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ABSTRACT 

The human eye is commonly only thought of as important for vision but evidence 

suggests that light sensed by the eye is the most influential stimulus to regulate the 

human circadian cycle (Dijk et al. 1995). It has been shown that the quantity, spectrum, 

distribution and timing (Rea et al 2002) play important roles in this response. Currently a 

combination of photoreceptors (rods, cones, and the ipRGC) are well accepted to be 

involved in the circadian response (Hattar et al. 2003, Panda et al. 2002, Rea et al. 2005, 

Ruby et al. 2002).  A model for human circadian phototransduction based on the 

neurophysiology and neuroanatomy of the retina was developed by Rea and colleagues 

(Rea et al., 2005). 

 

A study by Figueiro (2004)  suggest an increase in sensitivity to short wavelengths 

towards the end of the night compared to the beginning of the night, suggesting a change 

in spectral sensitivity of the circadian system over the course of the night. Based on 

these preliminary studies, this thesis was set out to investigate two hypothesis; 1) the 

circadian system becomes more sensitive to short-wavelength light (blue) in the early 

morning (5:00 – 6:00 am) compared to the early night (1:00 to 2:00 am), and 2) a  

combination of photoreceptors participate in circadian phototransduction.  

 

In order to test these hypotheses, a set of light goggles were used to provide a constant 

irradiance and spectral wavelength to each subject while the researchers ran two one-

hour treatments at different times in the night (1:00 – 2:00 and 5:00 – 6:00). On the next 

round, the subjects received a different irradiance and spectral wavelength. The 

irradiances provided by the light goggles were calculated so that they would produce the 

same response by the circadian system (40% melatonin suppression) if a single 

photoreceptor peaking at 480nm was responsible for circadian phototransduction. The 

irradiances used was  0.292 W/m
2 

of 445nm (blue) light and 0.529 W/m
2
 of 525nm 

(green) light. Before, during, and after being exposed to the light the subjects provided 

both blood and saliva for radioimmunoassay analysis as well as pupil size measurements 

using an entopic pupilometer. Melatonin suppression was calculated as the percentage 

difference of the melatonin concentration from 2:00 to 1:00 (or from 6:00 to 5:00 for the 
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later condition). The ratio of the two different light source‟s effect on melatonin 

concentration at the same time of night was used to determine if the shorter wavelength 

light source became more effective at stimulating the circadian system later at night.   

 

One tail t-test revealed a significant increase (p=0.03) in plasma melatonin suppression 

ratio after the 445 nm treatment compared to the 525 nm treatment, suggesting an 

increase in short wavelength sensitivity at the end of the night. The saliva melatonin 

suppression ratio did not show a significant change between time 1 and time 2 (p=0.19). 

In fact, the saliva melatonin suppression ratio suggests an increase in the response to the 

525 nm rather than an increase in response to 445 nm towards the end of the night. In 

another analysis, where low melatonin levels were removed from the data set and data 

set was normalized, the suppression ratio at time 1 was significantly lower (p=0.03) than 

in time 2, suggesting a change in spectral sensitivity in the expected direction. The pupil 

measurements, however, did not show any change from time 1 to time 2 and thus no 

significant effect of spectrum. Moreover, the melatonin suppression obtained in time 1 

was much lower than predicted by the model. 

 

These results presented here suggest, but do not confirm a change in spectral sensitivity 

of the circadian system over the course of the night. The lower than predicted melatonin 

suppressions do at least follow past studies using very short wavelength light sources. 

Several possible explanations are presented for this as well as for the high variability of 

melatonin concentrations found.  





1 

1. Background 

1.1 Overview of the Visual System 

The eye is the center of the human visual perception system; detecting, organizing, and 

sending signals to the brain for processing. Survival of the human species has been 

facilitated by the development of specialized structures within the eye. Under some 

circumstances, fast responses are necessary, whereas other times a slower detailed 

response is preferred. The eye encompasses both by providing continually variable 

responses dependent on the environment.  

 

1.1.1 Eye 

The eye is broken up into three major layers; exterior, intermediate, and internal. The 

exterior layer consists of the cornea and the sclera. The cornea covers the eye and the 

pupil, providing support and acting as the major focusing agent for the retina. Moving 

around the eye, this covering continues and turns into the sclera. Together, the cornea 

and sclera form the outer protective wall of the eye.  

 

The intermediate layer consists of the iris, lens, cilliary body, and choroid. The iris is a 

colored muscle that contracts to regulate the level of light that is allowed to enter the 

eye. The pupil is not an actual physical body but rather the adjustable hole created by the 

iris that allows light to enter into the eye (Snell and Lemp 1998). The lens is a 

transparent body that protects the retina from ultraviolet radiation and is adjusted by 

muscular fibers extending from the cilliary body in order to focus the light on the retina. 

The choroid is the layer just inside the eye from the sclera. It absorbs stray light that 

could potential pass through the sclera and contains blood vessels to deliver oxygen and 

nutrients to the eye (Boyce 2003).   

 

The internal layer of the eye is the sensory portion consisting of the retina. The retina 

receives an inverted and focused image due to the lens and cornea interaction with light 

entering the eye. The fovea is the specialized portion of the retina responsible for central 

vision that consists of 2° of the visual field. It contains only cone photoreceptors. 

Although it is statistically a small area in the retina, over half of the visual cortex is 
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devoted to interpreting signals from the fovea. From the retina, a signal is sent through 

the optic nerve to the lateral geniculate nuclei (LGN) inside the visual cortex of the 

brain. Figure 1.1 shows the internal structure of the eyeball.  

 

Figure 1.1: Structure of the human eye (Rea 2000) 

 

There are two chambers of fluid within the eye: anterior and posterior. The anterior 

chamber is filled with aqueous humor and is located between the cornea and lens. The 

aqueous humor is a clear fluid that provides both nutrients to the cornea and controls the 

internal pressure within the eye (Kaiser and Boynton 1996). The posterior chamber is 

filled with a gel-like vitreous humor and located between the lens and the retina.  

 

1.1.2 Anatomy of the human retina 

The retina is a very complex section of the eye that is an extension of the brain. It is very 

thin (0.25 - 0.5mm) and lines the rear section of the eye. The retina contains three 

distinctly different neuron layers separated by two layers of synapses. The retina is 

where the actual processing of light begins. Although seemingly backward, light must 

first pass through all the layers to the rear of the retina where electrical signals are 

generated and sent by the ganglion cells at the front of the retina to the brain‟s visual 

centers. 
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Figure 1.2: Layers of the human retina (Kolb 2003) 

 

Figure 1.2 shows the layered structure of the human retina. It consists of the retinal 

pigment epithelium layer (RPE), photoreceptor layer, outer plexiform layer (OPL), inner 

nuclear layer (INL), inner plexiform layer (IPL), and ganglion cell layer (Kolb 2003).  

 

1.1.2.1 Photoreceptors 

Photoreceptors are neural cells that respond to a specific range of electromagnetic 

radiation and transmit electrical signals to initiate the process of sight in the retina. 

Photoreceptors are not assembled homogenously throughout the retina as shown in 

Figure 1.3.  

 

Under dark conditions, a photoreceptor is constantly releasing a neurotransmitter called 

glutamate. When a classical photoreceptor absorbs a photon within its sensitivity 

spectrum, it hyperpolarizes entering an activation phase which restricts the flow of 

sodium ions through its membrane and ceasing the flow of glutamate for the duration of 

exposure. At the same time, the shape of the retinal molecule changes from 11-cis to all-
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trans (Lucas 2006). In order for the retinal molecule to return to 11-cis, the 

photopigment must undergo a regeneration process involving vitamin A and enzymes. 

 

 

 

 

There are two categories of classic photoreceptors: rods and cones. Rods contain the 

photopigment rhodopsin, whose peak spectral sensitivity (λpeak=498 nm) is shown in 

Figure 1.4. These photoreceptor cells far outnumber cones by a ratio of roughly 20 to 1 

(Masland 2001, Boyce 2003). Rods are more sensitive than cones and thus are mainly 

used in low light (scotopic) conditions.  

 

There are three types of cone photoreceptors in humans; long-wavelength-sensitive (L-

cones), medium-wavelength-sensitive (M-cones), and short-wavelength-sensitive (S-

cones). Figure 1.4 shows the spectral sensitivity of each cone photopigment; erythrolabe, 

chlorolabe, and cyanolabe, for L-cones, M-cones, and S-cones, respectively (Shier et al. 

1999). Cones are used above scotopic light levels for color vision and fine detail sight. 

Only roughly 15% of cones are S-cones (Masland 2001) even though it is believed that 

S-cones were the first photoreceptors to develop (Jacobs 1993).  

Figure 1.3: Classic photoreceptor distribution across the retina 

(Cornsweet 1970) 
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Figure 1.4: Normalized sensitivity spectrum of each photopigment found in the S-

cones (ʎpeak=420 nm), rods (ʎpeak=498 nm), M-cones (ʎpeak=534 nm), and L-cones 

(ʎpeak=564 nm), respectively (Bowmaker and Dartnell 1980) 

 

1.1.2.2 Retinal Pigment Epithelium Layer (RPE) 

The RPE layer is the dark, outer section of the retina where the photoreceptors are 

anchored. It prevents the scattering of light inside the eye and provides the necessary 

oxygen and nutrients to the photoreceptors. 

 

1.1.2.3 Inner Nuclear Layer (INL) 

As mentioned earlier, the output from a photoreceptor is an electrical signal. Since 

human vision is only possible through the comparison of signals, the purpose of the INL 

is to create contrast for sight and to split the signals into two pathways. To do this, the 

INL contains three distinctly different cells: bipolar, horizontal, and amacrine (Boyce 

2003).  

 

Bipolar cells are the link from the photoreceptors to the ganglion cells in most cases, 

although there does seem to be a small percentage of amacrine cells that directly 

communicate with the ganglion cells. Eleven different bipolar cells have been identified, 

of which only one “ON” type connects to rods used mainly for temporal distinction 
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(Wassle and Boycott 1991, Kolb et al. 1992). For cones, bipolar cells respond to the 

release of glutamate differently and multiple bipolar cells connect to the same cone. 

Some respond to an “OFF” signal and others to an “ON” signal. These two groups are 

further divided into two major types of bipolar cells that respond to either temporal or 

spatial information depending on the size of their dendritic net (Masland 2001).   

 

There are three types of horizontal cells in the human retina that have been identified; 

HI, HII, HIII (Kolb et al. 1994). Every photoreceptor is in contact with more than one 

horizontal cell. These cells receive feedback from other IPL cells, allowing them to 

modulate signals depending on the light level. The sensitivity range of rods is much 

wider than cones (Masland 2001, Kolb 2003). HI cells connect rods and cones, HII cells 

connect only cones, and HIII cells are believed to only connect L-cones and M-cones. 

The three types of horizontal cells and the photoreceptors they connect are shown in 

Figure 1.5.  

 

Figure 1.5: Representation of the three different horizontal cells that have been 

identified and the photoreceptors they connect (Kolb 2008) 

 

 

Amacrine cells are axon-less neurons that connect bipolar and ganglion cells (Kaiser and 

Boynton 1996). There are over 29 different types of amacrine cells. They are responsible 

for most of the connections from the bipolar cells to the ganglion cells and are believed 
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to sharpen signals further. Rod bipolar cells do not connect directly with ganglion cells 

and rely on the AII and A17 amacrine cells (Kolb 2003).  

 

1.1.2.4 Ganglion Cell Layer 

As the name implies, only ganglion cells are found within this layer. The ganglion cells 

finalize the parallel processing of the visual system by receiving inputs from amacrine 

and bipolar cells and sending the information to the LGN. There are three types of 

ganglion cells used in vision; midget, parasol, and bistratified. 

