protans, and deutans can be
described in a quantitative manner by the sensitivity
ratio at short and long wavelengths. The number of
quanta (reciprocal of the sensitivity) in the stimulus
light that is required to evoke a rapid off-response of
20 wV was calculated from the amplitude-intensity
curve in each subject at 480 and 620 nm. The ratio of
the quantal numbers at 620 nm to those at 480 nm
(ratio of the sensitivity at 480 nm to the sensitivity at
620 nm, Sug0/Sgop) is plotted on the ordinate in Figure
44-3. This ratio was greater in all protans and
smaller in all deutans than in normal control sub-
jects (Fig 44-3). It should be emphasized that we are
able to differentiate protans and deutans from nor-
mals by recording the rapid off-response only at two
different wavelengths of stimulus light. This would
be a new method of diagnosing protans and deutans
in an objective and quantitative manner.

The spectral sensitivity curve and the sensitivity
ratio (S4s0/Se20) Of the rapid off-response showed no
significant difference between protanopic and prota-
nomalous or between deuteranopic and deutera-
nomalous patients (Figs 44—1 and 44-3.) This result

is not unexpected because Pokorny and Smith"
demonstrated that dichromats diagnosed by anoma-
loscopy with a small test field show trichromacy by
anomaloscopy with a large test field. The stimulus
field used in the present study subtended about 60
degrees in visual angle. Therefore, it would be rea-
sonable that no difference in the rapid off-response
was found between dichromats and anomalous tri-
chromats in the present study using a large stimulus
field.

Majima'? classified red-green color deficiency into
four grades by routine psychophysical examinations:
(1) very mild, (2) mild, (3) moderate, and (4) strong.
We studied the ratio of the sensitivity of the rapid
off-response at 500 nm to its sensitivity at 600 nm
(Ss00/Se0p) in protans and deutans at each of the four
grades described above. The sensitivity ratio did not
differ among the four grades both in protans and
deutans (Fig 44-4). It should be emphasized that the
sensitivity ratio of the rapid off-response is definitely
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Log ratio of the sensitivity of the rapid off-response at 500
nm to its sensitivity at 600 nm in protans (upper graph) and
in deutans (fower graph). Protans and deutans were classi-
fied into four grades (very mild, mild, moderate, strong) by
Majima’s criterion.’ Open and filled symbols indicate pro-
tanopes and protanomals in the upper graph and deutera-
nopes and deuteranomals in the lower graph, respectively.
The criterion amplitude was 20 .V in Figures 44—4 to 44—6.
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Spectral sensitivity of the rapid off-response in protan carriers (mothers of protans) aged 30 to 46 years with a mean age of
40.4 years) and in deutan carriers (mothers of deutans) aged 32 to 50 years with a mean age of 39.7 years. All of these
mothers showed no anomaloscopic abnormality. Dotted curves indicate the mean sensitivity in normal control subjects.
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Soiid curves pertain to normal control subjects.
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abnormal even in protans or deutans with minimal
anomaly detected by routine psychophysical exami-
nations.

RAPID OFF-RESPONSE IN GENETIC
CARRIERS

ERG sensitivity was studied in only one protan
carrier in the literature, the sensitivity to 32 Hz flick-
ering stimuli being low at long wavelengths in a
mother of protanopes.® We investigated the rapid
off-response in mothers of protans (protan carriers)
and in mothers of deutans (deutan carriers). The
mean sensitivity curve of the rapid off-response in
protan carriers was lower than normal at long wave-
lengths (P < .05 at 560 and 580 nm, P < .01 at 600
nm, P < .001 at 620 nm) and deviated upward to-
ward the sensitivity curve of protans at the wave-
lengths of 480 to 520 nm. The mean sensitivity curve
in deutan carriers was higher than normal at long
wavelengths (P < .005 at 600 nm, P < .001 at 620
nm) and deviated downward toward the curve in
deutans at 560 nm and shorter wavelengths. In
brief, the mean sensitivity curve in protan carriers
was situated between the mean sensitivity curves of
normals and protans. The mean sensitivity curve in
deutan carriers was between the mean sensitivity
curves of normals and deutans (Figs 44-5 and
44-6). The mean of the ratio S;4,/S¢og was larger in
protan carriers than in normals (P < .001) (see Fig

08¢
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44-3). The ratios were not significantly different be-
tween carriers of protanopes and those of protanom-
als or between carriers of deuteranopes and those of
deuteranomals (see Fig 44-3).

We studied the rapid off-response in a mother
who had three sons; two of them were deutans, and
one was a protan. The ratio of the sensitivity of the
rapid off-response at 480 nm to its sensitivity at 620
nm (S450/Se20) In these sons was typical for their di-
agnosis: large in the protan and small in the deu-
tans. Their mother, who was most likely a com-
pound heterozygote, showed normal color discrim-
ination by routine examinations. The ratio of the
sensitivity of the rapid off-response at the two differ-
ent wavelengths (5,4)/S¢.0) was also within the nor-
mal range in this mother (log S,g¢/Sgz0 Was 0.39).

EARLY RECEPTOR POTENTIAL IN
PROTAN AND DEUTAN PATIENTS

A study of the ERP in congenital color deficiency
would be pertinent because the ERP is closely re-
lated to photobleaching of visual pigments of the
photoreceptors,> * > particularly of cones in hu-
mans.* We recorded the ERP in 27 eyes of 26 normal
male subjects aged 19 to 24 years with a mean age of
20.9 years in response to monochromatic stimuli
having equal quanta. The method of recording the
ERP was previously described.'® Briefly, the stimu-
lus source was a 1.2 x 10°] xenon discharge tube.
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FIG 44-7.

