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ORIGINAL ARTICLE

Estimating photoreceptor excitations from spectral outputs of a
personal light exposure measurement device

Dingcai Cao and Pablo A. Barrionuevo

Department of Ophthalmology and Visual Sciences, University of Illinois at Chicago, Chicago, IL, USA

The intrinsic circadian clock requires photoentrainment to synchronize the 24-hour solar day. Therefore, light
stimulation is an important component of chronobiological research. Currently, the chronobiological research field
overwhelmingly uses photopic illuminance that is based on the luminous efficiency function, V(�), to quantify light
levels. However, recent discovery of intrinsically photosensitive retinal ganglion cells (ipRGCs), which are activated by
self-contained melanopsin photopigment and also by inputs from rods and cones, makes light specification using a
one-dimensional unit inadequate. Since the current understanding of how different photoreceptor inputs contribute
to the circadian system through ipRGCs is limited, it is recommended to specify light in terms of the excitations of five
photoreceptors (S-, M-, L-cones, rods and ipRGCs; Lucas et al., 2014). In the current study, we assessed whether the
spectral outputs from a commercially available spectral watch (i.e. Actiwatch Spectrum) could be used to estimate
photoreceptor excitations. Based on the color sensor spectral sensitivity functions from a previously published work,
as well as from our measurements, we computed spectral outputs in the long-wavelength range (R), middle-
wavelength range (G), short-wavelength range (B) and broadband range (W) under 52 CIE illuminants (25 daylight
illuminants, 27 fluorescent lights). We also computed the photoreceptor excitations for each illuminant using human
photoreceptor spectral sensitivity functions. Linear regression analyses indicated that the Actiwatch spectral outputs
could predict photoreceptor excitations reliably, under the assumption of linear responses of the Actiwatch color
sensors. In addition, R, G, B outputs could classify illuminant types (fluorescent versus daylight illuminants)
satisfactorily. However, the assessment of actual Actiwatch recording under several testing light sources showed that
the spectral outputs were subject to great non-linearity, leading to less accurate estimation of photoreceptor
excitations. Based on our analyses, we recommend that each spectral watch should be calibrated to measure spectral
sensitivity functions and linearization characteristics for each sensor to have an accurate estimation of photoreceptor
excitations. The method we provided to estimate photoreceptor excitations from the outputs of spectral watches
could be used for chronobiological studies that can tolerate an error in the range of 0.2–0.5 log units. Our method can
be easily expanded to incorporate linearization functions to have more accurate estimations.
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INTRODUCTION

The correct timing of the central circadian clock relative

to the environment is essential for optimal sleep, waking

functions and health (Scheer et al., 2009; Wright et al.,

2006). The central mammalian circadian clock exists in a

body of neurons in the hypothalamus, called the

suprachiasmatic nuclei (SCN, Moore, 1983). In

humans, the central circadian clock has an average

endogenous period slightly greater than 24 hours

(�24.2 h) (Burgess & Eastman, 2008; Czeisler et al.,

1999; Duffy et al., 2011), thus there is a natural

endogenous tendency to drift later (phase delay) each

day. To prevent this, environmental input signals are

required to shift the clock earlier (phase advance) to

synchronize the clock’s timing to the external 24-hour

day. Among various environmental inputs

(Rosenwasser, 2001, 2009), light is the strongest zeitgeber

(‘‘time giver’’) or entraining signal to the central circa-

dian clock (LeGates et al., 2014).

Recent research has identified the primary circadian

photoreceptors in the retinas, known as intrinsically

photosensitive retinal ganglion cells (ipRGCs, Berson

et al., 2002; Dacey et al., 2005; Freedman et al., 1999;

Hannibal et al., 2004). IpRGCs contain a photopigment,

melanopsin, which can respond to light directly

(Provencio et al., 2000). IpRGCs also receive inputs

from rod and cone photoreceptors, through bipolar

cells and amacrine cells (Altimus et al., 2010;
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Viney et al., 2007; Weng et al., 2013). IpRGCs project to

the SCN for circadian photoentrainment (Ruby et al.,

2002; Hattar et al., 2003), the olivary pretectal nucleus

(OPN) for controlling pupil size (Clarke et al., 2003;

Hattar et al., 2002; Lucas et al., 2003) and other brain

areas for various non-visual or visual functions (Berson,

2003). The combination of melanopsin, rod and cone

inputs enable ipRGCs to respond to a large dynamic

range of light levels in the natural environment (Altimus

et al., 2010; Dacey et al., 2005; Weng et al., 2013).