 

Bistratified ganglion cells receive input from both rods and cones. They specifically 

contact ON S-cone bipolar cells and OFF L-cone and M-cone bipolar cells. Hence, they 

are suspected to be chiefly involved in the spectrally opponent b-y channel that will be 

discussed in Section 1.4.2 (Dacey and Lee 1994).  

 

Midget ganglion cells are small and found mainly in the fovea. Their narrow receptive 

field and one-to-one connections with bipolar cells allows for high resolution imaging. 

Researchers have found that S-cones (both ON and OFF type) connect to a single midget 

ganglion cell while L-cones and M-cones connect to two midget ganglion cells as to 

always produce a signal (Dacey 2000, Kolb 2003).  

 

Parasol ganglion cells are the largest of all the ganglion cells and have vast dendritic 

nets. This allows them to react quickly with the side effect of low detail (Kandel et al. 

2000). It is believed that the parasol ganglion cells are the main component of the 

achromatic channel of the visual system which will also be discussed in Section 1.4.2 

(Gazzaniga 2004).  

 

The intrinsically photosensitive retinal ganglion cell (ipRGC) is a non-visual system 

photoreceptor found in the ganglion layer and rarely the INL (Berson et al. 2002). A 

discussion on the ipRGC will be presented in Section 1.2.1.1. 
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1.2 Overview of the Circadian System 

For hundreds of thousands of years humans survived and prospered by waking with the 

sunrise, remaining active during the day, and sleeping at night. Throughout this period, 

they naturally developed an internal clock cycle in accordance with the sunrise and 

sunset (Moore-Ede et al. 1982). These circadian rhythms are evident in all levels from 

the cell division to behavioral rhythms.  

 

1.2.1 The Circadian Timing System 

Inside all living organisms, there is a driving force which dictates their natural 24-hour 

biological cycle. The approximate period of an uninfluenced human circadian cycle has 

been shown to be roughly 24.2 hours (Czeisler et al. 1999). Exogenous factors, called 

zeitgebers, influence the circadian rhythms and entrain them to a 24-hour schedule. Of 

all the zeitgebers, light/dark patterns have been shown to be the most influential stimuli 

(Dijk and Czeisler 1995).  

 

 

Figure 1.6: Simplified illustration of circadian pathways (Rea 2000) 
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There are four key components to the CTS: photoreceptors in the eye, the 

suprachiasmatic nucleus (SCN), the SCN afferent pathway, and the SCN efferent 

pathway. A simplified illustration of this system is shown in Figure 1.6.  

 

1.2.1.1 Suprachiasmatic Nucleus (SCN) 

The SCN is the circadian pacemaker in mammals located within the hypothalamus 

region of the brain. The SCN receives its major inputs from the retinohypothalamic tract 

(RHT) and the geniculohypothalamic tract (GHT). 

 

The SCN is composed of a network of central neural structures that generate and 

regulate the circadian rhythms of the body (Klein et al. 1991). Clock genes form the 

basis for the circadian cycle and govern the clock cells within the SCN. First discovered 

through gene mutation in Drosophila melanogaster (Konopka and Benzer 1971) and 

later expressed to mammals (Ralph and Menaker 1988), clock genes dictate the protein 

synthesis periodicity within individual cells. Research has shown that not only do other 

organs (the kidney and liver for example) contain oscillators (and therefore their own 

clock cells), but also the clock cells within the SCN are more robust at maintaining their 

oscillations in vitro than those found elsewhere (Reppert and Weaver 2002). 

 

1.2.1.2 SCN afferent pathway 

Neural signals from the retina are sent to the SCN by way of the RHT. The RHT is 

completely independent from the visual system‟s pathway from the retina and originates 

from the retinal ganglion cells. A diagram of this pathway is shown in Figure 1.6 and 

Figure 1.7. 

 

1.2.1.3 Photoreceptors 

Unlike the visual system, the individual contribution of the photoreceptors is still 

unresolved for the circadian system. Researchers only recently have identified two novel 

photoreceptors (ipRGC and cryptochrome) within the retina. The cryptochrome 

photoreceptor is well established to have a significant role in the circadian rhythm of 

plants (Thimann and Curry 1960). In mammals, cryptochrome is not structurally 
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identical and is instead believed by some to be an example of parallel evolution 

occurring independently (Cashmore et al. 1999). The function of cryptochromes in the 

retina is also still under debate.  

 

In a pupillary response study on mice, researchers tested a control group with normal 

retinas, a cryptochrome knockout group, a melanopsin-deficient group, and a 

melanopsin-deficient and cryptochrome knockout group. Using infrared photography, 

they recorded pupil sizes given irradiance variations at 470 nm. They found that there is 

a substantial loss in pupil constriction for the melanopsin deficient group and the 

melanopsin-deficient and cryptochrome knockout group. The melanopsin-deficient and 

cryptochrome knockout group exhibited significantly less pupil constriction than the 

melanopsin-deficient group. Although unclear if cryptochromes are actual 

photopigments for the circadian system or just necessary for the function of another 

photopigment, Van Gelder et al. (2003) concluded that they play an important function 

in the mammalian non-visual pathway (Van Gelder et al. 2003). To date there has been 

no published data linking the mice cryptochrome photoreceptor to the same function in 

humans.  

 

The ipRGC is well accepted to be at least partially responsible for circadian 

phototransduction (Hattar et al. 2003, Panda et al. 2002, Rea et al. 2005, Ruby et al. 

2002). One of the early studies to hint at a non-classic photoreceptor mechanism for 

circadian entrainment was by Foster et al. (1991). Comparing mice with retinal 

degeneration that effectively eliminated classical photoreceptor functions to mice with 

healthy retinas, they observed no difference in circadian responses to light pulses 

(515nm for 15 minutes) as measured through circadian locomotor rhythms.  

 

The photopigment of the ipRGC, melanopsin, was first identified in African clawed 

frogs (Xenopus laevis) that had a photo-responsive dermal chromatophore and iris 

(Provencio et al. 1998). Melanopsin was then found within the human retina but 

observed to be structurally different from the opsins of the classic photoreceptors. The 

researchers suggested that perhaps melanopsin might serve some non-visual purpose, 
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especially since its distribution was similar to ganglion cells already known to project to 

the SCN (Provencio et al. 2000).  

 

The ipRGC was first identified to be a photosensitive retinal ganglion cell that innervates 

the SCN, with a peak around 480 nm, by Berson et al. (2002). Evidence points to 

melanopsin as the photopigment in the ipRGC but there was no definitive evidence. 

Using electrophysical analysis, Berson et al. found that not only was this specific 

ganglion cell photosensitive (depolarizing to light stimulus even when cone and rod 

inputs were blocked), but also that it projected directly to the SCN. They concluded that 

the ipRGC does not serve a visual purpose and perhaps is the primary photic entrainment 

photoreceptor for the circadian system (Berson et al. 2002).  

 

An analysis of the ipRGC projections in mice indicate that the major pathways are to the 

SCN, intergeniculate leaflet (IGL), olivary pretectal nucleus (OPN), and ventrical lateral 

geniculate nucleus (LGNv) (Hattar et al. 2006). The SCN will be discussed in detail in 

the next section. The OPN regulates pupil size. In studies knocking out melanopsin, both 

the pupillary response (Lucas et al. 2003) and the phase shifting ability of the mice 

(Panda et al. 2002) significantly decreased. Instead of melanopsin, another study 

knocked out the ipRGC directly in mice and demonstrated an increased deficiency in 

pupillary response and circadian photoentrainment than only knocking out melanopsin. 

Since the signal to the SCN is sent by the ipRGC, this study suggests that a rod-cone 

input to the SCN must first pass through the ipRGC via bipolar and amacrine cells in the 

retina (Guler et al. 2008).  
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Figure 1.7: Projections of the ipRGC and the neural connections associated with 

the ipRGC (Berson et al. 2003) 

 

1.2.1.4 SCN efferent pathway 

The output of the SCN is sent mostly to the subparaventricular zone (SPZ) and the 

dorsomedial nucleus of the hypothalamus (DMH). Ultimately, the output from these 

areas regulate bodily functions ranging from sleep and body temperature to melatonin 

production. The dorsal SPZ relays regulate the body temperature controlled by the 

medial preoptic region (MPO). The ventral SPZ leads to the DMH where regulation of 

sleep/wake cycles, locomotor activity, feeding, and cortisteroid secretion occurs (Saper 

et al. 2005).  

 

1.2.2 Melatonin 

Melatonin (N-acetyl-5-methoxytryptamine) is a “nighttime” hormone secreted by the 

pineal gland and is known to exhibit circadian rhythmicity. As such, it is known as a 

marker of the circadian clock. It is found in multiple bodily fluids including blood and 

saliva. The onset of melatonin occurs on average at 21:00-22:00, the peak at 2:00-5:00, 

and the offset at 7:00-9:00 in accordance to circadian time illustrated in Figure 1.8. 

Figure 1.8 also demonstrates the relationship between typical melatonin concentration 

and temperature variance throughout a day for a human subject.  
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Figure 1.8: Inverse relationship of plasma melatonin concentration and rectal 

temperature with respect to time of day (Hashimoto et al. 1996) 

 

Nighttime melatonin concentration within these fluids is inhibited by light of certain 

characteristics (Lewy et al. 1980). Therefore, it is well accepted as a means to quantify 

circadian responses to light (Rea et al. 2001, Rea et al. 2002b, Figueiro et al. 2004a, Rea 

et al. 2005).  

  

1.3 Lighting characteristics affecting the circadian system 

There are five major characteristics of light that affect the human circadian system. 

These are quantity, spectrum, spatial distribution, duration, and timing (Rea et al. 

2002b).  

 

1.3.1 Quantity 

The quantity that matters for the circadian system is the amount of light that reaches the 

retina (Boyce 2003, Bierman et al. 2005, Rea et al. 2008). Mammalian circadian 

responses have been well documented to be sensitive to the amount of light they receive 

(Lewy et al. 1980, Boyce et al. 1987, McIntyre et al. 1989). A study on little Indian field 

mice (Mus Booduga) exposed to varying light levels found a non-linear relationship 
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between light level and the associated circadian response (Sharma et al. 1999). Nelson 

and Takahashi (1991) performed a series of experiments on golden hamsters. They used 

a monochromatic light source (λ=503 nm) at a set duration of 300s. For the same 

circadian phase of the hamsters, a varying irradiance was administered by the light 

source. Light-induced circadian phase shifts were measured with wheel-running activity. 

Their results indicated the minimum irradiance necessary to induce a statistically 

significant response is 0.1 cd/m
2  

(Nelson and Takahashi 1991). In mice, it was shown 

that the sensitivity to melatonin suppression and phase shifting is much greater than 

humans (Bullough et al. 2006). 

 

In a study on humans using three different metrics for alertness; subjective alertness 

(Karolinska Sleepiness Scale), slow eye movements (Karolinska Drowsiness Test), and 

electroencephalography (EEG), subjects were exposed to light levels from 3 to 9100 lux 

over a period of 6.5 hours after being under dim light conditions of less than 3 lux for 

4.75 hours. The researchers found that a quantity of 90-180 lux is enough to provide an 

alerting effect for the human body, as measured using the three different metrics 

(Cajochen et al. 2000). One caveat of this study is that the researchers did not report the 

spectral power distribution (SPD) of the light source.  

