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Abstract

Visual neural representation is constrained by the statistical properties of the environment. Prior
analysis of cone pigment excitations for natural images revealed three principal components
corresponding to the major retinogeniculate pathways identified by anatomical and physiological
studies in primates. Here, principal component analyses were conducted on the excitations of
rhodopsin, cone opsins, and melanopsin for nine hyperspectral images under 21 natural
illuminants. The results suggested that rhodopsin and melanopsin may contribute to the three
major retinogeniculate pathways. Rhodopsin and melanopsin may provide additional constraints in
natural scene statistics, leading to new components that cannot be revealed by analysis based on
cone opsin excitations only.

1. INTRODUCTION

Anatomical and physiological studies in primates have identified three major
retinogeniculate pathways that transfer visual information from the retina to the brain for
image-forming processing, i.e., the magnocellular (MC-), parvocellular (PC-), and
koniocellular (KC-), pathways [1,2]. These pathways combine differential long (L-), middle
(M-), and short (S-) wavelength-sensitive cone excitations [3-5]. The MC-pathway
processes summed L- and M-cone excitations to signal luminance information. The PC-
pathway processes the difference in L- and M-cone excitations to contribute to the “red-
green” chromatic opponency signal. The KC-pathway processes the responses of S-cones
opposed to the sum of L- and M-cones to contribute to the “blue-yellow” chromatic
information. The evolution of these visual pathways for specific neural coding and
representation is thought to be constrained by the statistical properties of the natural visual
environment (e.g., [6,7]). Theoretically, opponent spectral processing of cone excitations
removes redundant information to produce efficient coding [8,9]. Indeed, a principal
component analysis (PCA) of cone pigment excitations on natural images revealed three
principal components that are consistent with the combinations of cone inputs in the three
major retinogeniculate pathways [8]. However, these prior analyses have rarely considered
the contribution from rods, which are operating simultaneously with cones at mesopic
lighting conditions and may play an important role in color vision evolution [10,11].
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Trichromacy, which is mainly present in diurnal primates, also indicates rods may contribute
to the evolution of the postreceptoral pathways [12].

Since rods evolved after cones, it is likely that the rod circuitry was attached onto the
existing cone pathways [13]. In the primate retina, two rod pathways have been identified
[14,15], one via rods to rod bipolars and All amacrine cells to cone bipolar cells and the
other via rod-cone gap junctions to cone bipolar cells. The sharing of neural pathways
between rods and cones implies that rods must have inputs to all three major
retinogeniculate pathways [16]. Physiological studies have shown there is strong rod input to
the MC-pathway [17-22] and weak rod input to the PC-pathway [19,23]. Two recent studies
have demonstrated strong rod input to the bistratified ganglion cells in the KC-pathway in
the peripheral retina [24,25]. Psychophysical studies also demonstrated rods could
contribute to all three retinogeniculate pathways, depending on the adaptation level [26-28].
From an information theory perspective, it has been suggested that the number of
photopigments and their spectral activation locations are limited by the comb-filtered
spectral frequency in the visual spectrum, and three or four photopigments are sufficient to
code spectral information in primates [29]. When photoreceptor noise is considered, it is
predicted that either trichromacy or dichromacy could code spectral information in the
visible spectrum efficiently [30]. It is unknown whether rod input to the retinogeniculate
pathways can be revealed by natural image analysis and whether adding rod signals would
provide additional constraints for postreceptoral neural coding and representation. The
primary aim of this study was to assess how rod and cone inputs are combined to contribute
to different postreceptoral pathways from the perspective of natural image statistics.