The challenge is how to quantify light exposure

that can account for different photoreceptor inputs.

The chronobiological literature has overwhelmingly

used photopic illuminance to specify light. Photopic

illuminance is a photometric measurement that indi-

cates the amount of light falling on a surface, weighted

by the human photopic luminous efficiency function,

V(�), which is mediated by parasol ganglion cells in the

magnocellular pathway, by combining excitations

from L- and M-cones (Lennie et al., 1993). To specify

light in the circadian system, it would be attractive to

develop a one-dimensional unit to account for multiple

photoreceptor inputs. Attempts have been made to

model the human circadian spectral sensitivity func-

tion based on nocturnal photoreceptor transduction

(Rea et al., 2005, 2010) and a unit called ‘‘CS’’ (for

circadian stimulus), which is proposed to quantify light

information for the circadian system. However, this

model has assumed an S-ON input, which was not

consistent with an S-OFF input to ipRGCs based on

in vitro recordings in the primate retina (Dacey et al.,

2005). In addition, there are several complexities that

make it challenging to develop a one-dimensional unit

for light specification. First, the photoreceptors have

different but overlapping operational ranges (Dacey

et al., 2005). Rods are supposed to be active at scotopic

and mesopic illuminance ranges and cones operate at

mesopic and photopic illuminance ranges (Hood &

Finkelstein, 1986). Recent studies have shown that rods

can contribute to the circadian system in the photopic

illuminance range (Altimus et al., 2010). On the other

hand, melanopsin has a higher activation threshold

than cones (Barrionuevo et al., 2014; Dacey et al.,

2005) and is highly resistant to light bleaching (Sexton

et al., 2012). However, the adaptation behavior of

ipRGCs with rod, cone or melanopsin input is not

well understood (Do & Yau, 2013). Secondly, the

mechanisms for ipRGCs to combine various photo-

receptor inputs are complicated. For instance, rod,

cone and melanopsin-mediated ipRGC activation can

be combined in a ‘‘winner-takes-all’’ (Lall et al., 2010;

McDougal & Gamlin, 2010) or a vectorial summation

mechanism (Barrionuevo et al., 2014), depending on

light stimulation conditions. Thirdly, to date, there are

several subtypes of ipRGCs [for instance, 5 in mice

(Zhao et al., 2014) and 2 or 3 in primates (Dacey et al.,

2005; Do & Yau, 2010)] that have been identified, but

we do not have a complete understanding of the

functional roles of these different kinds of ipRGCs.

Finally, melanopsin may display bistability such that

the peak of the spectral sensitivity function may shift

to a different wavelength depending on prior light

exposure (Mure et al., 2009; Sexton et al., 2012),

although the melanopsin spectral response character-

istics seems to be stable under practical lighting

conditions (al Enezi et al., 2011). Therefore, at present,

there have been no sufficient data to support a unique

strategy to quantify light for the circadian system

using a one-dimensional unit. In the ‘‘melanopsin

age’’, it is recommended to quantify light in terms of

excitations of all photoreceptors, including S-, M-,

L-cones, rods and melanopsin-mediated ipRGCs in

humans (Lucas et al., 2014).

The quantification of the excitations of five types

of photoreceptors (i.e. S-, M-, L-cones, rods, and

melanopsin-mediated ipRGCs) requires full-spectrum

measurements of lights using a spectroradiometer.