 

Zeitzer et al. (2000) measured developed the following functions for melatonin 

suppression and melatonin phase shifting for human subjects under a single white 

fluorescent source (with a correlated color temperature, CCT, of 4100 Kelvin) at varying 

illuminances at the cornea shown in Figure 1.9. The melatonin suppression function 

shown has a sharper slope than the melatonin phase shift function indicating a more 

sensitive response past an initial threshold (roughly 50-70 lux at the retina).  
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Figure 1.9: Illuminance response curve of the human circadian pacemaker using a 

fluorescent lamp with CCT of 4100 Kelvin (Zeitzer et al. 2000) 

 

1.3.2 Spectrum 

The spectral composition of the light source plays an important role in defining the 

circadian response when it is below saturation and above threshold. Evidence prior to the 

discovery of the ipRGC pointed to the existence of some other mechanism. Initially, it 

was believed that either rods (Brainard et al. 1988) or cones (Zeitzer et al. 1997) 

participated in circadian phototransduction. To test these photoreceptors, Brainard et al. 

(2001) used a set of monochromatic light sources at a set exposure time (2:00-3:30) to 

develop dose-response curves for the circadian system. In this study, they found that the 

sensitivity of the system was weighted towards shorter wavelengths, but the dose-

response spectrum maximum spectral sensitivity did not match the spectral sensitivity of 

the classic photoreceptor responses (Brainard et al. 2001). Thapan et al. (2001) also 

created a dose-response function resulting from a set of similar monochromatic light 

sources with 30 minute light exposures from 23:30-2:30. The authors concluded that the 

circadian system, as measured by melatonin suppression by light, was maximally 

sensitivity to shorter wavelengths (Thapan et al. 2001).  

 

A series of systematic studies began by seeking evidence of either a photopic (cone) or 

scotopic (rod) sensitivity by the circadian system. In the first study, two light sources 
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with CCTs of 3000 K (warm) and 7500 K (cool) were used. Two different photopic 

illuminances of 240-271 lux (low) and 450-455 lux (high) were equated to the scotopic 

efficiency function similar to a rod-only response. During the study, blood samples for 

determining plasma melatonin were collected 45 minutes after the initial exposure. The 

results indicated that it was more likely that the circadian system was more sensitive to 

short wavelengths and that a combination of photoreceptors could also participate in 

circadian phototransduction (Rea et al. 2001). The following study used the same 

procedure except the “warm high” and “cool low” had the same illuminance at the eye 

equated for the S-cone sensitivity. The results seemed to indicate that rods were not the 

dominant mechanism and S-cones were at the very least partially involved in the 

circadian phototransduction. They also suggest that a combination of photoreceptors 

could participate in circadian phototransduction (Rea et al. 2002a).  

 

1.3.3 Spatial Distribution 

As mentioned in Section 1.1.2.1, the concentration of photoreceptors and their locations 

vary within the human retina. As such, there might be a spatial component to consider. 

One study indicated that the same light exposure on separate sections of the retina 

produces differing melatonin suppression responses. They found that equal light stimuli 

elicited more melatonin suppression from light originating above the subject 

(illuminating the lower retina) (Glickman et al. 2003). Another study found that 

exposure to the nasal side of the retina yielded higher melatonin suppression than the 

temporal side of the retina (Visser et al. 1999). Other studies examined both a 

monochromatic uniform visual field (Brainard et al. 2001, Thapan et al. 2001), a 

polychromatic non-uniform visual field (Zeitzer et al. 2000), a luminous table (Rea et al. 

2001), and a light box (McIntyre et al. 1989). These indicate when the melatonin 

suppression was considered with irradiance at the eye, there was no evidence of a 

differing spatial effect on the circadian system (Rea et al. 2002b). It may be that as long 

as light reaches the retina and is a strong enough stimulus, it will have an impact on the 

circadian system (Berson et al. 2002, Provencio et al. 2002, Rea et al. 2002b). 
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1.3.4 Duration 

The human circadian system has developed in such a manner as to only respond to 

sustained light rather than very short duration stimuli, such as a lightning strike or the 

flicker of high beams from an automobile. Research has demonstrated that a 5 second 

duration exposure was enough to produce a measurable melatonin suppression response 

within two minutes for both ground squirrels and Syrian hamsters (Reiter 1985). 

Although they are both mammals like humans, they may not always have the same 

sensitivity to stimuli (Bullough et al. 2006). Cotton rats, for example, were found to only 

require 1 second (Reiter 1985).  

 

Studies on humans investigated duration effects on melatonin suppression. After 

exposure to varying illuminances from 100-3,000 lux at the cornea, results seemed to 

indicate that as illuminance decreases, the exposure time required for equal suppression 

increases (McIntyre et al. 1989). Figure 1.10 shows the relationship between 

suppression, time, and illuminance using data from McIntyre et al. (1989) and adapted 

by Rea et al. (2002b). As the illuminance at the eye increases, the time for a desired 

melatonin suppression exponentially decays until it reaches a constant around 1000 lux. 

Using a constant illuminance of 9,500 lux another study compared a single 6.5 hour 

exposure to six 15-minute exposures with 1 hour dim light of less than 1 lux in between. 

These results indicated that the six 15-minute light pulses (23% of the 6.5 hour 

exposure) led to comparable phase delays (Gronfier et al. 2004). Therefore it is 

reasonable to suggest that duration has an effect on the human circadian system.  
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Figure 1.10: Melatonin suppression by duration and illuminance (Rea et al. 2002b) 

using adapted data from McIntyre et al. (1989) 

 

1.3.5 Timing 

The human circadian system is constantly varying its response throughout the day. A 

phase advance or a phase delay due to light stimulus is dependent on the timing of the 

exposure with respect to the timing of the individual‟s circadian clock. It has been shown 

that light exposure after the minimum core body temperature will phase advance and 

before the minimum core body temperature will phase delay the timing of the circadian 

clock (Jewett et al. 1994). Figure 1.11 illustrates the relative phase response of a 

circadian cycle with respect to clock time. The X in the figure indicates the minimum 

core body temperature. In the late night and early day, phase advancing is most sensitive. 

As the day progresses, sensitivity begins to shift towards phase delay (Jewett et al. 

1997). 
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Figure 1.11: Response of circadian phase shift due to light treatment (adapted from 

Jewett et al. 1997). X represents the minimum core body temperature 

 

1.4 A Model for Human Circadian Phototransduction 

The model for human circadian phototransduction was developed in accordance to the 

five photoreceptors that have been identified in humans. It takes into account spectral 

opponency and rod inhibition. The model characterizes the light stimulus for the 

circadian system, termed the circadian stimulus (CS) that is produced with any given 

SPD and light level (Rea et al. 2005). The model takes into account four functions; Sλ 

(the S-cone spectral efficiency function), V10λ (the 10
o
 field of view spectral efficiency 

function), V‟λ (the rod spectral efficiency function), and Mλ (the melanopsin spectral 

efficiency function). The model, shown in Figure 1.12 as an electrical circuit diagram, 

states that it is a combination of rod inhibition, spectral opponency of the b-y channel, 

and the ipRGCs response that makeup human circadian phototransduction (Rea et al. 

2005).  
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Figure 1.12: Electrical circuit diagram of human circadian phototransduction (Rea 

et al. 2005) 

 

1.4.1 ipRGC Response 

The ipRGC response is based on the known information about the ipRGC mentioned 

earlier in section 1.2.1.3. The ipRGC depolarizes when it detects a light signal and sends 

neural signals directly to the SCN. If the CS1 is calculated to be a negative value (no 

depolarizing signal from the ipRGC), consider it to equal zero. The formula for the 

ipRGC response is shown below in Equation 1.1. 

  111 bdPMaCS             (1.1) 

,where a1 is the relative signal strength of the ipRGC, Mλ is the ipRGC spectral 

efficiency function, Pλ is the spectral irradiance at the eye (W/m
2
/nm), and b1 is the 

relative sensitivity threshold of the ipRGC. 

 

1.4.2 Spectral Opponency 

As mentioned in Section 1.3.2, two studies in 2001 proposed that the spectral sensitivity 

of the human circadian system was weighted to short wavelengths (Brainard et al. 2001, 

Thapan et al. 2001). Their data are highly correlated and do not match the spectral 

response curve of any single classic photoreceptor. An attempt to fit the individual 

spectral sensitivity functions for different photoreceptors reiterated these results 

(Figueiro 2004a). It seemed that a combination of photoreceptor sensitivity spectra 

might be a possible explanation. 
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Knowledge of the neurophysiology and neuroanatomy connections may provide some 

clues. There are three channels that makeup human color vision. They consist of the 

combination of the cone photoreceptors (Rea 2000). Figure 1.13 is a diagram of this 

system. The r-g channel compares the input from the L-cones to the M-cones. The b-y 

channel compares the input from the S-cones to the L-cones and M-cones. The 

achromatic channel, Vλ, is the result of the addition of the L-cones and M-cones input.  

 

Figure 1.13: Human color vision (Rea 2000) 

 

It is well documented that although luminance is additive, the human visual perception 

of brightness is not (Rea 2000). Color opponency in the S-cone pathway is formed prior 

to the bistratified ganglion cells as shown in Figure 1.14 (Dacey and Packer 2003).  

 

Figure 1.14: S-cones pathway (Dacey and Packer 2003) 

 

To investigate whether the circadian system exhibits spectral opponency, Figueiro 

(2004a) compared two light sources (a near monochromatic LED with λPEAK=470 nm 
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and a polychromatic clear mercury lamp). The study predicted that the mercury lamp 

would elicit a greater melatonin suppression than the blue LED. This would indicate that 

the circadian system‟s response to light is additive. The results revealed that an additive 

luminous efficiency function could not explain the results since the polychromatic light 

source had a lesser melatonin suppression than the blue LED. Figueiro suggests that a 

spectral opponency model could explain the results (Figueiro 2004).  

 

Under a spectral opponency model of the b-y channel, a blue LED would receive no 

opponent signal since it has no spectral power in the L-cone and M-cone sensitivity 

spectra, thus having a “pure” S-cone signal. On the other hand, a mercury lamp has 

spectral power in shorter “blue” wavelengths and in higher “yellow” wavelengths, thus 

the L-cone and M-cone signals inhibit some of the S-cone signal. Equation 1.2, based on 

past research (Jameson and Hurvich 1955), was used in order to represent the b-y 

channel‟s spectrally opponent response found in the study (Figueiro 2004a). Equation 

1.3 represents the spectral opponency model proposed that takes into account the S-

cones and the ipRGC. 

)(57.0  yzBY              (1.2) 

 MYB 1.2)(                  (1.3) 

,where BYλ is the circadian response of the b-y opponent channel, Mλ is the melanopsin 

action spectrum, and the other two variables are color matching functions based on the 

CIE 1931 standard colorimeter observer.  

 

For the model of human circadian phototransduction, Equation 1.4 characterizes spectral 

opponency, not Equation 1.2 which was used in Figueiro‟s study (2004b). A negative 

result can be assumed to equal zero indicating no spectral oppponency. 

  21022 bdPVkdPSaCS               (1.4) 

,where a2 is the signal strength of opponent signals, Sλ is the S-cone spectral efficiency 

function, Pλ is the spectral irradiance at the eye (W/m
2
/nm), k is the signal strength of 

L+M cone signal, V10λ is the large-field L+M cone spectral efficiency function, and b2 is 

the constant for setting threshold of opponent signals. 
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1.4.3 Rod Inhibition 

AII amacrine cells are known to link the rod and cone bipolar cells to ganglion cells. It is 

thought that a hyperpolarizing OFF signal from S-cone bipolar cell provided an indicator 

for the amacrine A18 cell to release inhibition through the AII amacrine cells (Kolb et al. 

2004). A17 amacrine cells on the other hand are believed to set sensitivity levels in low 

light and to converge and amplify signals from a large number of rods.  