In addition, a newly identified retinal photopigment, i.e., melanopsin, is expressed in the
intrinsically photosensitive retinal ganglion cells (ipRGCs) in rodents and primates [31-33].
Cells that contain melanopsin innervate nonimage-forming neural centers to control the
circadian rhythm and pupil responses [34-37]. These melanopsin-containing cells also
receive inputs from rods and cones, and it has been suggested that ipRGCs also contribute to
image-forming visual processing [38,39]. It is unclear whether melanopsin activation
contributes to the three retinogeniculate pathways for image-forming processing. The
secondary aim of this study was to assess optimal combinations of the rhodopsin, cone
opsins, and melanopsin excitations from natural image statistics. We first replicated cone-
opsin-based analysis and then expanded our analyses by including rhodopsin and
melanopsin inputs.

2. METHODS

A. Natural Images and llluminants

The excitation of each type of photopigment was computed from the combination of the
reflectance of hyperspectral images with natural illuminants. Nine hyperspectral images of
rural scenes were downloaded from the website (http://personalpages.manchester.ac.uk/
staff/david.foster/default.htm) of Dr. David Foster's laboratory [40]. These images contained
primordial foliage and spectral reflectance information at each pixel. The first four images
(sizes of 820 x 820 pixels) were Scenes 1-4 from “hyperspectral images of natural scenes
2002,” which were acquired using a tunable bi-refringent filter mounted in front of the lens
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of a progressive-scanning monochrome digital camera [41]. The last five (sizes of 1017 x
1267 pixels) were Scenes 1-5 from “hyperspectral images of natural scenes 2004,” which
were acquired using a fast-tunable liquid-crystal filter and a low-noise Peltier-cooled digital
camera [42].

Natural illuminations were represented by 21 “D” illuminants with a correlated color
temperature (CCT) from 3600 to 25,000 K [43], covering different phases of the day from
moonlight to sunlight [44,45]. Four representative illuminant spectral distributions are
shown in Fig. 1(a). Note that the correspondence between CCT values and the phases of a
day is only approximate, since the natural-light CCT depends on factors, such as time of the
year, location, and atmospheric conditions [44,46]. Subsequent PCA requires zero-mean
input variables; therefore the spectral power distributions of the illuminants were normalized
so that the values were between 0 and 1. The normalization of illuminants would not affect
the weights of the components, as shown in Egs. (1) and (2).

For a combination of illuminant and scene, at each pixel the illuminant power was
multiplied by the reflectance value at each wavelength to obtain the spectral radiance values
of the pixel. We then computed the excitations of five photopigments (L-cone, M-cone, and
S-cone opsins, rhodopsin, and melanopsin) at each pixel. The cone opsin excitations (L, M,
S) were computed based on the Smith—-Pokorny cone fundamentals for the CIE 1964 10°
Standard Observer [47]. Rhodopsin excitation (R) was computed based on the scotopic
luminosity function [48]. The melanopsin excitation (I) was computed according to the
melanopsin spectral-sensitivity function [49]. The spectral-sensitivity functions of the
photopigments were normalized [Fig. 1(b)] such that for an equal-energy-spectrum light at 1
Td, the L-, M-, and S-cone opsins, rhodopsin, and melanopsin excitations would be 0.667
(L), 0.333 (M), 1 (S), 1 (R), and 1 (I) Td, respectively, (so L + M =1 Td). The photopigment
excitations (in the same units) were calculated for the range 400-700 nm in 10 nm steps.

PCA was used to reveal underlying linearly uncorrelated components [50]. PCA requires the
data to have a normal distribution and a mean of zero; therefore a logarithmic transformation
was performed on the data to reduce skewness:

E=log (E,) —mean[log (E,)], (1)

where Eq is the computed raw photopigment excitation (Lo, Mo, So, Ro, or lg), and E is the
transformed excitation (L, M, S, R, or I, respectively). Note the normalization in Eq. (1) also
ensured that the choice of the unit for each photopigment excitation (Eg) could be arbitrary
since a linear scaling of Eg by a factor k results in an identical value of E:

log (kE,)—mean [log (kE, )] =log (k) +log (Eo)—log (k)—mean [log (Eo)| =E. (2)

