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Biological adaptation to sunlight evolved over millions of years. The intrusion of artificial lighting has disrupted 

this relationship with the natural environment. On the other hand the discovery of the photopigment melanopsin 

poses new challenges for lighting designers. We studied melanopsin excitation under natural and artificial 

illumination considering aging of intraocular media. Our results showed that artificial illuminants systematically 

produced lower melanopsin excitation than environmental natural daylight conditions. This reduction is small for 

LED and Fluorescent illuminants when compared with natural illuminant D50, which could resemble horizon 

light, but it is much more important when compared with CIE natural illuminants that can roughly reproduce a 

clear sunny daylight and overcast sky conditions. 

 

Keywords: melanopsin, lighting, aging. 

 

La adaptación biológica a la luz solar ha evolucionado durante millones de años. La aparición de iluminación 

artificial ha trastornado esta relación con el ambiente natural. Por otro lado, el descubrimiento del fotopigmento 

melanopsina plantea nuevos desafíos a diseñadores en iluminación. En este trabajo estudiamos la excitación 

melanopsínica ante iluminación artificial y natural considerando el envejecimiento de los medios intraoculares. 

Nuestros resultados muestran que iluminantes artificiales sistemáticamente producen menor excitación 

melanopsínica que condiciones de luz día de ambientes naturales. Esta reducción es pequeña para iluminantes 

LED y fluorescentes cuando se comparan con el iluminante natural D50, que puede asemejarse la luz en el 

horizonte, pero es mucho mas importante cuando se compara con iluminantes naturales de la CIE que 

aproximadamente reproducen la luz en un día soleado o con cielo nublado. 
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I. INTRODUCTION 

Optical radiation (light) is sensed by our eyes and 

transduced to neuronal signal, which is processed by our 

brain to allow vision but also to regulate other processes 

inherent to our behavior and quality of life. This 

transduction is achieved by cells called photoreceptors. 

Two of these photoreceptor types are rods and cones, 

located in th
1
e outer retina. They express the 

photopigments Rhodopsin and Cone-opsins, 

respectively, for phototransduction. Rods allow vision 

in very dim situations for example under star and 

moonlight and they are predominantly located in the 

periphery. Cones, instead, work in bright environments 

allowing color vision. They are faster than, but not as 

sensitive as, rods. Cones are more densely located in the 

fovea, allowing detail vision. 
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Rods and cones were thought the only 

photoreceptors available to sense light in mammals for a 

long time; therefore the body of knowledge about light 

processing in humans was founded on this assumption. 

As a result lighting regulations were written under the 

same belief. However at the beginning of this century 

the existence of a different photopigment was reported 

in humans [1]. This photopigment is called Melanopsin 

and it is expressed by a small group of cells in the retina 

called ipRGCs (intrinsically photosensitive retinal 

ganglion cells), which is other type of photoreceptor 

located in the inner retina. The peak wavelength of 

melanopsin spectral function is 482 nm (Fig. 1). 

ipRGCs were discovered some years later; first in 

rodents [2,3], and then in humans [4]. These cells 

innervate the supraquiasmatic nucleus (SCN) for 

synchronization of the circadian clock to the solar day 
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[5], the olivary pretectal nucleus (OPN) for pupillary 

control  [6], the lateral habenula (LHb) and medial 

amygdala (MA) to control mood and learning 

process  [7], and the lateral geniculate nucleus (LGN) 

for visual processing [4], among other regions. Besides 

intrinsic phototransduction, ipRGCs receives input from 

rods and cones through intermediate retinal cells [4,8]. 

In this way ipRGCs can codify a vast range of light 

levels. 

Biological adaptation to the daily solar cycle and to 

sunlight evolved over millions of years. The intrusion of 

artificial lighting has disrupted this relationship with the 

natural environment. Today, people in cities spend 

several hours per day in front of computers or using 

smart phones. Artificial lighting is used during night 

time hours to enlarge working or recreational time, but 

also during daytime, light coming from artificial 

luminaries is preferred to solar radiation for illumination 

purposes. In some way we are prepared for natural 

conditions that do not exist anymore [9]. 

Lighting specifications is given in photometric units. 

Photometry is the measurement of light and it is based 

on the photopic luminous efficiency function V(λ) [10]. 