Left, mean and standard deviation of the spectral sensitivity curve of the ERP (R,) in 54 eyes of normal subjects (criterion
amplitude, 10 wV). Right, approximation of the spectral sensitivity curve between the ERP (solid curve with circles, from the
left graph) and psychophysical measurement. The dotted curve was composed of the summation of the photopic (solid curve)
and scotopic (dashed curve) psychophysical curves in the ratio of 3:2. The ordinate indicates log relative sensitivity in arbi-
trary units. The top of each curve was at the same scale on the ordinate.



Interference filters (460 to 600 nm, half-width of 26
to 38 nm) and neutral-density filters were placed in
the light path to obtain a monochromatic flash hav-
ing equal numbers of quanta (1.08 x 10'> quanta -
cm ™2 per flash at the cornea). The spectral response
curve (amplitude vs. wavelength) showed the maxi-
mum amplitude of the R, at 520 to 540 nm in all
these normal subjects. The mean spectral sensitivity
curve of the R, closely followed a curve composed of
the summation of the photopic and scotopic psycho-
physical curves at a ratio of 3:2 (Fig 44-7). The stim-
ulus flash illuminated the posterior area of the ocu-
lar fundus, measuring approximately 60 degrees in
the visual angle. The number of rods within this
posterior fundus surpasses that of cones within the
same retinal area (approximately 24:1). In humans
the R, from a single cone is assumed to be much
larger than the R, from a single rod, which agrees
with this result.

Lapp and Tanabe!! demonstrated a low sensitiv-
ity of R, at long wavelengths in protanomalous sub-
jects. Okamoto et al." reported that the mean ampli-
tude of the R, evoked by a white flash was smaller
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Mean and standard deviation of the amplitude of the ERP
(R,) evoked by monochromatic stimuli having equal quanta
(1.08 x 10'® quanta - cm 2 per flash) in 18 normal (cir-
cles), 15 protan (triangles), and 31 deutan (squares) sub-
jects.
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than normal in protans and deutans. Tamai et al.'®
reported that the ERP evoked by a colored flash in
protanopes was abnormal. We studied the ERP in 10
protans (5 protanopes and 4 protanomals aged 9 to
18 years with a mean age of 14.9 years) and 26 deu-
tans (6 deuteranopes and 20 deuteranomals aged 10
to 20 years). Anomaloscopic examination could not
be performed in one protan patient because of his
lack of cooperation. The mean R, amplitude was
smaller at long wavelengths (580 and 600 nm) in
protans (P < .01) and at 520 nm in deutans (P < .03)
as compared with the mean amplitude in normal
subjects (Fig 44-8). These results are consistent with
the spectral sensitivity of the rapid off-response in
protans and deutans (see Fig 44—1). Neither group
differed significantly from normal controls at short
wavelengths. Since the rods as well as cones partici-
pated in producing the ERP in our stimulus parame-
ters, possible abnormalities of the ERP at short
wavelengths would be masked by the response from
the rods.

The ratio of the R, amplitude at 460 nm to its am-
plitude at 600 nm (V 4/ Vo) was larger in all protans
than in all deutans thus far tested (Fig 44-9). There-
fore, the protan and deutan groups were differenti-
ated by this ratio. This indicates that protans and
deutans differ from each other at the level of visual
pigments. This ratio (V/Vego) is useful for the dif-
ferentiation of protans and deutans in an objective
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FIG 44-9.
Log ratio of the ERP (R,) amplitude at 460 nm to the ampli-
tude at 600 nm. Open triangles and squares indicate di-
chromats. Filled triangles and squares indicate abnormal
trichromats.
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Relationship between the ERP (R,) and the rapid off-re-
sponse. The log ratio of the ERP (R,) amplitudes at 460 nm
to that at 600 nm (abscissa) is plotted against the log ratio
to the sensitivity (criterion amplitude, 20 nV) of the rapid off-
response at 500 nm to that at 600 nm (ordinate). Filled cir-
cles indicate normal subjects. Open and filled triangles indi-
cate protanopes and protanomals, respectively. Open and
filled squares indicate deuteranopes and deuteranomals,
respectively. Open circles and crosses indicate the mean
and standard deviation in normal, protan, and deutan
groups.

manner at the level of the visual pigments in the
photoreceptor cells.

No significant difference in the R, amplitude or
the ratio V/Veo was found between protanopes
and protanomalous or between deuteranopes and
deuteranomal persons. This may be accounted for
by the large stimulus field (approximately 60 degrees
in the visual angle) in our ERG recordings, as al-
ready discussed in this chapter.

After recording the ERP, the eye was dark
adapted for 1 hour. The rapid off-response was then
recorded in the same subjects (7 normals, 8 protans,
15 deutans) to study the relationship between the
ERP and the rapid off-response. The log ratio of the
R, amplitude at 460 nm to its amplitude at 600 nm
(Vago/Veoo) was significantly correlated with the log
ratio of the sensitivity of the rapid off-response at
500 nm to its sensitivity at 600 nm (correlation coef-
ficient, 0.823; P < .001) (Fig 44-10). Thus, the

present study electrophysiologically demonstrates
that the anomaly in congenital red-green color defi-
ciency is initiated in the outer segment of the photo-
receptor cells.
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