Spectroradiometers, however, are not practical for

many field studies, particularly those that require real

time and consecutive recordings of light exposures

(Price, 2014). To address this, a few actigraphic

devices have been developed to record personal light

exposures in different spectral ranges (so-called ‘‘spec-

tral watches’’), such as the Actiwatch Spectrum (Philips

Respironics, Murrysville, PA) and Daysimeter (the

Lighting Research Center, Troy, NY; Bierman et al.,

2005; Figueiro et al., 2013). Since the introduction of the

spectral watches, researchers have begun to measure

the spectral information of light exposures for their

studies using this kind of device (e.g. Santhi et al.,

2012a, 2012b; Thorne et al., 2009). However, the spec-

tral sensitivity functions of the color sensors from the

spectral watches may be widely different among differ-

ent brands (Figueiro et al., 2013), and even among

different watches within the same brand (Price et al.,

2012). Therefore, the spectral outputs from these devices

cannot be compared among different laboratories or

under different conditions. It would be helpful if the

spectral outputs from such devices can be translated

into photoreceptor excitations. Therefore, the purpose

of this study was to develop a method to estimate

photoreceptor excitations from the spectral outputs of

one type of spectral watch (Actiwatch Spectrum) under

various illuminants and provide some guidance on

how the spectral outputs from these devices should be

used. We chose to use the Actiwatch Spectrum because

its spectral output characteristics have been assessed

previously (Price et al., 2012). In addition, since the

majority of indoor environment is illuminated by fluor-

escent lamps, it would be helpful to know whether the

light exposure is fluorescent (indoor) or daylight (out-

door). The second purpose is to test whether the color-

sensor outputs can be used to classify illumination

types, particularly the daylight versus fluorescent light-

ing conditions.
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METHODS

Illuminants
The illuminants consisted of 52 CIE illuminants (CIE,

2004), including 25 D illuminants that represent natural

daylights (correlated color temperature CCT ranging

from 2000 K to 17500K), and 27 F illuminants that

represent various types of fluorescent lighting (FL1, FL2,

FL3, FL4, FL5, FL6, FL7, FL8, FL9, FL10, FL11, FL12,

FL3.1, FL3.2, FL3.3, FL3.4, FL3.5, FL3.6, FL3.7, FL3.8,

FL3.9, FL3.10, FL3.11, FL3.12, FL3.13, FL3.14, and

FL3.15). Figure 1 shows the chromaticities of these

illuminants in the CIE 10� x, y space (Figure 1A) and the

MacLeod & Boynton cone chromaticity space (MacLeod

& Boynton, 1979) in which the horizontal axis shows

L-cone relative to M-cone excitations and the vertical

axis represents the S-cone excitation (Figure 1B). Since

the chronobiological research field overwhelmingly has

used photopic illuminance measurement (in lux) to

quantify lights, the spectral power distributions (in 1 nm

steps) of the illuminants were normalized to have equal

photopic illuminance of 1 lux to allow comparison

among different illuminants. Some representative spec-

trums of these illuminants can be found elsewhere

(Linhares & Nascimento, 2012).

Photoreceptor excitation computation
The cone excitations (S, M, L) were computed based on

the Smith–Pokorny cone fundamentals (Smith &

Pokorny, 1975) for the CIE 1964 10 � Standard

Observer, instead of the common CIE 2 º Standard

Observer, due to the chronobiological research usually

involving large field light stimulation that covers both

the fovea and periphery. Cone chromaticity can be

specified in an equiluminant relative cone excitation

space (MacLeod & Boynton, 1979; Smith & Pokorny,

1996). In such a space (Figure 1B), photopic illuminance

is specified as the sum of L- and M-cone excitations

(L+M). Rod excitation (R) was computed based on the

scotopic luminosity function (Shapiro et al., 1996). The

melanopsin-mediated ipRGC excitation (I) was com-

puted according to the melanopsin spectral sensitivity

function (al Enezi et al., 2011). The spectral sensitivity

functions were normalized such that for an Equal-

Energy-Spectrum (EES) light at 1 photopic lux, the L-,

M- and S-cone, rod and melanopsin-mediated ipRGC

excitations would be 0.6667 (L), 0.3333 (M), 1 (S), 1 (R)

and 1 (I) lux, respectively (Figure 2A for the photorecep-

tor spectral sensitivity functions; Barrionuevo & Cao,

2014). Higher weighting to L-cone than M-cone excita-

tion with an EES light reflects a dominant L-cone

contribution to spectral luminosity function than

M-cone contribution, due to the L:M cone ratio in the

retinas for CIE Standard Observer (Cicerone & Nerger,

1989). Note Lucas et al. provided a tool box to compute

the ‘‘a-opic’’ illuminance for each of the five photopig-

ments in the human eyes (Lucas et al., 2014). The

photoreceptor spectral sensitivity functions we used

here are essentially the same as those used by Lucas

et al. (2014). The only difference is the normalization

method for the L- and M-cone spectral sensitivity

functions. Our method allows computing photopic

FIGURE 1. The illuminant chromaticities in CIE 1964 x, y space

(A), MacLeod & Boynton cone chromaticity space (B), and

Actiwatch RW,BW space (C) based on Price et al’s typical

Actiwatch spectral sensitivity functions.