PCA allows determination of new orthogonal axes (uncorrelated) through linear
combination of the transformed excitations:
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P=Y fi*E;, (3
1

where P is a specific principal component, f; is the coefficient for a photopigment excitation
E;j, and n is the total number of photopigments included in the analysis and is also the
maximum number of principal components. Note that the variance-covariance structure in
photopigment excitations, which is largely determined by the width and location of the
spectral-sensitivity functions of the photopigments, determines the combination of
photopigment excitations in the PCA components. Since all of the photopigment excitations
are positively correlated, the first component will combine all photopigment excitations
positively and account for the majority of variance (>95%), as a previous study showed [8].
The remaining components will interpret opponent relationships among the photopigment
excitations. Since the remaining components account for a very small portion of variance
[8], we considered the absolute value of a coefficient >0.10 as significant loading in
determining the contributions of the photopigment excitations in each component. We chose
this conservative cut-off criterion for significant loading in interpreting the intervariable
relationships because of the low signal-to-noise ratios for the opponency components [51].

We conducted three sets of PCAs on transformed photopigment excitations: (1) a cone-
opsin-based analysis that considered only the L-cone, M-cone, and S-cone opsin excitations
for photopic lighting conditions; (2) a rhodopsin and cone-opsin-based analysis that included
rhodopsin and S-, M- and L-cone opsin excitations for mesopic lighting conditions; and (3) a
melanopsin-, rhodopsin-, and cone-opsin-based analysis that considered melanopsin,
rhodopsin, and cone opsin excitations. The coefficients of the nine images were averaged for
each illumination. We used a one-way ANOVA to examine the effect of the illuminants on
the PCA coefficients.

A second-level PCA used postreceptoral signals by removing luminance information from
untransformed photopigment excitations first; that is, lg = Lo/(Lg + Mg), Sg = So/(Lo + Mg),
ro = Ro/(Lg + Mg) and/or ig = lp/(Lg + M), and then applying Eg. (1) to obtain the
transformed excitations I, s, r, and i, respectively. Note Iy = Lo/(Lg + Mg) and sg = Sg/(Lg +
Mp) are two cardinal axes in a MacLeod & Boynton equiluminant cone chromaticity space
[52], corresponding to the PC- and KC- pathways, respectively [5,53]. In such a space,
luminance is specified as Ly Mg because S-cones do not contribute to V(\). We used the
same approach to normalize rhodopsin and melanopsin excitations by cone luminance at
each pixel. This second-level analysis aimed to reveal photopigment contributions to
chromatic pathways. All of the analyses, including photopigment excitation calculation,
PCA, and ANOVA, were carried out in MATLAB (Mathworks Inc.).

3. RESULTS
A. Cone-Opsin-Based Analysis

When L-, M-, and S-cone opsin excitations were considered, no effect of the illuminant was
found over the large range of CCT illuminations. The results from the natural scenes used in
the study replicated the findings from Ruderman and colleagues [8] (Table 1). That is, the
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first component (labeled as “L + M + S”, 97.73% of variance explained) represented cone
combination in the MC-pathway, the second component [labeled as “S — (L + M),” 2.24% of
variance explained] represented cone in the KC-pathway, and the third component (labeled
as “M-L,” 0.03% of variance explained) represented L- and M-cone opponency in the PC-
pathway with minimal S-cone input. After removing luminance information, the first
component (labeled as “s,” 99.83% of variance explained) had input solely from s S/(L +
M), which is consistent with KC-pathway mediation; the second component (labeled as “I,”
0.17% of variance explained) had input only from | = L/(L + M), which is consistent with
PC-pathway mediation (Table 2). These results also suggested the independence of the two
chromatic axes in a cone-based chromaticity space [52].

