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Abstract: Lighting studies that take into account the age of the inhabitants of an area and are related
to circadian light are difficult to find. This study aims to simplify a method to approximately compute
the circadian light reaching the retina based on photopic illuminance reaching the corneal plane
and considering the optical density of an aging crystalline lens. As an example of this proposed
method, calculations were performed with both the D65 and A standard illuminants, showing how
the spectral power distribution is modified by the optical density of the crystalline lens, mainly at
short wavelengths. Due to these selective wavelength absorptions of the aged lens, a significant
variation in the level of daylight equivalent melanopic illuminance (EDI) is present in the retina. With
levels of 200 lux at the corneal plane, these variations ranged from 204 EDI lux to 178 EDI lux for
the D65 standard illuminant, and from 99 EDI lux to 101 EDI lux for the A standard illuminant for
observers aged 10 and 90, respectively. In this work, we aimed to simplify the greatest possible level
of calculation of melanopic light, while describing simple protocols that are easy to translate into
practice. Our results will allow researchers to carry out optimized lighting designs from both the
photometric and circadian perspectives considering the optical density of an aging lens.

Keywords: daylight equivalent melanopic illuminance; equivalent melanopic illuminance; circadian
light; lighting projects; circadian stimulus

1. Introduction

Before light reaches the retina, it passes through the cornea, lens and ocular media.
This prereceptoral filtering alters the spectrum relative to the light arriving at the corneal
plane [1]. Figure 1, reproduced from [2], shows how a crystalline lens increases in density
as a function of age and specifically attenuates short-wavelength transmitted light [3–5].
On the other hand, the melanopsin spectra, which absorbs light in the short-wavelength
range of the visible spectrum with a maximum at or near 480 nm [6,7], is modified by the
absorption spectra of the anterior media, shifted from 480 nm to 487 nm (for a 20-year-old
observer) or 496 nm (for an 80-year-old observer).

As a result of the described behavior, retinal illuminance may vary between individuals
due to progressive age-dependent changes in the lens, causing a reduction in the amount
of short-wavelength light passing through the eye and scattering [3–5,8–11]. Additionally,
the number of intrinsically photosensitive retinal ganglion cells (ipRGCs) drops with
age, changes their distribution pattern on the retina and changes their morphology [12].
Consequently, retinal photoreceptors receive less light input at older ages, particularly
short-wavelength-sensitive photoreceptors (rods, S-cones and ipRGCs).

From a technical point of view, the approach to measuring and reporting light was
established by the Commission Internationale de l’Éclairage (CIE) [13,14]. The 10 nm
differential between the aforementioned 480 nm peak spectral sensitivity for melanopsin
and the 490 nm peak described by the CIE technical note is attributed, as has just been
described, to the prereceptoral filtering of the light reaching the retinal plane, and mod-
ifications can be found depending on the age (Figure 2). In addition, the parameter of
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melanopic equivalent daylight illuminance (EDI) was defined by the CIE to compute the
melanopic illuminance level instead of the well-known photometric illuminance quantity,
since knowing the spectral power distributions (SPDs) of the source is essential to correctly
compute both magnitudes, photopic and melanopic illuminances.
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Figure 1. Spectral transmittance of the crystalline lens depending on age; τ(λ,Y), being Y = years. 
This figure shows the transmittance for each decade of life, taking a 32-year-old subject as the 
standard. It can be observed that the older the individual, the more absorbed the lower wave-
lengths become by the crystalline lens. Reproduced from [2]. 

From a technical point of view, the approach to measuring and reporting light was 
established by the Commission Internationale de l’Éclairage (CIE) [13,14]. The 10 nm 
differential between the aforementioned 480 nm peak spectral sensitivity for melanopsin 
and the 490 nm peak described by the CIE technical note is attributed, as has just been 
described, to the prereceptoral filtering of the light reaching the retinal plane, and modi-
fications can be found depending on the age (Figure 2). In addition, the parameter of 
melanopic equivalent daylight illuminance (EDI) was defined by the CIE to compute the 
melanopic illuminance level instead of the well-known photometric illuminance quanti-
ty, since knowing the spectral power distributions (SPDs) of the source is essential to 
correctly compute both magnitudes, photopic and melanopic illuminances. 