Photoreceptor excitations and spectral watches 3
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illuminance from the sum of L- and M-cone excitations

for any illuminants, a characteristic supported by both

human psychophysical data (Lennie et al., 1993;

MacLeod & Boynton, 1979; Smith & Pokorny, 1975)

and primate physiological studies (Lee et al., 1989) and

widely accepted in the visual science research field.

Having photopic illuminance equal to the sum of L- and

M-cone excitations is not only theoretically important

but it is also practically convenient. With our normal-

ization method, the cone chromaticity in a MacLeod

& Boynton space can be conveniently computed as

L/(L+M) and S/(L+M). Of course, the L- and M-cone

excitations with our method can be easily converted into

Lucas et al’s values by dividing 0.6667 for L-cone

excitation and 0.3333 for M-cone excitation. The photo-

receptor excitation for the ith photoreceptor (S-, M-, L-

cones, rods or ipRGCs) and the jth illuminant, Ei,j can be

computed for the range of 400–700 nm in 1 nm steps as:

Ei;j ¼ K

Z 700

400

Qj �ð Þfi �ð Þ; ð1Þ

where K is a constant that relates irradiance measure-

ment to photometric illuminance, fi represents the

spectral sensitivity of the ith photoreceptor (S-, M-, L-

cones, rods or ipRGCs), Qj represents the spectral

distribution of the jth illuminant.

Actiwatch color sensor output computation
The Actiwatch Spectrum is equipped with three color

sensors to measure lights in the long-wavelength range

(�600–700 nm, R), middle-wavelength range (�450–

600 nm, G) and short-wavelength range (�400–550 nm,

B; Price et al., 2012). The watches report R, G, B spectral

outputs (in a broadband unit of lW/cm2) and a

broadband ‘‘white light’’ (W) output (in a unit of lux).

Price et al. (2012) measured the spectral sensitivity

functions of the R, G, B color sensors in 16 Actiwatch

spectral watches, which showed large variations in

spectral responses. We used the average spectral sensi-

tivity functions of the R, G, B and W sensors from their

measurements (Figure 2B) to calculate the spectral

responses from a typical Actiwatch. We also measured

the spectral sensitivity functions of the R, G, B and W

sensors for one of our Actiwatch spectral watches,

purchased for other research purposes. We used a

24 V, 150-Watt tungsten-halogen lamp in combination

with narrow-band spectral interference filters (half

bandwidth 10 nm) between 400–700 nm (in 10 nm

steps) to measure the R, G, B and W outputs. The

resulting R, G, B and W outputs were scaled based on

the irradiance measurements under the same condi-

tions by a spectroradiometer (PR670, Photoresearch,

Chatsworth, CA). The obtained spectral sensitivity func-

tions of the R, G, B and W sensors were normalized

further such that the peak response of the W spectral

sensitivity function of our Actiwatch was the same as

that of the typical Actiwatch measured by Price et al.

(Price et al., 2012) (Figure 2C). Our measured spectral

sensitivity functions were very close to the averaged

spectral sensitivity functions from Price et al.’s meas-

urements (Figure 2B and C).

For each illuminant, the R, G, B and W outputs were

computed in the same fashion as photoreceptor excita-

tion computations in Equation (1), except the photo-

receptor spectral sensitivity function was substituted

with the Actiwatch R, G, B or W spectral sensitivity

function from Price et al.’s typical Actiwatch or our

Actiwatch.

Analysis
We conducted linear regression analyses for each

photoreceptor excitation based on spectral outputs.