B. Rhodopsin- and Cone-Opsin-Based Analysis

Figure 2 shows the coefficients as a function of the illuminant CCT, with each panel
corresponding to a principal component [Fig. 2(a) for the first-level analysis and Fig. 2(b)
for the second-level analysis]. Figure 2(a) shows that the effect of the illuminant was
insignificant in the first component, but, for the other three components, the effect of the
illuminant was slightly significant for some coefficients [second-principal component: F(20,
168) = 1.96, p = 0.011 for S and F(20, 168) = 2.38, p 0.002 for L; third-principal
component: F(20, 168) = 2.68, p < 0.001 for S and F(20, 168) = 2.36, p = 0.002 for L]. Most
of the variance was explained by the first component (98.2%), with coefficients for R, L, M,
and S all positive and close to 0.5 (labeled as “L + M + S + R,” Table 3). The combination
of the photoreceptor excitations in the first component suggested a contribution to the MC-
pathway. The second component had a positive S coefficient and negative M and L
coefficients, while the R coefficient was negligible [labeled as “S - (L + M),” Table 3],
consistent with KC-pathway mediation. The third and fourth components had L- and M-
cone opponency, with R and S combined to either L or M [“(M + R) — (L + S)” and “(M +
S) - (L + R),” Table 3].

The results from the second-level analysis based on |, s, and r are shown in Fig. 2(b). The
illuminant effect is significant only for s [F(20, 168) = 3.8, p < 0.001] and r [F(20, 168) =
3.83, p < 0.001] coefficients of the first component, and for s coefficients [F(20, 168) =
3.83, p < 0.001] of the second component. The first component explained most of the
variance (97.86%), with positive coefficients of s and r but with a minimal | coefficient
(labeled as “s + r,” Table 4), consistent with rod contribution to the KC-pathway. For the
second component, r was opposed to the combination of | and s [labeled as “r — (I+ s),”
Table 4]. For the third component, | and r were combined positively with a small s
contribution (labeled as “l + r,” Table 4).

C. Melanopsin-, Rhodopsin-, and Cone-Opsin-Based Analysis

The coefficients for the first-level analysis with S, M, L, R, and | photopigment excitations
as a function of the illuminant CCT are shown in Fig. 3(a). The effect of the illuminant was
significant for the second component [L: F(20, 168) = 2.59, p < 0.001; S: F(20, 168) = 3.39,
p < 0.001] and third component [L: F(20, 168) = 2.42, p = 0.001; S: F(20, 168) = 2.64, p <
0.001]. As in previous analyses, most of the variance was explained by the first principal
component (98.36%), in which the coefficients for all five types were similar and close to
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0.5 (labeled as “L + M + S + R + |,” Table 5), consistent with an MC-pathway mediation.
For the second component, S and | were combined in opposition to M and L with an
insignificant R contribution [labeled as “(S + I) — (L + M),” Table 5], suggesting a
melanopsin contribution to the KC-pathway. The third to fifth components all had L and M
opponency, but S, R, and | were combined to L or M differently (Table 5).

For the second-level analysis [Fig. 3(b)], the effect of the illuminants was significant for
some coefficients of the first component [i: F(20, 168) 3.47, p < 0.001), s: F(20, 168) = 4.09,
p <0.001; r: F(20, 168) = 4.33, p < 0.001], the second component [s: F(20, 168) =5.18, p <
0.001; r: F(20, 168) = 2.65, p < 0.001], and the third component [i: F(20, 168) = 1.73, p =
0.03]. The first principal component explained most of the variance (97.05%) and consisted
of positive coefficients for s, r, and i with an insignificant | contribution (labeled as “s + r +
i,” Table 6). The second component had positive coefficients for i and r and negative
coefficients for s and | [labeled as “(r + i — (I +s),”, Table 6]. The third component had and
similar coefficients for i and I, and negative coefficients for r and s [labeled as “(I + i) — (s +
r)” Table 6]. The fourth component had positive coefficients for | and r and negative
coefficients for i with an insignificant contribution of s (labeled as “l + r —i,” Table 6).