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

380 420 460 500 540 580 620 660 700 740 780

Tr
an

sm
itt

an
ce

 (τ
)

Wavelenght (nm)

τ (λ, 10) τ (λ, 20) τ (λ, 30) τ (λ, 32) τ (λ, 40)

τ (λ, 50) τ (λ, 60) τ (λ, 70) τ (λ, 80) τ (λ,90)

Figure 1. Spectral transmittance of the crystalline lens depending on age; τ(λ,Y), being Y = years. This
figure shows the transmittance for each decade of life, taking a 32-year-old subject as the standard. It
can be observed that the older the individual, the more absorbed the lower wavelengths become by
the crystalline lens. Reproduced from [2].
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Figure 2. Melanopsin spectral relative sensitivity Smel(λ) with a maximum at 490 nm and spectrum 
modified by the absorption of the anterior media of the eye shifted for aged observers (from 10 to 
90 years old). Data show Smel(λmax)*10Y at 487nm, Smel(λmax)*20Y at 488nm, Smel(λmax)*30Y at 
489nm, Smel(λmax) and Smel(λmax)*32Y at 490nm, Smel(λmax)*40Y at 491nm, Smel(λmax)*50Y at 
494nm, Smel(λmax)*60Y at 496nm, Smel(λmax)*70Y at 498nm, Smel(λmax)*80Y at 501nm, 
Smel(λmax)*90Y at 504nm. Abbreviations: Smel(λ), melanopsin spectra modified by ipRGCs’ (in-
trinsically photosensitive retinal ganglion cells) absorption; Y = years. 

The specific physiological effect of light of a given melanopic irradiance, due to the 
wide range of individual differences to the same corneal spectra, is difficult to personal-
ize; it is easier to estimate or predict than to accurately calculate. The melanopsin spectral 
sensitivity curve standardized in CIE S026/E:2018 comes closest to these types of stand-
ard observers. It shows how a spectrum should be weighted to derive an appropriately 
weighted quantity. In addition to a standard curve, CIE S026/E:2018 also contains in-
formation for generating age-adjusted spectral sensitivity curves, accounting for 
age-dependent changes in lens transmission [13]. An international group of experts led 
by Brown recently proposed a minimum of 250 lux (melanopic EDI) daytime level, 10 lux 
evening level and a 1 lux maximum as the night level for a hypothetical observer. Their 
results showed that a melanopic EDI below 4 lux results in minimal responses (<25% of 
maximum melatonin suppression), and a melanopic EDI above 300 lux strongly sup-
presses salivary melatonin (>75% of the maximum), depending on the exposure duration 
and experimental context [15]. These results have been corroborated by Gimenez et al. 
[16]; even with longer durations (e.g., 270 min), a 75% suppression of melatonin can al-
ready occur at a melanopic EDI of 100 lux. 