 

In this model, rod inhibition sets a light level threshold for the ipRGC. Until the light 

level condition is met rod inhibition through the amacrine AII cell prevents the response 

of the ipRGC from being sent to the SCN. Upon achieving this condition, however, the 

model becomes additive, explaining the shoulder in Figure 1.16 beginning at roughly 

500nm (Rea et al. 2005).  Equation 1.5 is the exponential model for rod inhibition where 

the decrease of rod inhibition begins to contribute to the spectral sensitivity, thereby 

increasing the resulting response (Rea et al. 2005).  

















rodsat

dPV

input earods

'

3 1             (1.5) 

,where a3 is the strength of rods response, V
‟
λ is the rod spectral efficiency function, Pλ is 

the spectral irradiance (W/m
2
/nm), and rodsat is the constant for setting a threshold.  

 

1.4.4 Overall response 

Equations 1.1, 1.3, 1.4 combine to form Equation 1.5. In the model there is a crossover 

point near 500 nm that is important. Under high light levels with spectral power longer 

than this point, the circadian response is only based on the ipRGC response. Under high 

light levels with spectral power below this point, the model predicts a circadian response 

that is the combination of the ipRGC, S-cone, and the loss of rod inhibition. In this 

equation, the symbol  denotes that only when the right side is positive (spectral 

opponency occurs) does CS2 and rodsinput affect the overall equation.  
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Using this model, the researchers plotted melatonin suppression and calculated CS data 

from a number of different studies (McInyre et al. 1989, Rea et al. 2001, Rea et al. 

2002a, Brainard et al. 2001, Thapan et al. 2001, Figueiro 2004a), shown in Figure 1.15. 

They found that the coefficient of determination in predicting melatonin suppression is 

0.82 for this data set, indicating a very good representation (1.0 is a perfect match).   

 

Figure 1.15: Log CS by percent melatonin suppression calculated using data from 

other studies (McInyre et al. 1989a, Rea et al. 2001, Rea et al. 2002, Brainard et al. 

2001, Thapan et al. 2001, Figueiro et al. 2004) adapted from Rea et al. (2005) 

 

Figure 1.16 shows this function for a polychromatic equal-energy (dashed) and a 

monochromatic (solid) light sources as deduced by the model of circadian 

phototransduction in order to achieve 35% melatonin suppression (Rea et al. 2005) with 

the previous results from Brainard et al. (2001) and Thapan et al. (2001) superimposed.  
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Figure 1.16: Spectral response of human circadian system as deduced through the 

model of circadian phototransduction (Rea et al. 2005) 

 

1.4.5 Predicted Melatonin Suppression  

In order to relate the calculated CS value (thereby taking into account its spectral 

component) to the melatonin suppression in humans, Figure 1.16 was developed from 

the model of human circadian phototransduction (Rea et al. 2005). Using this model it 

can be expected to predict the melatonin suppression by varying light spectra within 

20% (Figueiro et al. 2006). Equation 1.6 follows the model in Figure 1.16 to predict the 

suppression (Brainard et al. 2001, Thapan et al. 2001, Rea et al. 2001, Figueiro et al. 

2004b, McIntyre et al. 1989, Rea et al. 2002a).  
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1.5 Regeneration of Melanopsin 

 

1.5.1 Photoreceptor regenerative mechanisms 

The regenerative process of a classic photoreceptor has two phases which takes place in 

the RPE (McBee et al. 2001, Hood and Hock 1973) . The chromophore is the light 
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sensitive region of the photoreceptor that after excitation isomerizes from 11-cis to all-

trans. In order to return to the 11-cis state, a reisomerization within the RPE takes place 

along with the retinal isomerase (RPE65) and lecithinretinol acyltransferase (LRAT) 

(Jacobson et al. 2007).  

 

Unlike the classic photoreceptors, the ipRGC is not located adjacent to the RPE and 

shares no direct connections with it. Thus, it is believed that a different process for 

regeneration must take place. In mice lacking RPE65 and LRAT the ipRGC was 

unaffected, indicating some other regenerative mechanism (Tu et al. 2006). Recently, 

melanopsin was found to be a bistable photopigment similar to those in invertebrates 

(Koyanagi et al. 2005). In invertebrates, regeneration occurs by absorbing another 

photon while in the 11-cis state to return to all-trans (Lucas 2006). Evidence seems to 

point to longer wavelength light (greater than 540nm) (Melyan et al. 2005). 

 

1.5.2 Red light’s effect on ipRGC regeneration 

A study examining the firing rate of mice SCN neurons pointed to an increase when a 

480 nm light stimuli was preceeded by a long wavelength (620 nm) prestimulus light 

pulse. The same study also measured pupillary responses and phase shifts, providing 

independent measurements of the same effect. Finally, this study also repeated the 

experiment using melanopsin deficient mice and found the effects disappeared (Mure et 

al. 2007).  

 

A study by Mawad et al. (2008) aimed at reproducing the results of Mure et al. (2007). 

Mawad et al. repeated the same procedure except they measured the ipRGC firing rate in 

vitro instead of in the SCN neurons. The mice underwent 5-minutes of 480 nm 

treatment, 2-minutes of darkness, 5 minutes of 620 nm treatment, 2-minutes of darkness, 

and finally 5-minutes of 480 nm treatment. Although they are unable to disprove the 

notion, the results of this study cast doubts on the hypothesis that a 620 nm light source 

has the correct spectrum for regeneration. They found no augmentation of the ipRGC 

response occurred with the addition of this long wavelength stimulus.  
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A Master‟s thesis study in 2008 at the Lighting Research Center was unable to reproduce 

these results. In the study, it was hypothesized that the addition of a 640nm (red) light 

source before and during a 445nm (blue) light exposure would enhance suppression. The 

study failed to find any statistical significance that the addition of the red light enhanced 

melatonin suppression (Qi 2008). Therefore the light spectrum affecting regernation of 

the ipRGC is unknown.  

 

1.6 Changes in Spectral Sensitivity 

 

1.6.1 Visual system 

The visual system‟s response to light has been found to vary throughout the 24-hour day. 

Bassi and Powers (1986) measured the absolute threshold of the visual system. In the 

first experiments they used seven subjects and measured their ability to detect the 

dimmest possible stimulus at day (12:00 – 14:00) and night (00:00 – 02:00). Five of the 

seven subjects could detect an average of 20% dimmer stimuli at night. The second 

experiment had four subjects in complete darkness for greater than 24 hours. Hourly 

threshold measurements were conducted alongside body temperature. Three of the four 

subjects demonstrated a correlation between absolute visual threshold and body 

temperature (Bassi and Powers 1986).  

 

Another study measured the daily fluctuations of detail discrimination in humans. Every 

two hours for a 24-hour period, twelve subjects underwent testing under mesopic light 

levels. Results indicate that early in the night discrimination is low, steadily increasing to 

higher levels. The researchers suggest that visual sensitivity is influenced by circadian 

rhythms (Tassi et al. 2000).  

 

Danilenko et al. (2009) studied the correlation between rod sensitivity under prolonged 

darkness and circadian rhythms. Scotopic light sensitivity was measured throughout a 

4.5 day period. In this study, subjects were kept in darkness for days 1 and 4 and under 

less than 0.1 lux of red light for days 2 and 3. Electroretinography (ERG) was used to 

test responses to 10 low-intensity green light pulses and saliva samples were collected 
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for radioimmunoassay to examine melatonin concentration variation. Under these 

conditions rod responses decreased throughout the study along with melatonin secretion 

indicating a possibility of common processes (Danilenko et al. 2009). It is therefore 

reasonable to consider the circadian system might also exhibit a change in spectral 

sensitivity with respect to circadian time. 

 

1.6.2 Circadian system 

Electrophysical testing on rats by Meijer et al. (1996) alluded to a change in light 

response in the SCN by circadian clock time. In the study, rats were initially kept in a 

12h day, 12h night environment with daytime light levels of 100-150 lux and nighttime 

light levels of complete darkness. Electrodes were physically attached to the rat SCN. 

For two days, the rats received a 6 minute light pulse of 0.15 lux every hour. The 

electrodes recorded an increased response by the SCN from the light pulses during the 

night compared to the day (Meijer et al. 1996).  

 

Past research indirectly seemed to indicate there were two oscillators within the SCN 

governing photosensitivity. These studies were done by measuring melatonin 

concentration and locomotor rhythmic activities of rats and hamsters (Elliott and 

Tamarkin 1994, Illnerova and Vanecek 1982, Honma et al. 1985). Jagota et al. (2000) 

physically analyzed the SCNs of golden hamsters. Unlike past studies that cut the SCN 

along a coronal plane, they cut it on a horizontal plane. The results revealed two 

independent oscillators, morning (M) and evening (E), whose duration of sensitivity is 

dependent on photoperiod history (Jagota et al. 2000). 

 

A study investigating the spectral sensitivity of the pupillary response in humans 

hypothesized that there would be a shift observed to shorter wavelength light in the 

morning (at dawn). This belief was based on the fact that the ipRGC innervates both the 

circadian and pupil systems. In the study, six subjects were dark adapted and then placed 

in a light box under six different stimuli at different times. Meanwhile, their pupil size 

was recorded with a camera. They found two separate periods, perhaps two independent 

oscillators similar to that found by Jagota et al. (2000), when the spectral sensitivity of 
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the pupil response seemed to shift to shorter wavelengths at dawn compared to dusk 

(Fay 2003).  

 

Two studies exposed male subjects to different fluorescent light sources. The results of 

this study indicated a possible change in the amount of melatonin suppressed for the 

same light source throughout the night (Rea et al. 2001, Rea et al. 2002a). These results 

hint at a possible change in the interaction between the classical photoreceptors (rods 

and cones) and ipRGCs.  

 

In a study investigating the change in spectral sensitivity of the human circadian system, 

results seemed to hint that there was an increase in short wavelength or melanopsin 

response late at night compared to earlier at night. In the study, male subjects were 

exposed to a blue LED (470nm peak wavelength) and a mercury lamp for one hour 

exposures at two different times of the night (1:00 - 2:00 and 4:00 - 5:00). The data were 

highly variable, but results seemed to also suggest a change in spectral sensitivity 

(Figueiro et al. 2005). 

 

An unpublished study at the Lighting Research Center in 2008 followed a similar 

protocol to the study that will be presented here. In the unpublished study, subjects were 

brought into a room at midnight. At 00:45 they were subjected to either a 445 nm or 525 

nm light treatment using light goggles (these will be introduced in Section 3.1) for 45 

minutes. At 1:30, the lights were turned off and the subjects sat in darkness for 45 

minutes. At 2:15 they were administered another 45 minute light treatment (T1). If they 

saw the 445 nm light earlier then they saw the 525 nm light, or vice versa. This 

procedure was then repeated again from 3:45 – 6:45 (T2). The results from this study 

were variable and the predicted melatonin suppressions were lower than expected across 

all the data shown in Table 1.1. The suppression ratio of the 445 nm treatment to the 525 

nm treatment at T1 and T2 are shown in Table 1.2. However, there did seem to be an 

increase in suppression due to the 445 nm light source as measured through melatonin 

suppression but no statistical significance was found.  
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Table 1.1: Melatonin Suppression by treatment and time for unpublished study 

 445nm T1 445nm T2 525nm T1 525nm T2 

Mean -0.182 0.043 0.096 0.077 

Median -0.066 -0.034 0.030 0.100 

 

Table 1.2: Suppression Ratio of 445 nm treatment to 525 nm treatment at T1 and 

T2 

 

Lighting characteristics impacting the circadian system may differ if a change in spectral 

sensitivity occurs over the course of the night. In order to further investigate this change 

in spectral sensitivity, a study was designed to investigate the impact of two light 

spectrum on melatonin suppression at two times of the night. 