4. DISCUSSION

Using PCAs, we were able to obtain efficient combinations of the excitations of five known
photopigments in primates (L-, M-, and S-cone opsins, rhodopsin, and melanopsin),
constrained by natural image statistics. The current analysis only focused on photopigment
spectral responses, without considering large differences in retinal distributions [54], and
spatial, temporal, and contrast response characteristics among the photopigments (for
review, see [55]). Nevertheless, our findings can be used to infer how the environmental
constraints limit the formation of postreceptoral pathways based on photopigment spectral
responses, as it has been shown that adding spatial information into cone responses does not
change cone combination patterns in PCA [8]. Our results can also be useful in the
development and testing of new hypotheses on the contributions of rhodopsin, cone opsins,
and melanopsin to visual functions through psychophysical, anatomical, or physiological
experiments [6].

A. Interpretation of the Results

Analysis based on only L-, M-, and S-cone opsin excitations revealed three principal
components that are consistent with cone combinations in the MC-, KC-, and PC-pathways
[8]. Further, when analyses were repeated using | = L/(L + M) and s = S/(L + M) to remove
luminance information, the components obtained were consistent with two independent
cardinal axes in a cone-based chromaticity diagram [52]; that is, L/(L + M) and S/(L + M).

When rhodopsin excitation was considered in the analysis, the first two components
revealed by the cone-opsin-based analysis were maintained with a strong rod contribution to
the MC-pathway (“L + M + S + R”) and a weak contribution to the KC-pathway after
removing luminance information (i.e., ~0.95s + 0.3r, Table 4). The joint contributions of
rods and cones in the MC-pathway is consistent with previous psychophysical
measurements [26,56] and physiological studies [19,22]. The rod contribution to the KC-
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pathway was also supported by psychophysical [26,27] and recent physiological studies
[24,25]. Interestingly, our analysis revealed two components that opposed L- and M-cones,
with rods and S-cone combined differently with L- or M-cones [“(M + R) - (L + S)” or “(M
+S) - (L + R),” Table 3]. We referred to these two components as “PC-like” components
because they largely indicate the opponency between L- and M-cone inputs. In these two
components, rods are combined with either M-cones [“(M + R) — (L + S)”] or L-cones [“(M
+S) - (L + R)”]. Given that rods contact cones through gap junctions at mesopic light levels
[54,57], itis not surprising that rods and L- and M-cones were combined in the same sign. A
psychophysical study has suggested that rods contribute to color perception as an analog of
M cones [27], which is consistent with the “(M + R) — (L + S)” component. However, these
two components [as well as the “r — (I + s)” component in the analysis with luminance
removed, Table 4] also suggest that S-cones are combined with L- or M-cones, and this
cannot be explained in terms of independence of the two cardinal axes. Primate retinal
ganglion cell recording suggests lack of S-cone input to PC-pathway neurons [3]. However,
S-OFF neurons in the macaque LGN show L-cone signals oppose the combination of S- and
M-cone signals [58]. In the primary visual cortex of primates, there are cells that prefer
noncardinal color axes [59], as suggested by psychophysical [60] and fMRI studies [61].
Also, recent S-cone discrimination measurements showed a channel-preferred combination
of L and S cone excitation [62,63]. It is possible that adding rod signals in the analysis
provides additional constraints to L-, M-, and S-cone excitations, leading to new
combinations of cone inputs, probably at an early cortical processing stage [61].