Many studies have shown large individual variations in circadian photosensitivity 
across individuals, such as melatonin suppression, due to artificial light exposure, but 
recommendations for appropriate light exposure in real-life settings rarely consider such 
individual effects [8]. Individual differences in light sensitivity also occur at earlier de-
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Figure 2. Melanopsin spectral relative sensitivity Smel(λ) with a maximum at 490 nm and spectrum
modified by the absorption of the anterior media of the eye shifted for aged observers (from 10 to
90 years old). Data show Smel(λmax)*10Y at 487 nm, Smel(λmax)*20Y at 488 nm, Smel(λmax)*30Y at
489 nm, Smel(λmax) and Smel(λmax)*32Y at 490 nm, Smel(λmax)*40Y at 491 nm, Smel(λmax)*50Y
at 494 nm, Smel(λmax)*60Y at 496 nm, Smel(λmax)*70Y at 498 nm, Smel(λmax)*80Y at 501 nm,
Smel(λmax)*90Y at 504 nm. Abbreviations: Smel(λ), melanopsin spectra modified by ipRGCs’
(intrinsically photosensitive retinal ganglion cells) absorption; Y = years.
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The specific physiological effect of light of a given melanopic irradiance, due to the
wide range of individual differences to the same corneal spectra, is difficult to personalize;
it is easier to estimate or predict than to accurately calculate. The melanopsin spectral
sensitivity curve standardized in CIE S026/E:2018 comes closest to these types of stan-
dard observers. It shows how a spectrum should be weighted to derive an appropriately
weighted quantity. In addition to a standard curve, CIE S026/E:2018 also contains informa-
tion for generating age-adjusted spectral sensitivity curves, accounting for age-dependent
changes in lens transmission [13]. An international group of experts led by Brown re-
cently proposed a minimum of 250 lux (melanopic EDI) daytime level, 10 lux evening
level and a 1 lux maximum as the night level for a hypothetical observer. Their results
showed that a melanopic EDI below 4 lux results in minimal responses (<25% of maximum
melatonin suppression), and a melanopic EDI above 300 lux strongly suppresses salivary
melatonin (>75% of the maximum), depending on the exposure duration and experimental
context [15]. These results have been corroborated by Gimenez et al. [16]; even with longer
durations (e.g., 270 min), a 75% suppression of melatonin can already occur at a melanopic
EDI of 100 lux.

Many studies have shown large individual variations in circadian photosensitivity
across individuals, such as melatonin suppression, due to artificial light exposure, but
recommendations for appropriate light exposure in real-life settings rarely consider such
individual effects [8]. Individual differences in light sensitivity also occur at earlier devel-
opmental stages, and melatonin suppression by light is higher in children than in adults
since they have large pupils and high spectral transmittance of the crystalline lens at
short wavelengths; the nonvisual photoreception in 10-year-old children is twice that of
45-year-old adults [17]. Even healthy aging is associated with a progressive decrease in
light transmission due to the clouding and yellowing of the natural crystalline lens, espe-
cially for short-wavelength light. When age-related cataracts develop, further worsening of
ocular processes is found; specifically, they are associated with the disruption of circadian
rhythms. However, when patients with cataracts undergo intraocular lens replacement
with optimized spectral lens transmission, they may improve circadian photosensitivity,
sleep, and cognitive function despite small pupils [8,9,18,19].

As has been intended and described by other authors [11,20,21], providing a simple
process for smart or integrative lighting design is important when the process is properly
integrated into a traditional workflow. Its implementation requires lighting designers to
understand the tedious terminology defined, evaluated and correlated, when possible, to
elucidate strengths and limitations to progress in its knowledge. Many available calculators
for computing nonvisual quantities are available as a recipe to promote circadian lighting
projects in parallel to real designs and without real integration in the lighting design process.
Recently, Houser et al. [20] showed an implemented process to guide decisions prior to the
transfer to the lighting built, and a posterior audit focused on no single solution promoting
integrative points of view.

In this paper, we first summarize potential key findings related to the aging of the
crystalline lens on the spectral sensitivity of the melanopsin photopigment expressed in
ipRGCs [22–25]. In a second step, an easy and simplified method to calculate melanopic
contribution depending on age is presented to be considered in lighting projects.