 

 

 

 445 nm / 525 nm T1 445 nm / 525 nm T2 

Mean -0.423 0.441 



 

 31 

2. Hypotheses 

2.1 Hypothesis 1 

Referenced in section 1.6, the spectral sensitivity of the circadian system might vary 

throughout the 24-hour daily cycle. Research developing the model of human circadian 

phototransduction is based on measurements done at roughly the same time (Brainard et 

al. 2001, Thapan et al. 2001, Rea et al. 2002b). Fay (2003) found that pupil size might be 

more sensitive to short wavelengths at dawn. Figueiro et al. (2005) tested subadditivity 

of a near monochromatic to a polychromatic light. Their data supported spectral 

opponency of the human circadian system and, although highly variable, pointed 

towards the possibility of a change in spectral sensitivity to shorter wavelengths 

(Figueiro et al. 2005). Therefore, the human circadian system is predicted to become 

more sensitive to shorter wavelength light (blue) in the late night (5:00 – 6:00), 

suggesting an increase in S-cone or ipRGC interaction. 

 

In order to test the change in spectral sensitivity, two light sources were selected with 

peak wavelengths of 445nm and 525nm. The irradiance of these two sources was then 

equated to elicit the same response if melanopsin with peak sensitivity at 480nm is the 

sole photoreceptor for the circadian system (Rea et al. 2002a). Two one-hour time 

periods were selected where there would be melatonin concentrations above daytime 

levels; 1:00 – 2:00 and 5:00 – 6:00. If the ratio of the measured melatonin suppression 

for the 445nm light to the 525nm light increased significantly in the late night (5:00 – 

6:00) treatment compared to the early night treatment (1:00 – 2:00), it would indicate 

that the spectral sensitivity of the human circadian system changes with time and 

becomes more sensitive to shorter wavelength light. Alternatively, if the melatonin 

suppression remained unchanged it would indicate that there is no change in spectral 

sensitivity of the human circadian system.   

 

2.2 Hypothesis 2 

As stated earlier, it is believed that human circadian phototransduction is based on more 

than one photoreceptor (Hattar et al. 2003, Panda et al. 2002, Rea et al. 2005, Ruby et al. 

2002). Each photoreceptor contains a single opsin that absorbs photons and has a 
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different absorption spectrum. Therefore, if the spectral sensitivity of the human 

circadian system varies and hypothesis 1 is proven, more than one opsin must be 

responsible for circadian phototransduction. Also, if the actual suppression ratios 

measured differed significantly from the predicted ratios, it would indicate that human 

circadian phototransduction is not based on a single opsin since the 445 nm and 525 nm 

treatments were equated to produce the same melatonin suppression if melanopsin is the 

sole photoreceptor participating in circadian phototransduction.  
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3. Methodology 

3.1 Goggle System 

The goggles provide a specific light treatment to each subject. They consist of standard 

transparent eyewear designed for laboratory use, three light-emitting diodes (LEDs), 

diffuser plates, LED board, control board, and a battery. The individual LEDs on the 

goggles can be programmed for both the irradiance and flicker speed. A spectral 

efficiency function peaking at 482 nm convolved with the SPD was used to calculate 

irradiance to achieve the desired melatonin suppression of 40%. 

 

3.1.1 Transparent Eyewear 

The eyewear is used as a basis for building the entire goggle system as seen in Figure 3.1 

and 3.2. They are the Defiant model produced by Pyramex Safety Products LLC and 

were chosen for their scratch resistance, transparency, low weight, and ease of 

adjustment. A piece of foam was placed on the inside of the eyewear where the nose sits 

in order to block any stray irradiance from reaching the other eye and to improve the 

comfort of the fit. Black electrical tape was placed on the outer lens in such a manner as 

to block the subjects from seeing anything except the diffuser plates. The LED board 

was attached to the eyewear by two bolts that are located at the top. An aluminum block 

fitted between these two bolts on the underside of the LED board provides increased 

rigidity and stability.  
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Figure 3.1: Front view of light goggle hardware 

 

3.1.2 LED board 

The LED board, as mentioned earlier, was attached directly to the eyewear. It is a 

standard printed circuit board and is called the “LRC RGB Stimulus” board. It utilized a 

total of twelve LEDs, four green (LUMILEDS Luxeon Rebel PL01) four blue 

(LUMILEDS Luxeon Rebel PR01) and four red (OSRAM LATBG66B-S1-U4-R8). An 

example of the relative SPD of the LEDs used in the experiment (445 nm and 525 nm) 

can be seen in Figure 3.8. A 10-pin header connected the LED board to the control 

board.  
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Figure 3.2: Rear view of light goggle hardware 

 

3.1.3 Diffuser Plates 

The diffuser plates were acrylic panels that have the outside facing away from the 

eyewear (front) painted flat white enamel. They were cut into square shapes with 

chamfered corners and fastened in a manner that they sit directly in front of a subject‟s 

eyes at a distance of 0.025 meters. They were attached directly to the LED board and did 

not come into any contact with the eyewear. Each diffuser plate had channels cut into the 

top to accommodate the LEDs mounted on the LED board. Using the property of total 

internal reflection, the radiation emitted from the LEDs is reflected inside the acrylic and 

almost entirely sent back through the rear of the diffuser plate towards the eyewear. 

Figure 3.3 shows the details of the diffuser plates. 

 

Figure 3.3: Light goggle diffuser plates 
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3.1.4 Battery Pack 

The battery pack was a 12-volt, 5Ah lead acid rechargeable battery. It was self contained 

and provided all the necessary power to run the entire goggle system for an extended 

period of time.  

 

3.1.5 Control board 

The output signal for the LED board was uploaded via a 14-pin header connected to a 

computer and stored by the control board. Multiple signals can be stored and run using a 

mode selection switch and an execute button. The 10-pin connecter leading from the 

control board was connected to the LED board. Figure 3.4 is a photograph of the control 

board. 

 

Figure 3.4: Light goggle control board 

 

3.2 Light Levels 

Two light conditions were used in this study called 445 nm and 525 nm. The response of 

the ipRGC (melanopsin) seen in Equation 1.1 was used to calculate irradiance levels. A 

modified version of the CS model (Rea et al. 2005) was used to calculate the melatonin 
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suppression. This modified version only took into account the ipRGC response. The 

SPD of each light source was multiplied by a spectral efficiency function peaking at 482 

nm (similar to melanopsin). This result was integrated and the irradiance was determined 

for the light sources to both elicit a 40% melatonin suppression. According to the CS 

model, which takes into account all the photoreceptors (S-cone interaction, rod 

inhibition) and not just the ipRGC the 445 nm condition would produce a melatonin 

suppression of 48.6%.  

 

CSA is a scaled calculation of the CS based on the standard illuminant A (an 

incandescent blackbody radiator at 2856 K). A constant of 5831 is obtained that makes 

1000 photopic lux at the eye from this illuminant A equal to a CSA value of 1000. The 

CS value calculated in the model is then multiplied by this constant. 

 

Table 3.1 provides the calculated CSA, irradiance, melatonin suppression using 

melanopsin only, and melatonin suppression using the model. The hypotheses state that 

an increase in melatonin suppression in the 445 nm condition relative to the 525 nm 

condition would both indicate a change in spectral sensitivity and also a combination of 

photoreceptors making up the circadian response.  

Table 3.1: Predicted melatonin suppression based on target values 

 445 nm treatment 525 nm treatment 

CSA 

(Target light levels) 
491 295 

Irradiance (W/m
2
) 

(Target light levels) 
.292 .529 

Melatonin Suppression (%) 

(Predicted using a 480 nm 

Melanopsin peak) 

40 40 

Melatonin Suppression (%) 

(Predicted with S-cone interaction 

using the CS model) 

48.6 43 
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3.3 Entopic Pupilometer 

One major difficulty when administering any optical radiation treatment to the retina is 

to ensure that all subjects receive the same stimulus. Aside from equipment calibrations, 

the human pupil changes size subconsciously in response to many factors. The same 

optical radiation might even cause two subjects‟ pupils to be different sizes due to 

subject age and fatigue (Winn et al. 1994). It is common for studies to dilate pupils in 

order to eliminate this variable.  

 

In this study, we instead chose to measure pupil size during the treatment using an 

entopic pupilometer. An entopic pupilometer works with the following principle. By 

placing a very small point-like light source very close to the eye, it appears to be a 

luminous disc. As the pupil changes size, the discs change size proportionately as well. 

Using two lights, two identical discs will be present. When these discs are tangent, the 

distance between them will be equal to the pupil diameter (Borish 1975).  

 

The entopic pupilometer device consisting of a set of calipers, two red surface mount 

(SMT) LEDs, a potentiometer, and a 9V battery. This device is held between the 

eyewear and the diffuser plate during the treatment. The researcher (or the subjects) 

slowly closes the calipers. When the subjects cannot distinguish any space between the 

two LEDs, they instruct the researcher and the reading is recorded. The reading on the 

caliper indicates the pupil index of the subject. In Section 4.1 the conversion of pupil 

index to pupil area is presented. 

 

3.4 Light Goggle Calibration 

In order to ensure that every subject always saw the same 445 nm and 525 nm 

irradiances, comprehensive calibrations were done before any measurements were taken. 

The calibration process consisted of first calibrating the double monochromator using a 

standardized halogen incandescent lamp. Then, once verified accurate, each goggle was 

measured individually and set to the desired light level.  
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3.4.1 Double Monochromator 

The double monochromator consists of two Acton 2300i monochromators that are 

operated in additive series in order to decrease stray light and therefore increase the 

accuracy of measurement. It uses a photomultiplier tube (PMT) to measure radiation at 

the exit port of the double monochromator. The double monochromator has three 

different gratings that can be selected for measurement. Each of these gratings has a 

different efficiency curve and is classified by its inherent blaze wavelength (the 

wavelength where the grating efficiency is at maximum efficiency). Grating number 2, 

with a blaze wavelength of 300 nm, was chosen because it had a relatively uniform 

efficiency over the wavelengths of 380 nm to 780 nm compared to the other gratings. A 

potentiometer is connected to the PMT in order to adjust signal gain. Connected to the 

input side of the double monochromator is a cosine response optic that is used to provide 

the correct spatial directionality response for measuring irradiance. 

 

3.4.2 Incandescent Lamp 

A tungsten-halogen incandescent lamp was used as a calibration source. When operated 

at a specified current it has known values of spectral irradiance at a specified distance of 

1.00 meters and known values of luminous intensity, correlated color temperature (CCT) 

and lamp voltage to serve as cross checks for verifying the operational status of the 

lamp.  The lamp used was designated #3 (28V 75W T4 halogen incandescent lamp). 

Lamp #3, when operated at 2.540A, produces at 1.00 meters a luminous intensity of 

86.32cd, an associated CCT of 2791K, and a lamp voltage of 25.67 V. This calibrated 

lamp has an accepted calibration file that will be used during the calibration process.  