Results from the analyses with inclusion of melanopsin together with rhodopsin and cone
opsins are qualitatively similar to those obtained with rhodopsin- and cone-opsin-based
analyses (Tables 3 and 4). That is, the analyses revealed a component signaling the sum of
all the photoresponses (“L + M + S + R + 1) in the MC-pathway, and the opponency of S
cones and the sum of L- and M-cones in the KC-pathway, with rhodopsin and melanopsin
contributing as the same sign as S-cone opsin (Tables 5 and 6). Rhodopsin and melanopsin
also contribute to components that oppose L- and M-cone opsins, with rhodopsin,
melanopsin, and S-cone opsin combined differently with L- or M-cone opsins. One
important role of ipRGCs is to provide retinal inputs for controlling pupil responses and
circadian rhythms [34]. Therefore, the best-known melanopsin function, together with
rhodopsin and cone-opsins, is to respond to irradiance levels, as suggested by the first
principal component of our analysis. The ipRGCs are anatomically and physiologically
distinctive from the parasol, midget, and small bistratified ganglion cells in the three major
retinogeniculate pathways [33]. ipRGCs project to the SCN and OPN primarily to control
the biological clock and pupil responses. However, ipRGCs also project to LGN. If there is
any input from melanopsin signals to the MC-, PC-, or KC-pathways, it is likely that the
signals are combined at the LGN level or even a later stage. It has been reported that
melanopsin contributes to brightness perception [38] or alters visual sensitivity [39].
However, probably due to the differences in spatial, temporal, chromatic, and contrast
response characteristics between melanopsin and rhodopsin or cone opsins, the contribution
of melanopoin to visual perception is probably very weak.
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B. llluminant Effect

A large range of illuminants was tested; however, no effect of the illuminants in most of the
coefficients was found. It has been reported that an image with a flat radiance spectrum
produced qualitatively similar results to the set of natural images [8]. Therefore, the
invariance with illuminants can be explained by the spectral position of the photoreceptor
distributions, which is the main foundation for signal redundancy removal [8,9,64]. When
rhodopsin and melanopsin are incorporated in the analysis, small effects of illuminations on
component weighting are observed, particularly those with low CCT for mesopic light
illuminations (such as a moon light or dawn light). These results are consistent with the
report that the strength of the rod-cone coupling could be affected during the phase of the
day [65], further suggesting the importance of rods under dim illumination conditions in
visual processing.

C. Implications of Explained Component Variance

In our analysis, the first few principal components accounted for most of the variance in the
natural scene data. The first component from all the analyses (Tables 1,3,5) was related to
luminance and explained over 97% of the variance in the data. From an ecological
perspective, this makes sense since most of the information in the visual environment
corresponds to changes in reflectance. This characteristic is exploited by most of the species
deprived of trichromatic vision. The second component that accounted for the second
highest amount of the variance was related to the KC-pathway, even considering rhodopsin
and melanopsin. This indicated that the most important chromatic variation in the natural
environment is in the “blue-yellow” axis, which is consistent with the hypothesis that the
first chromatic pathway that appeared in early mammals originated in the small bistratified
ganglion cells in the KC-pathway [66]. The component that can be assigned to the PC- or
(PC-like) pathway for LM cone opponency explained a very small amount of the variance in
the data, suggesting that the variation of the data in the “red-green” axis was relatively small
in natural images. It has been suggested that signals from the “red-green” channel in
primates are essential for the discrimination of nutritional leaves [67], but not for
identification fruits, which can also be discriminated by the luminance and “blue-yellow”
channels [67,68]. This is probably why only some primates have more recently evolved
different L- and M-cone mosaics. Indeed, an additional analysis considering only M-cone
and S-cone opsins, rhodopsin, and melanopsin (data not shown) has preserved the
photopigment combination patterns attributed to MC- and KC-pathways.
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Fig. 1.
Illuminants and photopigment spectral sensitivity functions. (a) Spectral distributions

correspond to four representative “D” illuminants for natural skylights. (b) Normalized
spectral sensitivity functions of rhodopsin (R), L-, M-, S-cone opsins, and melanopsin (I).
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Fig. 2.
Rhodopsin- and cone-opsin-based analysis. The coefficients values averaged for the nine

images versus the CCT of the “D” illuminants are shown. Each panel corresponds to one of
the four principal components corresponding to the first level of analysis (A, left column), or
to one of the three principal components corresponding to the second level of analysis (B,
right column). Error bars are the standard deviation of the results for the nine images.
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Fig. 3.
Melanopsin-, rhodopsin-, and cone-opsin-based analysis. The coefficients values averaged

for the nine images versus the CCT of the “D” illuminants are shown. Each panel
corresponds to one of the five principal components corresponding to the first level of
analysis (A, left column), or to one of the four principal components corresponding to the
second level of analysis (B, right column). Error bars are the standard deviation of the
results for the nine images.
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Table 1
Averaged Coefficients Values Across the llluminant from the First Level of Analysis for the Cone-Opsin-