Since the light levels which we experience daily can

vary in a large dynamic range, to account for this

illuminance effect, the R, G, B spectral outputs were

normalized relative to the W output. That is,

RW ¼ R=W; GW ¼ G=W; BW ¼ B=W: ð2Þ

Such a normalization allowed estimation of photorecep-

tor excitations from spectral outputs using the same

equations for various light levels, as long as the R, G, B

outputs had a broadband unit of lW/cm2 and the W

FIGURE 2. The spectral sensitivity functions of human photoreceptors, including S-, M-, L-cones, rods and ipRGCs (A). The spectral

sensitivity functions of Actiwatch R, G, B sensors (B) and W (C) from our Actiwatch (solid lines) and Price et al.’s typical Actiwatch that is

the average of their 16 Actiwaches (dashed lines).
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output had a unit of lux. Note W can be perfectly

predicted from a linear combination of R, G, B output

for all of the illuminants:

W ¼ 2:213Rþ 8:599Gþ 1:057B;

R2 ¼ 1:000 ðPrice et al:’s typical ActiwatchÞ:
W ¼ 2:235Rþ 8:743Gþ 1:157B;

R2 ¼ 1:000 ðour ActiwatchÞ

ð3Þ

The photoreceptor excitations derived from the illu-

minants were modeled by a linear combination of RW,

GW, BW outputs. We chose to use the regression through

the origin (or regression without intercept; Eisenhauer,

2003) because with zero irradiance, R, G, B outputs as

well as the photoreceptor excitations should be zero.

That is,

Ei;j ¼ �RWRW;j þ �GWGW;j þ �BWBW;j ð4Þ

where Ei,j is excitation for the ith photoreceptor (S-, M-,

L-cones, rods or ipRGCs) and the jth illuminant with

relative spectral outputs of RW,j, GW,j, BW,j, and bs are

regression coefficients.

We first assessed whether separate models were

necessary for daylight and fluorescent illuminants by

testing regression coefficient differences between illu-

minant types using an analysis of covariance (ANCOVA).

If the coefficients were significantly different, separate

models were fitted for different illuminant types.

Because the goodness-of-fit statistics for regression

through the origin is not well defined (Eisenhauer,

2003), we reported two statistics of model fit quality, the

first as the squared correlation between the predicted

and observed values [R2 ¼ corr Ŷ ; Y
� �2

] (page 75,

Hocking, 2005) and the second as the mean error,

which is computed by log Ŷ
�

Y
� ��� ��, where Y and Ŷ are

observed and predicted values, respectively. Since we

normalized the illuminants to have equal illuminance (1

lux), we only modeled S-cone, L-cone, rod and mela-

nopsin-mediated ipRGC excitations because M-cone

excitation is equal to 1-L-cone excitation. We conducted

separate analyses for the spectral outputs computed

based on the spectral sensitivity functions of our

Actiwatch or Price et al.’s typical Actiwatch (2012).

We further conducted Receiver-Operating-

Characteristic (ROC) Analysis using a logistic regression

(Hanley & McNeil, 1982), aiming to assess whether RW,

GW, BW outputs could differentiate daylight versus

fluorescent illuminant type. This kind of information

would be useful to provide information about the

lighting environments.

Model assessment
To assess the regression models that estimated photo-

receptor excitations from the Actiwatch spectral out-

puts, we measured spectral distributions of three light

sources using the PR670 spectroradiometer, including

the office fluorescent light in the first author’s office,

outdoor sunlight on a sunny afternoon (at 4:30 pm)

outside our research building, and a Radiometric and

Photometric Calibration Standard, which consisted of a

45-Watt tungsten-halogen lamp and a removable 2-inch

diameter flashed-opal diffuser mounted in an air-cooled

cylindrical house (OL345RP, Optronic Laboratories, 240

lux at 50 cm from the lamp). The R, G, B and W outputs

from our Actiwatch with the three light sources were

also recorded at the same locations as those for spectral

distribution measurements. For the outdoor sunlight

measurement, we had to use a 1.2 log unit neutral

density filter because the bright light (near 113,000 lux

without the neutral density) was out of the Actiwatch

dynamic range. We calculated the R, G, B, W values

based on our Actiwatch spectral sensitivity functions

and compared them with the actual readings from our

Actiwatch. Finally, we also computed the photoreceptor

excitations from the spectral distributions and com-

pared them with predictions from the linear regression

models based on the Actiwatch R, G, B and W actual

readings to assess the performance of the regression

models.