2. Background
2.1. Technical Features

From a technical point of view, parameters used to describe light and lighting need to
previously be defined to explain the modifications made to the calculations. The term color
temperature (CT) is applied to highly selective radiators, such as standard illuminant A,
when the light of this source has the same, or nearly the same, chromatic coordinates as a
blackbody radiator at certain temperature. Meanwhile, the correlated color temperature
(CCT) of a light radiator is not exactly equal to any of the chromaticities of a blackbody
radiator, and a CCT may be found for a selective radiator by taking the nearest chromaticity
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match. It is computed by the iso-temperature lines for the evaluation of a CCT for a selective
source; these lines are short straight lines crossing the Planckian locus perpendicularly.
Light sources with high CCT seem “cool”, and those with low CCT look “warm”. A color
rendering index (CRI) is a quantitative measure of the ability of a light source to reveal the
colors of various objects faithfully in comparison with a natural or standard light source.
The chromaticity coordinates (x,y) of a color are the ratios of each tristimulus value of the
color to their sum. A diagram in which any one of the three chromaticity coordinates is
plotted against any other is called a chromaticity diagram [26].

In visual photometry, spectral irradiance incident on the corneal plane is measured
in the wavelength range of 380 nm to 780 nm. The CIE recommends, among others, two
standard sources to be used in colorimetry specifications. One of them is the standard
daylight D65 constructed to represent natural daylight having a CCT of 6500 K and, the
other, the standard illuminant A intended to represent typical, tungsten-filament lighting
with relative SPD, is that of a Planckian radiator at a CT of approximately 2856 K.

The CCT is recurrently described in lighting specifications, making it freely available
and frequently used as the most important parameter to control lighting design. Since
visual evaluation is important, not only irradiance spectra, but luminance or illuminance
levels for these types of nonvisual quantifications, retinal irradiance is the most relevant
parameter. Even the combination of the spectral irradiance provided by artificial sources
and natural daylight, including light reflected from the surfaces or a scene, might need to
be accurately measured to determine its age-related circadian effects.

2.2. Theoretical Melanopic Considerations in Lighting for Elderly Individuals

These noted modifications in photometric quantities by age should be translated and
analyzed in terms of melanopic implications; data for ipRGC spectral sensitivity published
by Lucas et al. [6] inherently include spectral transmittance of the human ocular media
for a reference observer of age Yr = 32 years. To correct melanopic data for observers of a
different age Y, an age-dependent spectral correction can be applied. This can be relevant,
as mentioned, when assessing the impact of light on elderly individuals. Based on the
definition for age-dependent transmittance of the human eye lens in CIE 203:2012 and its
erratum, an age-related spectral correction function k(λ,Y) is defined for an observer of age
Y as k(λ,Y) = τ(λ,Y)/τ(λ,Yr = 32) and plotted in Figure 3 [2].
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The equation k(wavelength, age) = trans(wavelength, age)/trans(wavelength, 32 years)
is defined as: k(λ, Y) = τ(λ,Y)

τ(λ,32) .
In this section, basic expressions must be defined, considering both the photopic and

melanopic pathways; the method we propose is calculated from the traditional relation-
ship between radiometric and photometric magnitudes and from the current standards as
defined previously in Sanchez et al. [27] and more recently in Esposito et al. [28]. The equiv-
alent daylight illuminance (EDI) is defined by the CIE standard [13], and normalization is
proposed with the melanopic illuminance provided by the standard illuminant D65 (day-
light CCT = 6500 K). A light-source type D65 furnishing photopic illuminance Ephotopic,D65
(E) to provide the same melanopic illuminance Emelanopic,D65 (EDI) can be calculated.

EDI = 1.104 × MAF × E (1)

The age-dependent spectral correction factor for lens transmission k(λ,Y) defined for
an observer of age Y is a parameter that should be considered to address the nonvisual
effects of light in lighting designs in which the age of the user is a key factor [2]. This value
is defined as k(λ,32 years) = 1.000; the higher the age is, the lower the value. This correction
factor enables us to estimate the real transmission factor of the eye, the lens in particular,
and to determine how much light passes through the pupil and reaches the retina. The
higher the CCT is, the lower the kmel,trans. This phenomenon, combined with the age of the
subject, creates a wide spectrum of possibilities that must be considered in lighting projects.
As described below, equations to compute illuminance level were defined at the corneal
plane or entrance of the pupil (EP); now, they must be modified to determine how much
melanopic illuminance reaches the retina:

MAF =

∫ 780
λ=380 SPD(λ)× Smel(λ)dλ∫ 780
λ=380 SPD(λ)× V(λ)dλ

(2)

kmel,trans =

∫ 780
λ=380 SPD(λ)× k(λ, Y)× Smel(λ)dλ∫ 780

λ=380 SPD(λ)× Smel(λ)dλ
(3)

EDIRetina = EDIEP × kmel,trans = 1.104 × kmel,trans × MAF × E =

1.104 ×
∫ 780
λ=380 SPD(λ)×k(λ,Y)×Smel(λ)dλ∫ 780

λ=380 SPD(λ)×Smel(λ)dλ
×

∫ 780
λ=380 SPD(λ)×Smel(λ)dλ∫ 780
λ=380 SPD(λ)×V(λ)dλ

× E =

1.104 ×
∫ 780
λ=380 SPD(λ)×k(λ,Y)×Smel(λ)dλ∫ 780

λ=380 SPD(λ)×V(λ)dλ
× E = 1.104 × MAFtrans × E

(4)

MAFtrans =

∫ 780
λ=380 SPD(λ)× k(λ, Y)× Smel(λ)dλ∫ 780

λ=380 SPD(λ)× V(λ)dλ
=

∫ 780
λ=380 SPD(λ)× τ(λ,Y)

τ(λ,32) × Smel(λ)dλ∫ 780
λ=380 SPD(λ)× V(λ)dλ

(5)

The MAFtrans is a new parameter that can be straightforwardly calculated from the
SPD for any lamp or filter with a lamp by an easy expression taking into consideration
the corrected spectral transmittance of the aged crystalline lens. It should be used, as
Equation (4) shows, to effectively calculate the illumination levels not at corneal level, but
at retinal plane. It allows one to know the amount of light reaching the retina to compare it
to the requirements established by the standards of different hospital areas, offices, schools,
or residential homes.

Using these conversion factors and photopic values of illuminance, transformations
from this melanopic metric to WELL [29] can be easily calculated by:

EML = 1.104 × EDI = 1.218 × MAFtrans × E (6)
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3. Results

Table 1 and Figure 4 show the modified parameters of the D65 and A standard
illuminants when transmittance of the ocular media are not considered and depending
on them, as the CIE described. The older the observer is, the warmer the CCT of the light
becomes and the lower the chromatic reproduction. It is noted that the D65 illuminant
with approximately 6500 K becomes approximately 3530 K when a 90-year-old subject
is observed with this lighting, and an equivalent behavior is found for the A illuminant,
falling from approximately 2850 K to approximately 2230 K for the same aged observer.

As an example of the application of the proposed method, Table 2 shows the described
changes on two representative illuminants, D65 and A, according to previous calculations.

Table 1. D65 and A standard illuminants apparent photometric characteristics modified by crystalline
lens transmittance, or perceived by retina, depending on age, from 10 to 90-year-old observers. Ab-
breviations: CCT, Correlated Color Temperature; CRI, Chromatic Rendering Index; R9, saturated red.