Based Analysisa

Component L M S Variance Explained (%) Notationb Pathway
1st 0.62 061 048 97.73 L+M+S MC
2nd -035 -0.33 087 224 S-(L+M) KC
3rd -0.7 072 -0.03 0.03 M-L PC

a . . . A
No effect of the illuminant was found over the large range of CCT illuminations.

bNotation indicates combinations of variables with coefficients >0.10.
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Table 2
Averaged Coefficient Values Across the Illuminant from the Second Level of Analysis for the Cone-Opsin-

Based Analysisa

Component | s Variance Explained (%) Notationb Pathway
1st -0.02 0.99 99.83 s KC
2nd 099 0.02 0.17 I PC

a . . . —
No effect of the illuminant was found over the large range of CCT illuminations.

Notation indicates combinations of variables with coefficients >0.10.
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Table 3

Averaged Coefficient Values Across the Illuminant from the First Level of Analysis for the Rhodopsin- and
Cone-Opsin-Based Analysis

Component L M S R Variance Explained (%) Notation® Pathway
1st 0.54 053 042 05 9819 L+M+S+R MC
2nd -036 -0.33 086 0.01 1.74 S-(L+M) KC
3rd -0.64 016 -021 07 006 (M+R)-(L+S) PC-like
4th -0.4 076 013 -047 001 (M+S)-(L+R) PC-like

a - A . . -
Notation indicates combinations of variables with coefficients >0.10.
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Page 18

Averaged Coefficients Values Across the Illuminant from the Second Level of Analysis for the Rhodopsin-

and Cone-Opsin-Based Analysis

Component I s r Variance Explained (%) Notation® Pathway
1st -001 095 03 97.86 s+r KC

2nd -023 -0.29 093 210 r—(I+s) PC-like
3rd 095 -01 02 0.04 I+r PC-like

aNotation indicates combinations of variables with coefficients >0.10.

J Opt Soc Am A Opt Image Sci Vis. Author manuscript; available in PMC 2014 July 31.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Barrionuevo and Cao Page 19

Table 5

Averaged Coefficients Values Across the Illuminant from the First Level of Analysis for the Melanopsin-,
Rhodopsin-, and Cone-Opsin-Based Analysis

Component L M S R 1 Variance Explained (%) Notation® Pathway
1st 0.49 0.48 0.38 0.45 043 98.36 L+M+S+R+I MC
2nd -04 -038 08 -0.04 02 1.56 S+ - (L+M) KC
3rd 059 -0.08 039 -048 -0.48 0.07 (L+S)-(R+1) Unknown
4th -045 064 021 015 -054 0.01 (M+S+R)-(L+1)  PC-like
5th 018 -045 003 073 -0.48 <0.01 (L+R)-(M+1) PC-like

a - - i . .
Notation indicates combinations of variables with coefficients >0.10.
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Table 6

Averaged Coefficients Values Across the Illuminant from the Second level of Analysis for the Melanopsin-,
Rhodopsin-, and Cone-Opsin-Based Analysis

Component | s roi Variance Explained (%) Notation® Pathway
1st -001 0.8 027 043 97.05 S+r+i KC
2nd -0.14 -0.49 0.62 0.58 280 (r+i)—(I+s) Unknown
3rd 056 -0.13 -054 0.6 014 (I+i)—(s+r) PC-like
4th 081 001 049 -031 0.01 I+r—i PC-like

a - A . . -
Notation indicates combinations of variables with coefficients >0.10.
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