RESULTS

Linear regression analysis
Analysis of covariance indicated that for each of the

photoreceptor excitations, at least one regression coef-

ficient was significantly different for daylight and fluor-

escent illuminants (p50.05 for Price et al.’s typical

Actiwatch or our Actiwatch). Therefore, we fitted separ-

ate models for the two types of illuminants. The

predictability of Actiwatch relative spectral outputs on

photoreceptor excitations is shown in Figure 3. Overall,

a linear combination of RW, GW and BW predicted

S-cone, L-cone, Rod- or melanopsin-mediated ipRGC

excitation precisely for the daylight illuminants

(R2� 0.999 and the mean error � 0.0031 log units for

Price et al.’s typical Actiwatch or our Actiwatch, see

Table 1 for the coefficients and model fit quality

statistics). However, the predictability became worse

for the fluorescent illuminants (R2 between 0.617–0.873

and the mean error was between 0.0053–0.0845 log units

for Price et al.’s typical Actiwatch or between 0.004 to

0.0649 log units for our Actiwatch).

ROC Analysis
R, G, B readings (normalized by the W reading) to

classify illuminant types (25 daylight versus 27 fluores-

cent illuminants) could satisfactorily classify two types

of illuminants based on the logistic regression model:

logitðPFÞ¼ � 55:6RWþ218:2GW

� 265:5BW ðPrice etal:0stypicalActiwatchÞ
logitðPFÞ¼ � 139:2RWþ554:3GW

�607:9BW ðour ActiwatchÞ

ð5Þ
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where PF is the probability of being a fluorescent

illuminant. All of the coefficients in Equation (5) were

statistically significant (p� 0.008). Subsequent ROC ana-

lyses based on the logistic regression models indicated

that the area under the ROC curve was 0.834 (95%CI:

0.721–0.947; sensitivity of 74.1% and specificity of 84.0%

with a cutoff probability of PF� 0.388, Figure 4) for Price

et al.’s typical Actiwatch or 0.944 (95%CI: 0.882–1.000;

sensitivity of 85.2% and specificity of 100% with a cutoff

probability of PF� 0.511, Figure 4) for our Actiwatch.

FIGURE 3. The predicted photoreceptor

excitations from regression models of the

Actiwatch R, G, B outputs relative to the W

output versus the expected photoreceptor

excitations computed from the illuminant

spectral distributions.
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Model assessment
Table 2 shows the measured photopic illuminance in lux

by our PR650 spectroradiometer and the W output from

our Actiwatch for the three light sources. Compared

with the illuminance measured by the spectroradi-

ometer, the W output was substantially higher for the

office fluorescent light (0.18 log units higher) and the

standard lamp (0.31 log units higher) but was much

lower for the sunny afternoon daylight (0.22 log units

lower). The computed RW, GW and BW from the

measured spectral distributions in comparison with

actual readings are also listed in Table 2. Obviously,

FIGURE 4. The Receiver Operating Curves

for classifying illuminant types (daylight

versus fluorescent) using relative spectral

outputs from Price et al.’s typical

Actiwatch (left panel) or our Actiwatch

(right panel).

TABLE 1. Regression coefficients, standard errors (se) and p Values for the modeling using Actiwatch spectral R, G, B outputs to predict

photoreceptor excitations under daylight illuminants or fluorescent illuminants.

Photoreceptor b(RW) se p Value b(GW) se p Value b(BW) se p Value R2 Mean error

Daylight illuminants

Our S-cone 1.707 0.124 50.001 –9.126 0.351 50.001 27.947 0.288 50.001 1.000 0.0022

Actiwatch L-cone 1.732 0.003 50.001 5.789 0.010 50.001 0.249 0.008 50.001 1.000 0.0001

Rod 0.962 0.049 50.001 4.114 0.138 50.001 10.822 0.114 50.001 1.000 0.0008

ipRGC 0.930 0.066 50.001 1.563 0.189 50.001 14.692 0.155 50.001 1.000 0.0011

Price et al.’s S-cone 2.364 0.191 50.001 –12.029 0.501 50.001 33.148 0.483 50.001 1.000 0.0031

Typical Actiwatch L-cone 1.738 0.009 50.001 5.890 0.025 50.001 0.022 0.024 0.359 0.999 0.0001

Rod 1.160 0.067 50.001 2.815 0.176 50.001 12.616 0.170 50.001 1.000 0.0010

ipRGC 1.221 0.095 50.001 �0.147 0.250 0.563 17.258 0.241 50.001 1.000 0.0014

Fluorescent illuminants

Our S-cone �0.133 0.064 0.837 �2.930 2.223 0.200 20.465 2.875 50.001 0.873 0.0437