CCT (K) CRI R9 x y

Standard illuminant D65: 6498 100 100 0.3128 0.3291

Standard illuminant D65+Lens_10Years 5493 96 87 0.3327 0.3574

Standard illuminant D65+Lens_20Years 5340 96 84 0.3368 0.3625

Standard illuminant D65+Lens_30Years 5112 95 80 0.3435 0.3707

Standard illuminant D65+Lens_32Years 5061 95 79 0.3452 0.3727

Standard illuminant D65+Lens_40Years 4842 93 76 0.3528 0.3815

Standard illuminant D65+Lens_50Years 4556 92 72 0.3642 0.3941

Standard illuminant D65+Lens_60Years 4274 91 68 0.3775 0.4078

Standard illuminant D65+Lens_70Years 4007 89 64 0.3923 0.4216

Standard illuminant D65+Lens_80Years 3760 88 60 0.4079 0.4345

Standard illuminant D65+Lens_90Years 3534 87 57 0.4239 0.4457

Standard illuminant A: 2856 100 100 0.4475 0.4075

Standard illuminant A+Lens_10Years 2719 99 97 0.4620 0.4169

Standard illuminant A+Lens_20Years 2694 98 96 0.4648 0.4186

Standard illuminant A+Lens_30Years 2652 98 94 0.4694 0.4212

Standard illuminant A+Lens_32Years 2643 98 94 0.4705 0.4218

Standard illuminant A+Lens_40Years 2599 97 92 0.4754 0.4244

Standard illuminant A+Lens_50Years 2535 96 89 0.4827 0.4279

Standard illuminant A+Lens_60Years 2464 95 86 0.4908 0.4312

Standard illuminant A+Lens_70Years 2389 94 83 0.4995 0.4340

Standard illuminant A+Lens_80Years 2311 93 80 0.5084 0.4359

Standard illuminant A+Lens_90Years 2231 92 77 0.5173 0.4370
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Table 2. Changes in circadian lighting (EDI and EML) for D65 and A illuminants reaching the
retinal plane depending on the age of the subjects, considering 200 photopic lux at the corneal plane.
Calculations without age considerations match with a standard observed age of 32, as described in
the current normative. Abbreviations: MAFtrans, Melanopic Action Factor considering transmittance
of the lens; EDI, Equivalent Daylight Illuminance; EML, Equivalent Melanopic Lux.

Standard Illuminant D65 Standard Illuminant A

MAFtrans EDI lux EML lux MAFtrans EDI lux EML lux

Without age
considerations 0.906 200 221 0.449 99 109

10 Years 0.923 204 225 0.448 99 109

20 Years 0.917 202 224 0.448 99 109

30 Years 0.908 200 221 0.449 99 109

32 Years 0.906 200 221 0.449 99 109

40 Years 0.897 198 219 0.451 100 110

50 Years 0.883 195 215 0.452 100 110

60 Years 0.866 191 211 0.454 100 111

70 Years 0.847 187 207 0.455 100 111

80 Years 0.827 183 202 0.456 101 111

90 Years 0.806 178 196 0.457 101 111

4. Discussion

It has been widely described that the effects of light on human health and well-
being depend on factors such as its action spectra, intensity or timing, searching for
an “integrative lighting” situation in which visual and nonvisual human behaviors are
comprehended [30,31]. In this sense, the standards that regulate building lighting have
been recently modified to promote the incorporation of nonvisual considerations in lighting
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projects, in particular, the age of the people in a specific room [32]. There are other lighting
standards or recommendations integrating those effects, though these standards are in
progress and not yet fully agreed on, even criticized by other stakeholders [29,33,34].

Before light excites the photoreceptors, it is modified (relative to the corneal plane) by
passing through the pupil and the ocular media. These parameters depend on the eye of
the population evaluated and should be taken into consideration in this type of study [35].
An ideal situation would be to perform subjective analyses of lighting scenarios in groups
of observers with different age ranges [36], but lighting designers need to have a tool to
predict circadian contributions in their lighting projects. Obviously, the general population
does not fall near the standard observer aged 32 years, and particular characteristics are
intrinsic to each eye, but a rule is needed to preview different real situations. Perhaps
calculating age-dependent effects on prereceptoral filtering, along with reporting the retinal
intensity of light calculated from the spectral radiance by multiplying with the pupil area,
should be recommended since natural pupillary miosis is highly age dependent. In this
sense, it has been described that responses to blue light, and in consequence melanopsin-
dependent pupillary miosis, are preserved in healthy aging and cataracts, suggesting that
both pathways (visual and nonvisual) adapt to the yellowing of the lens to maintain the
constancy of the light responses [37], although when retinal or optic nerve diseases are
present, it should be particularly evaluated [38].