This function represents the human visual effectiveness 

and it results of the added combination of two types of 

cone signals. V(λ) weights and defines a region of the 

electromagnetic spectrum with a peak wavelength at 

555 nm (Fig. 1). This function is adequate when cones 

are active and rods saturated, typically diurnal light 

levels (photopic vision). In lower light levels, for 

example under night road lighting, both rods and cones 

are active (mesopic vision), and for even dimmer light 

levels cones are not sensitive and vision is only 

supported by rods (scotopic vision). Considering that 

scotopic spectral sensitivity function [V’(λ)] is shifted 

towards shorter wavelengths than V(λ) (Fig. 1), in low 

light levels photopic units could not reflect the actual 

visual perception. For this reason from the lighting 

engineering was proposed the so-called S/P ratio, which 

is the relation of scotopic units by photopic units. The 

S/P ratio is a simple and convenient way to characterize 

light sources since it combines the V(λ) and V’(λ), 

which represent the extreme situations of a photometric 

system proposed for mesopic lighting conditions [11]. 

The international commission on illumination (CIE) 

encourages the use of light sources with high S/P ratios 

such as metal halides and LED’s, because human have a 

higher visual sensitivity to short wavelength light in the 

mesopic range [12]. However, it has recently been 

shown that the involvement of other factors such us 

intraocular transmittance and reflectance of road 

surfaces produce that light sources with a low S/P ratio 

are more efficient than expected in reaching the retina 

of the human eye [13]. 

The discovery of melanopsin impose a new 

challenge to lighting regulations since it has been shown 

that artificial light produce lower melanopsin excitation 

than natural lighting for the same photopic value [14]. 

Light affects health, it suppress melatonin production, 

constricts pupil, increase hearth rate and body 

temperature, etc. In this way light can be considered as a 

drug [15]. In similar way to the use of S/P ratios, in this 

work we proposed to use the relation Mel/P 

(melanopic/photopic) to study melanopsin excitation 

under natural and artificial illumination considering the 

aging of intraocular media.  

 

 
Figure 1. Spectral efficiency functions of CIE 1924 V(λ) for 

photopic vision, CIE 1954 V’(λ) for scotopic vision and 

ipRGC(λ) for melanopsin excitation. 

 

II. METHODS 

SPDs database of the light sources 

The spectra power distribution (SPD) database used 

in this work was composed by the 25 illuminants of the 

CIE D Series representing natural daylight (Figs. 2A 

and 2B); the CIE Standard Illuminant A that represents 

typical tungsten filament lighting (Fig. 2A); 27 SPDs of 

fluorescent light (FL) sources (Fig. 2C)  [16]; six SPDs 

of LED light sources (Fig. 2D): five from Philips 

Lumileds Lighting Company, USA and one measured 

by the authors; five SPDs of MH light sources (Fig. 2E):  

four were obtained from the website database called 

LSPDD: Lamp Spectral Power Distribution Database 

(www.lspdd.com) and one more measured by the 

authors; finally, 2 SPDs of HPS light sources (Fig. 2F), 

one was taken again from the LSPDD database and one 

measured by the authors. All SPDs illuminants were 

considered from 400 nm to 720 nm. 

Spectral transmittance of human eye  

In 2012, CIE published “A Computerized Approach 

to Transmission and Absorption Characteristics of the 

Human Eye” [17]. The spectral transmittance curves for 

people between 20 and 70 were calculated from this 

technical report (Fig. 3). 

There is a significant decrease in spectral 

transmittance with age. The most evident change occurs 

at the blue end of the spectrum where, for example, at 

500 nm, the transmittance of a human eye of 60 years is 

25% less than the transmittance of an eye of 20 years 

and, 48% less at 450 nm (Fig. 3). 

The age-related reduction in spectral transmittance is 

the main responsible of the changes in the spectral 

luminous efficiency function with age [18]. When the 

current standard luminous efficiency function V(λ)  was 

developed, implicitly, a certain spectral transmittance of 

the eye has already been considered. V(λ) was derived 

with data from 52 observers, most of them young 

people: 20 observers (20-29yr), 21 observers (30-39yr), 
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9 observers (40-49yr) and 2 observers (50-59yr) [19]. 

The average age of the observers was 33 which could be 

considered as the reference age for the spectral 

transmittance.  

 
Figure 2. Spectral power distributions used in this study. A) 

Standard CIE illuminants. B) Some natural CIE daylight 

illuminants identified with their x-value in the CIE 1931 

chromaticity diagram [20]. C) Representative sample of 

fluorescent illuminants. D) LED illuminants. E) 

Representative sample of MH illuminants. F) HPS illuminants. 
 

However, Sagawa and Takahashi, after measured 

spectral luminous efficiency functions for 91 observers 

of different ages from 11 to 78, showed that the spectral 

luminous efficiency function for age 25 fitted best to 

V(λ) [18]. For that reason, in this work the spectral 

transmittance for the age of 20 has been considered as 

the reference (100%) and spectral transmittances 

relative to this transmittance were calculated for the 

other ages. 