 

3.4.3 SpectraSense Software 

The software used to control the double monochromator and record the readings was 

called SpectraSense by Princeton Instruments. SpectraSense is run on a computer and is 

connected via a universal serial bus cable. 
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3.4.4 Instruments Calibration 

The incandescent lamp was placed 1.000 meter from the monochromator. The current 

was set to 2.540A and it was allowed a short period to stabilize (1-2 minutes). Once 

stabilized, a calibrated illuminance meter (LMT PR 705) was used to check the luminous 

intensity (in candela) of lamp #3 and compare it to the reference value. Using the 

SpectraSense software, a signal integration time was selected to be 2000 milliseconds 

per reading. Next, the gain of the PMT was adjusted with the potentiometer to provide a 

near full-scale reading at the wavelength of greatest system throughput. The spectral 

irradiance was measured in wavelengths intervals of 2nm from 380nm to 780nm (human 

visual spectrum) and is presented in Figure 3.5. A dark reading (shutter closed) was 

automatically taken for each spectral scan and subtracted from every reading.   
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Figure 3.5: System throughput for incandescent calibration lamp 

 

Dividing the initial incandescent reading by an accepted calibration file for lamp #3 

produced a factor file to weight raw data shown in Figure 3.6. 
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Figure 3.6: Multiplication factor determined through calibration 

 

Now, repeating the survey from 380nm to 780nm except choosing the factor file as the 

reference produces a calibrated SPD shown in Figure 3.7. The area under this SPD 

returns a value for the lamp 







2cm

W
.  
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Figure 3.7: Calibrated spectral power distribution of incandescent lamp 

 

Once uploaded with the correct software, each goggle system was measured individually 

for compliance with the accepted irradiance for each treatment, 445 nm and 525 nm. For 

this process, the LED board on each goggle was attached via two screws to a holding 

device on a track. This device kept the goggles at the same position for subsequent 

measurements. The cosine response optic connected to the monochromator was set at 

eye distance, 0.025 meters, from the goggles. Using the mode selector switch and 

execute button on the control board, each of the two conditions were measured 

individually and once per side for a total of four measurements per set of goggles. In the 

SpectraSense software the parameters were the same as instrument calibration except the 

raw data were divided by a reference file which was specified as the factor file derived 

above, and the integration time was changed to 200 ms. The output area was then 

multiplied by a factor of 10 to account for this difference 







10

200

2000

ms

ms
in integration 



 

 43 

times. There were 4 measurements per goggle and 7 sets of goggles for a total of 28 

measurements  2874  . 
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Figure 3.8: Spectral power distribution of LEDs used in light goggles 

 

Each condition measurement file was saved. The irradiance of each file was calculated 

using Equation 3.1 for comparison with the accepted value. Any goggle not within 5% 

for all four cases was reprogrammed and retested. 

  FactorspdIrradiance i   
780

380
)(             (3.1) 

 

3.5 Independent Variables 

Each subject saw two different treatments (0.292 W/m
2
 at 445 nm and 0.529 W/m

2
 for 

525 nm) for 1 hour with example spectra shown in Figure 3.8. During a night, a subject 

saw the same treatment twice. In the following week, the subject would see the other 

treatment. For example, if a subject saw the 445 nm treatment from 1:00 – 2:00, they 
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would see it again from 5:00 – 6:00. When they returned the following week, they would 

see the 525 nm treatment from 1:00 – 2:00 and from 5:00 – 6:00 as shown in Table 3.2. 

Table 3.2: Example treatment protocol 

 1:00 – 2:00  5:00 – 6:00 

Week 1 445 nm 445 nm 

Week 2 525 nm 525 nm 

 

3.6 Dependent Variables 

Each subject provided a total of 16 blood samples and 44 saliva samples for melatonin 

assay throughout the entire study. Each blood sample consisted of three test tubes 

containing approximately 2-3 ml each. The first blood test tube was discarded due to 

leftover saline solution in the catheter used for flushing after each sample. The other two 

test tubes were spun in a centrifuge at 3500rpm to separate and obtain plasma then 

combined. The saliva and plasma samples were then frozen. The plasma and saliva 

samples were used to determine melatonin concentrations.  

 

During the experiment, subjects also had their pupils measured to obtain a pupil area for 

each treatment. Pupils were only measured during the treatment and not while in the 

dark. 

 

3.7 Extraneous Variables 

It is impossible to successfully control all variables that can be associated with an 

experiment, especially when dealing with human subjects. The radioimmunoassay 

method used to analyze the blood and saliva samples for melatonin concentration can 

yield different results. To minimize this effect, the samples are sent out together in 

groups. Each subject also completed a Munich Chronotype Questionnaire (MCTQ) for 

the purpose of understanding their circadian phase. The MCTQ has questions regarding 

their usual sleep and wake patterns. Being a questionnaire, it is not a finite measurement 

tool and thus subjects might not be completely truthful or misinterpret questions.  
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3.8 Subjects 

A total of 13 subjects participated in the experiment. There were two separate rounds 

with six subjects in the first and seven subjects in the second round. The male to female 

ratio was 9:4, although one male subject did not complete the second week of the study. 

The ages of the subjects ranged from 18 to 45. The first group of subjects underwent the 

experiment on October 7
th

-8
th

, 2008 and October 21
st
-22

nd
, 2008. The second group 

underwent the experiment on December 11
th

-12
th

, 2008 and December 18
th

-19
th

, 2008.  

 

3.9 Location 

All the experiments took place in the Philips Lab on the 3
rd

 floor at the Lighting 

Research Center (LRC) affiliated with Rensselaer Polytechnic Institute (RPI) located at 

21 Union Street in Troy, NY 12180. Inside the Philips Lab, the layout of the room was 

setup as described in Figure 3.9. This setup allowed for a cart containing all the 

necessary hardware for drawing blood to navigate effectively throughout the space.   

 

Figure 3.9: Location of study diagram 

 

3.10 Procedure 

The Institute Review Board (IRB) at Rensselaer Polytechnic Institute (RPI) approved the 

following procedure for the subjects, ensuring that their rights and welfare would be 

protected during the experiments. Each potential subject was required to complete a 

consent form, the Munich Chronotype Questionnaire and a color vision test. Subjects 
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were selected who were not significantly delayed, ranging from slight early type to slight 

late type. The Farnsworth-Munsell Hue test is a 100 hue test designed to measure a 

subjects‟ color vision. Since we are examining the S-cones, if there are any deficiencies 

in S-cones they would probably present themselves in the hue test. 

 

The test consisted of two rounds, one with 50 lux of horizontal illuminance on the table 

and the other with 500 lux of horizontal illuminance on the table. The subjects are given 

a series of 4 trays containing a total of 85 removable hue chips. Each tray has one chip 

affixed to each end. The subjects were then instructed to arrange the chips in order from 

the left hue chip to the right hue chip as accurately and as quickly as possible. No 

subjects were found to have any color vision deficiencies. 

 

The experiment design was a two-week protocol for each subject. On the first night, 

each subject saw one treatment condition twice during the night and on the second night 

they saw the other. The nights were separated by at least one week. The purpose of this 

protocol was to allow the subjects to revert back to their normal schedules in case any 

phase shifting had occurred due to the treatment on the first night. The order of treatment 

conditions for subjects was randomized in order to counterbalance.  

 

Each subject was asked to go about their normal routine prior to the study, avoiding 

caffeine on the day of the study and instructed to arrive before the start time of 00:00. 

When they arrived, an intravenous catheter was placed in their arm by a registered nurse 

in order to easily draw blood at the specified time. At 00:00, the lights were turned off in 

the Philips Lab, the hallway outside the lab, and the bathroom adjacent to the hallway. 

Red LED traffic signals were placed in these areas to provide enough ambient light for 

general navigation. Inside the Philips Lab, four recessed red downlights were also 

switched on to provide just enough ambient light for navigation. Any devices that 

emitted light were covered with a thin film to block all light below 525nm as to not have 

an impact on the human circadian system as defined by the CS curve (Rea et al. 2005).  
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Subjects donated saliva every 15 minutes from 00:30-03:00 and 04:30-7:00 (22 

samples). Subjects donated blood at 00:15, 01:00, 01:45, 02:00 for the first set and 

04:15, 05:00, 05:45, and 06:00 for the second set (8 samples). The subjects wore the 

goggles between 01:00-02:00 and 05:00-06:00 only. The entopic pupilometer was used 

once during each light treatment while the subjects wore the goggles. During this one 

hour treatment they were allowed to engage in any activity, except sleep. From 03:00-

04:00 a break time was given where subjects were allowed to eat, drink, and sleep 

(sitting up) if desired.  

Time Activity Blood Samples Saliva Samples Pupil Measurements

11:00 PM

11:15 PM

11:30 PM

11:45 PM

12:00 AM

12:15 AM Lights off, Red LED on

12:30 AM Blood Saliva

12:45 AM Saliva

1:00 AM Light goggles on Blood Saliva Pupil

1:15 AM Saliva

1:30 AM Saliva Pupil

1:45 AM Blood Saliva

2:00 AM Light goggles off Blood Saliva Pupil

2:15 AM Saliva

2:30 AM Saliva

2:45 AM Saliva

3:00 AM Saliva

3:15 AM

3:30 AM

3:45 AM

4:00 AM

4:15 AM

4:30 AM Blood Saliva

4:45 AM Saliva

5:00 AM Light goggles on Blood Saliva Pupil

5:15 AM Saliva

5:30 AM Saliva Pupil

5:45 AM Blood Saliva

6:00 AM Light goggles off Blood Saliva Pupil

6:15 AM Saliva

6:30 AM Saliva

6:45 AM Saliva

7:00 AM Saliva

Farnsworth-Munsell 100 Hue Testing

Break

 

Figure 3.10: Schedule of study 
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4. Results and Analysis 

4.1 Pupil  

4.1.1 Measurements 

As mentioned is Section 3.11, an entopic pupilometer was used to measure pupil index. 

During each treatment, measurements were recorded for each subject. The conversion 

from pupil index to pupil area is presented in Equation 4.1. The addition of 1.325 to the 

pupil index is the distance between the two LEDs used on the entopic pupilometer. This 

equation was developed using unpublished pilot study data collected before the 

experiment.  

2

2

2

325.1
)( 







 


indexpupil
mmAreaPupil         (4.1) 

      

The overall average of the pupil index, pupil diameter, and pupil area for each light 

treatment is detailed in Table 4.1. In Figure 4.1, each subject had their pupil area 

calculated and then the average was computed. The pupil area ratio refers to the average 

of the individual ratios of the 445nm treatment pupil area to the 525 nm treatment pupil 

area. Using a paired one-tailed t-test no significant difference was found between the 

pupil diameters between the 445 nm treatment and the 525 nm treatment at 1:00 – 2:00 

(p=0.45) and 5:00 – 6:00 (p=0.40). 

 

Table 4.1: Pupil index, pupil diameter, and pupil area data 

 Measured Pupil Index (Diameter in mm) Pupil Area (mm
2
) 

T1 T2 T1 T2 

445 nm 1.98 (3.31) 1.58 (2.91) 8.58 6.63 

525 nm 2.02 (3.35) 1.56 (2.89) 8.79 6.55 
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Figure 4.1: Pupil area by time and treatment type 

 

4.1.2 Corrected predictions using pupil measurements 

As mentioned earlier, the radiation that reaches the retina is what is important for 

circadian response. As a result, changes in pupil area can affect the melatonin 

suppression. Using the pupil area data measured in Table 4.1, corrected melatonin 

suppression predictions were calculated and are presented in Table 4.2.  

 

Table 4.2: Predicted Melatonin Suppression using pupil area information from 

Table 4.1 

 445nm 525nm 

Actual CSA Value 495 306 

Melatonin Suppression at 

1am (%) 

51.0 

(pupil area = 8.58 mm
2
) 

45.0 

(pupil area = 8.79 mm
2
) 
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4.2 Radioimmunoassay 

During the experiment, three blood test tubes were collected for each sample time but 

one was discarded since saline solution remained in the catheter after being flushed by 

the registered nurse. The remaining two tubes were spun by a centrifuge at 3500 rpm to 

separate the plasma. The separated plasma within the tubes were combined into a single 

sample and subsequently frozen alongside the saliva samples. The frozen saliva and 

plasma samples were sent to a laboratory (Pharmasan Labs, Inc. in Osceola, WI) for 

radioimmunoassay. The samples were packaged in dry ice to maintain their temperature 

and shipped overnight. 