The contributions of spectral lens transmittance to light-induced melatonin suppres-
sion are not well understood due to a lack of established methods for measuring spectral
lens transmittance in vivo, although a method based on Purkinje images has been recently
developed and validated. In this case, lens transmittance at 480 nm was measured with dif-
ferent results in children (approximately 10 years), young adults (approximately 30 years),
middle-aged adults (approximately 40 years) and older adults (approximately 60 years) and
was 57.6%, 52.9%, 49.1% and 35.5%, respectively [10,39]. Eto et al. [10] reported that these
findings suggest that lens transmittance and pupil size may contribute to the age-related
differences in melatonin suppression, and that information on both parameters may be
needed to explain the age-related differences in melatonin suppression between children
and adults. In a more reduced range of ages from 25 to 32 years, Yamakawa et al. [40]
confirmed that there was no change in the relative relation in the three types of cone and
melanopsin stimulus intensity using the model proposed by Pokorny et al. [3], although
they suggested that in experiments in which brightness perception is involved, correction
of the SPDs reaching the retina would be needed. We note with our calculations that
variations in this age range are slight, but performing lighting projects for areas inhabited
by the elderly (hospitals or nursing homes) or even by children (kindergartens or schools)
should be properly evaluated and corrected when is needed, as we have proposed, with
easy calculations.

Another important parameter involved in the amount of light reaching the retina is
the aperture of the pupil or the visual field due to eyelids; it is different to what a standard
measurement device with a 180◦ field of view and cosine correction can measure. Pupil size
can change the retinal irradiance over a factor of 1.2 log units from approximately 8 mm at
full dark adaptation to 2 mm under bright light conditions [41]. This variation in pupil size
has different melatonin-suppressive effects because of the light reaching the photoreceptors;
even this parameter is age dependent, in addition to the transmittance of an aged lens.
Recently, a more realistic approach of the retinal illuminance level has been proposed to
be performed by eye-tracker recoding, allowing us to know the dynamic behavior of the
subjects [35,42]. Relative changes in pupillary area related to age have been described
as being responsible for a reduction in retinal illuminance by a factor of approximately
two in the eye of a 70-year-old subject with respect to the maximal value of a 15-year-old
subject [19]. The total effective relative exposure will depend upon the absolute level of
illumination and the duration of exposure, on the assumption that individuals of different
ages are exposed under the same conditions, to compare the relative effectiveness of the
exposure that they receive. The introduction of an eye-tracker to record realistic setups
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could be the best way to accurately compute real values. The overall relative effectiveness
will be given by multiplying the spectral radiance of the source, the corneal and lenticular
transmittances, the pupillary area, and the action spectrum. The literature reports that
the relative effectiveness of daylight and tungsten incandescent light for individuals aged
14, 49 and 92 years with natural crystalline lenses is 1.00, 0.52 and 0.55, and 0.11 and 0.13
for daylight and tungsten, respectively [19]. These values show that despite the different
spectral contents of daylight and incandescent lighting, the relative effects of the aging
crystalline lens are very similar in all cases. These results partially match those found in
our study, since the behavior described by the A illuminant is similar at all studied ages,
approximately 100 EDI, and the D65 contributions are very different when age is considered,
as can be observed in Table 2. The shorter the wavelength content of the light is, the higher
the expected drop in melanopic content due to the absorption of the aged crystalline
lens. Consequently, melanopic light reaching the corneal plane should be considered
to promote circadian studies, but evaluating how the light could be spectrally modified
passing through the lens is essential to transfer this knowledge to realistic scenarios.