 

Calculation of the Mel/P ratios 

The following procedure was carried out to calculate 

the Mel/P ratios for all possible combinations of light 

source and age: 

1. The photopic and “melanopic” illuminances (Ev 

and EMel, respectively) were calculated in the 

wavelength interval 400 nm to 720 nm from: 
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where ��,� is the SPD of the light source or spectral 

irradiance; SF is a scale factor that affects ��,� in order 

to always reach the same photopic illuminance with all 

light sources. �� is the relative spectral transmittance of 

the human eye. For the age of 20, �� � 1 along the 

entire spectrum. The melanopsin excitation was 

obtained from the melanopsin spectral sensitivity 

function (Fig. 1) [21]. Normalization of melanopsin 

function [ipRGCN(λ)] was achieved such that for an 

equal-energy spectrum light at �� �	1 phot. Lx and 

�� � 1, the EMel = 1 mel lx  [22].  

2. The Mel/P ratio of the light source reaching the 

retina, $%& '⁄ �)*+,	-./01�  would be: 

 

$%& '⁄ �)*+,	-./01� �
����
��  

The normalization in the melanopsin function of a light 

source implies that the values obtained for the ratio 

EMel/Ev are arbitrary and only provide a relative 

information, as when they are presented related to other 

light sources.   

All these calculations were made using the R 

language program [23]. 

 

 

 
Figure 3. Human eye transmittance considering aging factor. 

 

III. RESULTS 

Figure 4 contains averaged values of the Mel/P ratio 

for artificial and natural illuminants weighted by the 

intraocular media, therefore this ratio represents the 
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actual light reaching the retina of a standard observer at 

different ages.  For all illuminants Mel/P ratio decreased 

with aging. Natural and artificial Mel/P ratios get 

slightly closer with age. With respect to artificial light 

sources, LED technology produces higher Mel/P ratios 

than FL, MH, illuminant A (incandescent), and HPS 

technologies. However it should be considered that LED 

variability, due to lamps with different correlated color 

temperature (CCT, Fig. 2D), overlaps data from 

mercury illuminants (MH and FL). 

 
Figure 4. Averaged Mel/P ratios of natural and artificial 

illuminants. Error bars represent the standard error of the 

mean. 
 

As we stated in the Introduction section, our visual 

system has evolved to respond to solar radiation. 

Therefore one could expect that the artificial illuminants 

mimic the behavior of natural lights. Following this 

rationale and since the value of the Mel/P ratio is not 

informative by itself, because it is not relating two 

magnitudes producing visual sensations (as the S/P 

ratio), we decided to normalize the results of artificial 

illuminants with respect to three natural illuminants. We 

choose the standard illuminants D65, D50 and 

illuminant D0.25 (CIE 1931 [20] x-value = 0.25; CCT = 

24770K), which roughly could represent three 

environmental conditions of the day: the overcast sky, 

the horizon light, and a clear sunny day, 

respectively [22,24,25].  

 
Figure 5. Normalization of Mel/P ratios of artificial 

illuminants with respect to the Mel/P ratio of CIE D65 

daylight corresponding to overcast sky. 
 

Results of this normalization are shown in Figure 5 

for D65 daylight, Figure 6 for D50 daylight and Figure 

7 for D0.25. If the artificial illuminants present similar 

behavior than natural illuminants the data points should 

be close to one in the Y-axis. In this way we can 

analyze the performance of artificial illuminants with 

respect to natural illuminants in terms of melanopsin 

excitation. 

When compared with D65 illuminant (overcast sky), 

LED illuminants had slightly better performance, than  

MH and FL lamps. Lower values were obtained for 

incandescent lamp (A illuminant). Instead HPS 

technology showed much lower responses. All 

illuminants showed values lower than 0.7, which means 

that the melanopsin excitation with these illuminants is 

lower than the melanopsin excitation produced by D65 

daylight. 

 
Figure 6. Normalization of Mel/P ratios of artificial 

illuminants with respect to the Mel/P ratio of CIE D50 

daylight, corresponding to horizon light. 
 

When compared with D50 illuminant (Horizon 

light), similar results to D65 data were obtained. 

However, higher values of this ratio were obtained for 

all artificial illuminants, with LED and FL technologies 

reaching almost 0.8. Therefore, melanopsin excitation 

produced by LED and fluorescent lamps are closer to 

melanopsin excitation produced by horizon light (D50 

illuminant) than overcast sky (D65 illuminant).  

 

 
Figure 7. Normalization of Mel/P ratios of artificial 

illuminants with respect to the Mel/P ratio of a natural 

illuminant with CIE 1931 x-value = 0.25 (CCT = 24770K), 

corresponding to a sunny day. 
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However when normalized with respect to a natural 

illuminant with high CCT value (high components for 

short wavelengths), the performance of artificial 

illuminants is quite poor, lower than 0.5 for all cases 

(Fig. 7). 