 

Radioimmunoassay is a widely used scientific method that tests for antigens developed 

by Yalow and Berson (1960). The technique involves taking a radioactive antigen and 

binding it to an antibody both of known quantity. The addition of a serum with an 

unknown quantity antigen, in this case saliva or plasma, causes competition between the 

antigens for the antibody. A measurement of the displaced radioactive antigen allows for 

calculation of the amount of antigen in the serum sample.  

 

4.3 Analysis Methods 

Thirteen subjects were selected for the study but some subjects were excluded from the 

analysis. A total subject size of nine (n=9) for the saliva samples and eight (n=8) for the 

plasma samples were used for the following reasons: 1) subject 12 was unable to donate 

blood on the second night so that night was excluded but the saliva samples were all 

used; 2) subject 1 fell asleep during the time 2 in the first night and her data were not 

included; 3) subject 2 had plasma melatonin concentrations that deviated by a factor of 

two on average from the other subjects and as a result greatly skewed the data set; 4) 

subject 3 went on a trip to Germany after the first night of the study, which disqualified 

him from continuing in the study due to jet-lag; and 5) subject 11 did not withdrew from 

the study and his data were destroyed.  
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Melatonin suppression, defined in Equation 4.2, is a widely used marker of photic input 

to the SCN (Klein et al. 1991). It characterizes the percentage change of melatonin 

concentration due to the light treatment. Each subject had their melatonin suppressions 

calculated according to Equation 4.2 at T1 and T2. Table 4.3 shows the sample times in 

which T1 and T2 refer for the melatonin suppression calculations.   

1001(%) 1 









 

ti

ti

ionConcentratMelatonin

ionConcentratMelatonin
nSuppressioMelatonin      (4.2) 

   

Table 4.3: Samples times used for melatonin suppression calculations 

 ti ti+1 

T1 01:00 02:00 

T2 05:00 06:00 

 

The purpose of this experiment was to investigate whether or not the spectral sensitivity 

of the circadian system changes over the course of the night. As such, it is by the 

comparison of the melatonin suppression due to the 445 nm treatment with the melatonin 

suppression due to the 525 nm treatment that this hypothesis can be tested. This ratio, 

termed the suppression ratio, will be the metric to test for a change in spectral sensitivity 

over the course of the night. Equation 4.3 defines the suppression ratio. 

nm

nm

nSuppressioMelatonin

nSuppressioMelatonin
RationSuppressio

525

445         (4.3) 

 

4.4 Individual Results and Analysis 

Individually, each subject had their melatonin suppression at T1 and T2 (as defined in 

Table 4.3) calculated for each treatment and sample type. These results are presented in 

Table 4.4 and Table 4.5 along with the average and median across the subjects for the 

445 nm treatment and the 525 nm treatment. Next, the suppression ratios were calculated 

for each subject and are presented in Table 4.6. Figure 4.2 and Figure 4.3 are graphical 

representations of the data from Table 4.4, Table 4.5, and Table 4.6. 
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Table 4.4: Individual melatonin suppression of saliva and plasma samples for the 

445 nm light treatment.  

445 nm Saliva Plasma 

Subject # T1 T2 T1/T2 T1 T2 T1/T2 

4 -0.05 0.68 -0.07 -0.26 0.61 -0.42 

5 0.43 0.52 0.83 0.42 0.78 0.54 

6 0.29 0.63 0.46 0.003 0.68 0.005 

7 0.25 0.14 1.75 0.21 0.33 0.65 

8 0.34 0.70 0.49 0.56 0.64 0.87 

9 0.35 0.15 2.33 0.19 0.23 0.83 

10 -0.03 0.09 -0.36 0.17 0.36 0.48 

12 0.32 0.68 0.46 0.57 0.67 0.85 

13 -0.009 0.16 -0.06 -0.10 0.23 -0.41 

Average 0.21 0.42 0.65 0.20 0.51 0.38 

Median 0.29 0.52  0.19 0.61  

 

Table 4.5: Individual melatonin suppression of saliva and plasma samples for the 

525 nm light treatment.  

525 nm Saliva Plasma 

Subject # T1 T2 T1/T2 T1 T2 T1/T2 

4 0.12 0.74 0.16 0.13 0.41 0.32 

5 0.55 0.65 0.85 0.73 0.70 1.03 

6 0.17 0.30 0.57 0.33 0.59 0.56 

7 0.04 0.28 0.13 0.48 0.35 1.37 

8 0.40 0.63 0.63 0.41 0.65 0.62 

9 0.17 0.54 0.31 0.16 0.44 0.36 

10 -0.003 0.44 -0.008 -0.15 0.22 -0.68 

12 0.16 0.59 0.27 0.20 XXX XXX 

13 0.06 0.49 0.12 0.16 0.46 0.34 

Average 0.18 0.52 0.34 0.27 0.48 0.49 

Median 0.16 0.54  0.20 0.45  
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Table 4.6: Individual Suppression Ratios of saliva and plasma samples.  

 Saliva Plasma 

Subject # T1 T2 T1 T2 

4 -0.454 0.929 -1.939 1.486 

5 0.780 0.794 0.578 1.108 

6 1.706 2.110 0.010 1.149 

7 7.125 0.516 0.443 0.934 

8 0.870 1.112 1.379 0.992 

9 2.066 0.282 1.217 0.518 

10 10.143 0.217 -1.183 1.684 

12 2.020 1.165 XXX XXX 

13 -0.158 0.322 -0.601 0.504 

Average 2.678 0.827 -0.012 1.047 

Median 1.706 0.794 0.443 1.050 
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Figure 4.2: Melatonin suppression average and median of both saliva and plasma 

samples across all subjects using data from Table 4.5 and Table 4.6 
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Figure 4.3: Ratio of all subjects using average and median suppression data in 

Figure 4.2 

 

A paired one-tailed t-test revealed a statistically significant difference (p=0.03) between 

the suppression ratio at T1 and T2 for the plasma data. The increase in this ratio 

indicates that there is a statistically significant increase in melatonin suppression due to 

the 445 nm treatment relative to the 525 nm treatment between these two time periods.  

 

A paired two-tailed t-test did not reveal a statistically significant difference (p=0.19) 

between the suppression ratio at T1 and T2 for the saliva data. This change did not occur 

in the predicted direction which is why a two-tailed t-test analysis was administered. The 

decrease in this ratio indicates that there is a decrease in melatonin suppression due to 

the 445 nm treatment compared with the 525 nm treatment between these two time 
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periods. It seems that a conflicting story presents itself between the plasma and saliva 

data. 

 

Plasma serum samples and salivary samples have been shown to be highly correlated 

(Nowak et al. 1987). In order to investigate the differences between the plasma and 

saliva data sets, the average and median melatonin concentrations for each data point are 

presented in Figure 4.4. In this figure, the top two lines are the plasma melatonin 

concentrations and the lower two lines are the saliva melatonin concentrations. The 

colors of the lines represent the different light treatments, blue for the 445 nm and green 

for the 525 nm. It is evident the plasma data is always greater in terms of melatonin 

concentration than the saliva data. In order to have a single data set and since the plasma 

and saliva are measuring the same effect of light on melatonin secretion, a decision was 

made to normalize the saliva data set to the plasma data set.  
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Figure 4.4: Average and median saliva and plasma melatonin concentrations across 

all subjects 

 

4.5 Normalized Curve Analysis 

To develop a single data set from two data sets a normalization factor was determined. 

First all the plasma data and all the saliva data were averaged together separately. The 

normalization factor was found by dividing the averaged plasma melatonin 

concentration by the averaged saliva melatonin concentration. Next, a normalized saliva 

melatonin concentration data set was developed by multiplying the average saliva data 

by the normalization factor (2.45). It should be noted that another normalization method 

was administered by only developing a normalization factor based on melatonin 

concentration values at specific times corresponding with the points used for melatonin 

suppression calculations (1:00, 2:00, 5:00, 6:00). Using this normalization method, the 

normalization factor barely changed (2.43) and thus was not ultimately used in analysis.  
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Finally, an overall average normalized melatonin data set was created by averaging the 

normalized saliva melatonin concentration data with the plasma melatonin concentration 

data at 0:30, 1:00, 1:45, 2:00 for T1 and 4:30, 5:00, 5:45, 6:00 for T2. Where no plasma 

data was available due to lesser sampling (only 8 blood samples as opposed to 22 saliva 

samples per night) no average was computed, instead the normalized saliva data was 

solely used. The average melatonin concentration for each data point using this data set 

is shown in Figure 4.5. Following the same analysis process as the earlier data, the 

average and median melatonin suppression for each subject and suppression ratio for this 

normalized data set is shown in Figure 4.6 and Figure 4.7, respectively. 
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Figure 4.5: Average of normalized average saliva data to plasma data from Figure 

4.4 
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Figure 4.6: Average and median melatonin suppression of normalized data found 

in Figure 4.5 
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Figure 4.7: Ratio of normalized average suppression data in Figure 4.6 

 

A paired one-tailed t-test did not reveal a statistically significant difference (p=0.20) 

between the suppression ratio at T1 and T2 for the normalized data. The apparent 

increase in this ratio indicates that there could be an increase in melatonin suppression 

due to the 445 nm treatment compared with the 525 nm treatment between these two 

time periods, but there was no statistical significance. It seems that when the normalized 

saliva data and the plasma data are averaged together, the significant effect found for the 

plasma data and the non-significant effect found for the saliva data cancel each other out. 

Although, it is at the very least encouraging that the suppression ratio from T1 to T2 

does go in the predicted direction.  

 

Once data were normalized, it became clear that individual variability was large. A 

number of subjects had daytime melatonin levels at T1. As a result, suppression 
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calculations were not representative of the lighting effects. Therefore, data points 

exhibiting daytime levels (Uchida et al. 1996) were removed and a modified normalized 

data set was created. 

 

  

4.6 Normalized Curve with low melatonin data removed 

In order to remove what was viewed as low values, a definition for low was defined as 

below 
mL

pg
4  for saliva and 

mL

pg
12  for plasma. Using the average saliva and plasma 

melatonin concentration data with low values removed, a new normalized data set was 

developed. First a normalization factor was determined by dividing the average plasma 

melatonin concentration with low values removed by the average saliva melatonin 

concentration with low values removed. Next, a normalized saliva melatonin 

concentration data set was developed by multiplying the average saliva data with low 

values removed by the normalization factor (2.67). It should be noted that another 

normalization method was administered by only developing a normalization factor based 

on melatonin concentration values at specific times corresponding with the points used 

for melatonin suppression calculations (1:00, 2:00, 5:00, 6:00).  Using this normalization 

method, the normalization factor barely changed (2.63) and thus was not ultimately used 

in analysis.  

 

Finally, an overall average normalized melatonin data set with low values removed was 

created by averaging the normalized saliva melatonin concentration data with the plasma 

melatonin concentration data at 0:30, 1:00, 1:45, 2:00 for T1 and 4:30, 5:00, 5:45, 6:00 

for T2. Where no plasma data were available no average was computed, instead the 

normalized saliva data was solely used. The average melatonin concentration for each 

data point using this modified normalized data set is shown in Figure 4.8.  