As Schlangen et al. [11] stated, knowledge of the nonvisual effects of light is still
developing to establish recommendations integrating visual and nonvisual scenarios. It is
necessary to know how to measure specific parameters and their minimum thresholds of
daily variation levels, as well as have recommendations for future buildings and lighting
standards in terms of melanopic EDI values. In this sense, daylight has one of the highest
potentials to induce nonvisual effects, and it has been described that in its evaluation,
orientation-dependent analysis is necessary because of its different spectral properties and
colorimetric characteristics. Distinct regions of the sky can vary largely; skylight from a clear
north sky can have a CCT between 5000 and 100,000 K and be influenced by parameters
such as orientation, seasonality or sky conditions [43–45]. Perhaps indoor lighting projects
should have a provision for natural light reaching different areas to take advantage of its
properties and provide adequate supplementary electric lighting to save energy and obtain
healthy surroundings, not only with static light, but also when considering the possibility
of dynamic electric light when visual comfort can be maintained [46]. There is a lack of
knowledge regarding the consideration of optical characteristics of the material and the
treatments of spectacles or contact lenses worn by subjects that can modify the SPD of light
reaching the retina [35] that must be considered in these described scenarios.

On the other hand, the last parameter that is modified by the transmittance of the
ocular media is the perceived chromaticity with both standard illuminants selected in this
study, as is stated with the CRI parameter. In conventional LEDs, used in both displays
and general lighting, this parameter has been substantially affected by viewer age and
SPD variation, accordingly with the models in which the CIE Physiological Observer
2006 (CIEPO06) color-matching functions are involved. This takes the issue of individual
differences into account by including two parameters (age, field of view) in the calculation
of color matching functions [47]. The melanopic contribution of LEDs with very low
emission at lower wavelengths can be significantly affected by the dependence of the
short-wavelength spectrum on the subject’s age [19]. Our obtained results with D65 and A
illuminants show a drift to warmer CCT not only in the A illuminant, with a blue-depleted
spectrum, but also in the D65 illuminant due to the low wavelength filtering effect of
the aging lens. This fact results in changes in the perceived color by the visual pathway,
although a nontrivial influence of the circadian circuitry on visual contributions, such as
color perception is, has been previously described [1].

5. Conclusions

In conclusion, we propose a method that provides tools for studying and evaluating
real environments from visual and nonvisual perspectives to improve lighting scenarios in
accordance with current standards. These recommendations and standards describe models
and methods to evaluate light’s nonvisual effects providing confusing calculations and
applications that will be hard-pressed to transfer to a real project. Our calculations show
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how the age of the people, that is reflected in the absorption of the crystalline lens, should
be considered when nonvisual effects of light are evaluated. With these considerations, this
paper can help designers to plan smart lighting projects in which the circadian cycle should
be modified to achieve a specific effect or to avoid detriment to health. In this paper, we
define the parameter MAFtrans, which is both SPD and age-dependent and which facilitates
the quantification of the circadian light reaching the retina from measurements of the
photopic illuminance at the corneal plane. Lighting designers can perform projects under
traditional requirements based on photopic parameters such as luminaires with specific
spatial distributions, illuminance levels at different planes, SPD and CCT of the lamps,
or glare. Nowadays, circadian light is required to be evaluated according to the newer
standards in terms of SPD, timing or dose but we have showed how age is an important
parameter to be considered in these descriptions. Even for the same light, depending on
the age of the occupants of an area, circadian light reaching the retina is very different and
it should be considered when lighting projects are focused on personalized lighting.

To summarize, personalized lighting solutions that promote healthy spaces and quality
of life should have strong support for considering individual differences when defining
optimal lighting specifications in lighting projects. The consensus-based metrics from CIE
S 026/E:2018 offer an efficient method for typifying light spectra based on photoreceptor
responses, and we support the application of this method. Despite this, lighting designers
need an easy and replicative method to implement projects and comparisons across studies
as well as back-test models, and our proposal simplifies this method when aging of the
crystalline lens is taken into account for promoting specific areas inhabited by people
having particular age ranges.
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