Since similar effects on Mel/P ratios with age was 

found for both natural and artificial illuminants (Fig. 4), 

no important influence of aging was evident after 

normalization. For the three comparisons, HPS results 

were very small compared with LED, FL, MH and A 

data. 

 

IV. CONCLUSIONS 

Our results showed that artificial illuminants 

systematically produced lower melanopsin excitation 

than environmental natural daylight conditions 

considering different aging of ocular media. This 

reduction is small for LED and Fluorescent illuminants 

when compared with natural illuminant D50, which 

could resemble horizon light, but it is much more 

important when compared with CIE natural illuminants 

that can roughly reproduce a clear sunny daylight and 

overcast sky conditions; for all artificial lights tested.   

Aging effect produces a decrement of the Mel/P 

ratio for all illuminants and slightly reduces the 

difference between natural and artificial illuminants for 

older standard observers. 

Why to replicate ecological melanopsin excitation is 

important? We live in an era in which lighting has 

become a public health issue [26]. The overwhelming 

exposure to artificial lighting pose potential health 

issues and affects quality of life, considering, for 

example, the evolved circadian synchronization to 

natural daylight. Recent work showed that exposure to 

light favoring circadian entrainment in the morning is 

associated with shorter sleep onset latency, and 

exposure during the entire workday was associated with 

lower depression scores and higher sleep quality, 

highlighting the importance of daytime light in sleep 

and health  [27]. 

Distinct from transient rod and cone photoresponses, 

inherent response of ipRGCs is tonic and regular [4]. 

This characteristic offers the brain a steady 

representation of average environmental 

illumination [28]. The SCN receives inputs exclusively 

from ipRGCs, since elimination of ipRGCs produce loss 

of circadian photoentrainment [29,30]. It has been 

showed that disruption of the natural circadian rhythm 

(such as that suffered by shift-workers, frequent 

travelers across time zones, etc) can lead to different 

health problems such as cardiovascular complications or 

cancer [31,32]. Also ipRGCs have a key role in 

insomnia, and season-related disorders [33]. Therefore 

ipRGCs exerts a major influence on circadian rhythm, 

which in turn impacts on mental and physical 

health [14]. 

Also steady melanopsin photoresponse is used to 

maintain pupillary constriction [34], which serves as a 

light adaptation mechanism. The neural circuit of 

pupillary light reflex is well studied and can be used as 

a biomarker to assess the health of the retinal circuit and 

to detect retinal diseases such as glaucoma  [35,36].  

It has been shown in behavioral studies that lighting 

is related with more pleasant mood [see for example: 

36]. From physiological studies, a traditional point of 

view relates mood with circadian rhythmicity. However 

new studies show evidence of light affecting mood 

without circadian impairment [7,38]. ipRGCs innerve 

directly mood-regulating regions such as the amygdala 

and the lateral Habenula and could affect mood via this 

pathway. Furthermore ipRGCs axons reach a neural 

network that mediates light-associated migraines [39] 

and the ventrolateral preotic area implicated in sleep 

induction [40,41]. 

The above evidence summarized the importance of 

melanopsin excitation and ipRGCs behavior on health 

and quality of life. However the concrete circadian, 

neuroendocrinal, and neurobehavioral consequences of 

our results cannot be outlined since dependence of these 

functions on melanopsin excitation level is not totally 

understood [15]. More basic research is needed to 

clarify this relationship. 

We decided to avoid comparison with natural 

daylight representing times of the day with low optical 

radiation, since intrinsic melanopsin threshold is 

probably at least one-log unit higher than cone 

threshold  [2,4,42], probably in the high mesopic 

range [43]. It means that our analysis is important for 

conditions where artificial illuminants provide photopic 

or high mesopic light levels as indoor lighting or 

outdoor urban illumination. Furthermore considering the 

prevalence of artificial lighting in offices and closed 

environments, our analysis suggests that indoor workers 

during daytime would experience substantially lower 

melanopsin excitations compared with outdoor daylight 

for most of artificial light sources, in agreement with 

previous analysis [14]. This analysis is relevant since 

research on lighting effects on mood and behavior has 

focused on light at night but investigations considering 

daytime hours are scarce. 

It is important to note that some few specific 

illuminants from LED technology (data not show) can 

produce similar melanopsin excitation than D65 and 

D50 daylights, but this is not the general case and our 

conclusions were based on consideration of different 

illuminant technologies; therefore we averaged artificial 

illuminants for each technology. 
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