 

The melatonin suppression and suppression ratio for this composite data set is presented 

in Figure 4.9 and Figure 4.10, respectively. When averaged together, the removal of the 

low data does not change any trends. Although it does provide more confidence in the 
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average melatonin concentration curve shown in Figure 4.8 since the 445 nm treatment 

melatonin concentrations appear to correlate more precisely throughout the experiment 

with the 525 nm treatment melatonin concentrations as shown in Figure 4.8. 
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Figure 4.8: Normalized melatonin concentration using modified data set excluding 

low melatonin levels 
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Figure 4.9: Melatonin Suppression for normalized data excluding low levels of 

melatonin concentration 
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Figure 4.10: Suppression ratio for normalized data excluding low levels of 

melatonin concentration 

 

A paired one-tailed t-test revealed a statistically significant difference (p=0.03) between 

the suppression ratio at T1 and T2 for the modified normalized data. This change 

occurred in the predicted direction. The increase in this ratio indicates that there is an 

increase in melatonin suppression due to the 445 nm treatment compared with the 525 

nm treatment between these two time periods. This is encouraging, although it should be 

noted that by removing some data points, counterbalancing is also removed along with a 

decreased sample size. As such, no definitive conclusions can be drawn from this 

analysis method.  
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5. Discussion 

5.1 Hypotheses 

It was hypothesized that a change in the spectral sensitivity of the circadian system – 

measured as the ratio of the melatonin suppression due to the 445 nm treatment to the 

melatonin suppression due to the 525 nm treatment – would occur with respect to the 

time of night. Specifically, it was predicted that an increase in melatonin suppression due 

to the 445 nm treatment would be evident with an increase of the suppression ratio from 

T1 to T2. The analysis described in Section 4, calculated four different suppression 

ratios; the plasma suppression ratio, the saliva suppression ratio, the normalized 

suppression ratio, and the modified normalized suppression ratio. These four are 

presented in Figure 5.1 alongside the median suppression ratios that are distinguished by 

their black “x” marks.  

 

Comparing the suppression ratio it becomes evident that the saliva data deviates 

substantially from the other data sets. A series of one-way paired t-tests were run on the 

suppression ratio data with varying results, shown in Table 5.1. According to this table, 

the plasma data and the normalized data with the low values removed both showed a 

significant (p < 0.05) increase in melatonin suppression due to the 445 nm treatment at 

T2. Using this justification, the author believes the saliva measurements were measuring 

inherent noise rather than actual suppression and finds the plasma and normalized with 

low removed melatonin data more believable data sets.  

 

In Figueiro et al. (2005) pupil size acted as an independent converging measurement for 

the circadian response to light treatment. Pupil size has been shown to be linked to the 

circadian system (Fay 2003, Van Gelder et al. 2003, Lucas et al. 2003, Mure et al. 2007, 

Guler et al. 2008). The results of the pupil measurements during the study indicated no 

change in the pupil response to the different light treatments. Although Fay (2003) found 

spectrum to be a weak factor in pupil size (especially compared to light level), he 

indicated it could be a factor. The pupil size results point to no change in spectral 

sensitivity of the circadian system. Once again a conflicting story presents itself. As a 
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result of all the data and analyses, the hypotheses cannot be accepted or rejected. The 

melatonin concentration data are too variable to draw any concrete conclusions.  

 

Figure 5.1: Suppression Ratio Comparison 

 

Table 5.1: T-Test Significance Comparison (* indicates significance) 

 T-Test p-value 

Plasma 0.03* 

Saliva 0.19 

Normalized 0.20 

Normalized with low removed 0.03* 
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5.2 Melatonin suppression levels 

The melatonin suppression levels were lower than predicted for the study. Table 5.2 

shows the predictions and actual measured values of melatonin suppression for this 

experiment.  

Table 5.2: Melatonin Suppression predicted and measured 

 445 nm treatment 525 nm treatment 

Melatonin Suppression (%) at T1 

(Predicted using a 480 nm 

Melanopsin peak)  

40 40 

Melatonin Suppression (%) at T1 

(Predicted with S-cone 

interaction using the CS model)  

48.6 43 

Melatonin Suppression at T1 

(%) with pupil data corrections  

51.0 

(pupil area = 8.58 

mm
2
) 

45.0 

(pupil area = 8.79 

mm
2
) 

Actual Melatonin Suppression 

(%) using normalized data  

T1: 20 

T2: 47 

T1: 24 

T2: 52 

Actual Melatonin Suppression 

(%) using normalized data with low 

removed  

T1: 14 

T2: 38 

T1: 19 

T2: 51 

 

It is interesting to note that not only were the melatonin suppression levels lower than 

predicted in this study, but also in two other studies run at the Lighting Research Center 

in which the light goggles were used. In one of the studies (unpublished) – described in 

Section 1.6.2 - an almost identical protocol was utilized. The melatonin suppression 

levels were much lower than predicted for both the 445 nm treatment (-0.18 and 0.43 for 

T1 and T2, respectively) and the 525 nm treatment (0.10 and 0.07 for T1 and T2, 

respectively). The other study was a Master‟s thesis mentioned earlier in Section 1.5.2. 

The study investigated the effect of red light (λpeak=640 nm) on increasing the melatonin 

suppression caused by blue light (λpeak=445 nm). The lighting conditions were 
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37.4μW/cm
2
 for the red condition, 3.83μW/cm

2
 for the blue low condition, and 

7.67μW/cm
2
 for the blue high condition. The subjects saw the following series of 

conditions (each condition lasting 45 minutes); dark, dark, blue low, dark, blue high, 

dark or dark, red, red+blue low, red, red+blue high, red. No significant effect of the red 

light was found. More importantly to compare to this study, predicted melatonin 

suppression for the treatment without the red light was much lower than predicted with 

5.6% for blue low (predicted 38%) and 22.2% for blue high (predicted 51%) (Qi 2008). 

 

Another study done at the Lighting Research Center on subjects using two different 

correlated color temperature rated fluorescent lamps (4100K and 8000K) found that 

under the highest lighting level (1000 lx), subjects‟ suppression was lower than 

expected. The study mentions that the subjects found the light levels uncomfortably 

bright, perhaps leading to decreased light levels due to squinting (Figueiro et al. 2006). It 

has been estimated that squinting can result in a log unit reduction in retinal illuminance 

(Sliney 2001), perhaps explaining the lower than expected melatonin suppression levels. 

 

The most probably reason for the lower than expected melatonin suppression is the 

subjects selected varied in their dim light melatonin onsets (DLMO) and circadian 

phases. The majority of these subjects were college students. It is very common for 

college students to not have a well defined sleep pattern due to social obligations, 

variable class schedules, and unpredictable class work. Although these students did fill 

out the MCTQ, it is doubtful that this questionnaire is able to accurately assess them due 

to the reasons mentioned above.  

 

One final note should be made on melatonin suppression levels at T2. It seems at this 

period, the measured melatonin suppression concentrations were close to the predicted 

levels. As mentioned in Section 1.2.2, the peak of melatonin concentration for humans 

usually occurs between 2:00 and 5:00 and the offset occurs between 7:00 and 9:00. The 

author believes the increased melatonin suppressions found at T2 are due to both the 

higher levels of melatonin concentration that are available to suppress as well as the 
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uninfluenced, natural decline of melatonin concentration that would occur if subjects‟ 

circadian phase was irregular as discussed in the previous paragraph. 

 

5.3 Spatial Component 

Figueiro (2004) first hinted at the existence of a change in spectral sensitivity of the 

circadian system. One major difference between Figueiro‟s study and this study is the 

spatial distribution of the light treatment. In Figueiro‟s study, a uniform visual field was 

illuminated with a light source. In this study, the light goggles described in Section 3.1 

were used. The literature is conflicted over the importance of the spatial distribution but 

it should be noted that this is a major difference between this study and Figueiro (2004).  

 

5.4 445 nm Light Source 

Figueiro (2004) utilized a similar LED source except in her study the λpeak=470 nm. It is 

possible the different SPDs could be affecting the results. Therefore in addition to the 

melatonin concentration variability mentioned above, there are a number of possible 

explanations as to why the study failed to prove the hypotheses. 

 

5.4.1 Very short wavelengths 

One possible explanation could be associated with the 445 nm treatment source. Studies 

by Brainard et al. (2001) and Thapan et al. (2001) developed very similar dose-response 

spectra for the human circadian system. However, these studies did not agree at very 

short wavelengths around 420 nm. Brainard et al. (2001) found 420 nm to exhibit a 

relatively weak response whereas Thapan et al. (2001) found 424 nm to exhibit a 

relatively strong response.  

 

A recent study by Brainard et al. (2008) aimed at sorting out this discrepancy. The 

researchers used either a 420 nm source or a 460 nm source with equal irradiances. 

Using 18 subjects, they measured exposure effects on circadian spectrum as recorded 
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using plasma melatonin concentration. The results indicated that the 420 nm source was 

less effective than expected for a single opsin curve.   

 

The initial studies done at the Lighting Research Center to develop the CS model (Rea et 

al. 2005) and also Figueiro‟s study (2004) that exhibited a change in spectral sensitivity 

utilized a 470 nm peak wavelength LED source. Recent studies at the Lighting Research 

Center used a 445 nm peak wavelength LED source instead. Based on the Brainard et al. 

(2008), it is possible that the 445 nm source used was less effective than the 470 nm 

source used previously since it has been found that very short wavelength light (around 

420 nm) is less effective than expected at stimulating the human circadian system 

(Brainard et al. 2008).  

 

5.4.2 Cryptochrome photoreceptor 

Another possible explanation might lie in the cryptochrome photoreceptor. 

Cryptochrome has received significant attention recently as a potential candidate for a 

novel circadian photoreceptor but is still contested and no direct evidence has been 

uncovered in humans. 

 

In drosophila melangaster, it is well established that cryptochrome plays a substantial 

role in circadian entrainment (Stanewsky et al. 1998). The drosophila melangaster clock 

is influenced directly by light. In darkness the expression of the cryptochrome gene is 

stable. The introduction of sustained light causes degradation of cryptochrome (Busza et 

al. 2004). 

 

Berndt et al. (2006) identified the need to quantify the drosophila melangaster 

cryptochrome absorption spectrum to further understand this reaction. Using UV-visible 

and fluorescent spectroscopy techniques, they developed an action spectrum of the 

drosophila melangaster cryptochrome (dCRY) shown in Figure 5.2 (Berndt et al. 2006). 

It is interesting to note in this figure that the 445 nm light used in this study presented 

falls near a relatively high absorbance (shown with a blue arrow) whereas the 525 nm 
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light used in this study falls near an absolute minimum (shown with a green arrow). 

Could the cryptochrome be absorbing some of the photons from the 445 nm light? Does 

the cryptochrome photoreceptor have some inhibitory effect? Of course, there is no 

proof that the human cryptochrome absorption spectrum is the same as drosophila 

melangaster cryptochrome absorption spectrum. It is at the very least an interesting 

possibility. 

 

Figure 5.2: UV-visible absorption spectrum of Drosophila melangaster 

cryptochrome freshly purified from insect cells (Berndt et al. 2006) 

 

5.5 Conclusion 

This experiment was a trial investigation into the purposed change in spectral sensitivity 

of the circadian system, first described by Figueiro (2004). No definitive conclusion can 

be made from the results as the melatonin concentration data are highly variable. The 

findings of this study do at least follow past studies done here at the Lighting Research 

Center where lower than expected melatonin suppressions have been measured; 

indicating perhaps the model of circadian phototransduction warrants further study. It is 

interesting to note that when low levels of melatonin concentration were removed and 

when plasma melatonin concentration data was analyzed separately, significance was 

found.  
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The highly variable nature of this study‟s melatonin concentrations levels made it 

difficult to draw any definitive conclusions. It is in the opinion of the author that for 

future studies a more controlled subject set that have consistent schedules warrants 

further investigation in the change in spectral sensitivity of the human circadian system.  
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7. Appendices 

7.1 Light Goggles Driver Board Schematic 

 

Figure 7.1: Schematic of driver board for light goggles 
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7.2   Light Goggle LED Board Schematic 

 

Figure 7.2: Light goggle LED board schematic 

 

 