Actiwatch L-cone 1.676 0.064 50.001 6.496 0.223 50.001 �0.555 0.289 0.066 0.796 0.0040

Rod 0.983 0.870 0.270 �0.294 3.036 0.924 15.051 3.925 0.001 0.611 0.0607

ipRGC 0.902 1.036 0.393 �3.344 3.614 0.364 19.242 4.673 50.001 0.630 0.0649

Price et al.’s S-cone �1.044 0.965 0.290 �1.350 3.928 0.734 18.616 5.372 0.002 0.800 0.0545

Typical Actiwatch L-cone 1.858 0.099 50.001 5.924 0.405 50.001 0.084 0.554 0.881 0.664 0.0053

Rod �1.071 1.180 0.373 7.497 4.804 0.132 4.701 6.570 0.481 0.508 0.0607

ipRGC �1.662 1.445 0.261 6.271 5.882 0.297 6.596 8.046 0.420 0.504 0.0845

R2 is calculated by the square of the correlation between the observed and predicted values, a conservative statistic for describing the fitting

quality of regression through the origin model. The error is computed by log Ŷ
�

Y
� ��� ��, where Y and Ŷ are observed and predicted values,

respectively.

TABLE 2. Comparison between actual R, G, B and W readings and computed based on Actiwatch spectral sensitivity functions.

Actual Actiwatch Spectral outputs Computed based on Our Actiwatch

Illuminants Illuminance(lux) W R G B RWM GWM BWM RWC GWC BWC

log[(RWM)/

(RWC)]

log[(GWM)/

(GWC)]

log[(BWM)/

(BWC)]

Office fluorescent 580 870 44 85 30 0.051 0.097 0.034 0.086 0.088 0.036 �0.230 0.044 �0.017

Sunny afternoon

daylight

7139 4278 385 377 119 0.090 0.088 0.028 0.119 0.078 0.049 �0.123 0.056 �0.245

Standard lamp 753 1528 197 119 43 0.129 0.078 0.028 0.192 0.063 0.024 �0.173 0.095 0.075
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the actual readings of the RW was 0.123–0.230 log units

lower than the computed value, while the BW was 0.245

log units lower than the computed value for the sunny

afternoon daylight, suggesting the R and B sensors were

subject to great non-linearity in spectral outputs. In

contrast, the actual readings of the GW were relatively

close to the expected values. Using the coefficients listed

in Table 1, we predicted photoreceptor excitations based

on actual readings of RW, GW and BW (Table 3).

Compared with the computed photoreceptor excita-

tions, there were large errors in the predicted S-, M-,

L-cone, rod- and ipRGC excitations (0.006–0.682 log

units), particularly for the sunlight and the standard

lamp. These errors caused by high differences in actual

W, RW, and BW readings from our Actiwatch compared

to the expected readings (Table 2).

DISCUSSION

We analyzed the R, G, B spectral outputs from

Actiwatches and how this information could be used

to quantify photoreceptor excitations. Using Actiwatch

spectral sensitivity functions, our analyses indicated

that R, G, B readings normalized by the white light

outputs (W) could potentially be used to calculate the

photoreceptor excitations, including S-, M-, L-cones,

rods and ipRGCs, with better predictability for daylight

illuminants than for fluorescent illuminants. Compared

with daylight illuminants, flurorescent illuminants typ-

ically had spikes in their spectral distribution (CIE 2004)

and led to unbalanced responses in the color sensors of

the spectral watches, which affected their predictability

in photoreceptor excitations. Price et al. showed that a

linear combination of B and G in a ratio of 5:1 can model

the melanopsin spectral sensitivity function (Price et al.,

2012). Our analysis indicated that the R sensor output

also contributed to the melanopsin-mediated excitation

significantly for the daylight illuminants, due to the

application of illuminant spectral distributions in the

analyses.

Our model assessment indicated that the predictabil-

ity depended on light levels, which was affected by non-

linearity in their outputs. The product specification

indicated that the irradiance range of R, G B outputs was

between 0.1–5000 uw/cm2 but did not specify the

photopic illuminance range; however, the manufacturer

did not provide detailed information about the linearity

of the color sensors. Price et al. (2012) has characterized

the linearity of such devices and indicated their

Actiwatches were approximately linear from �1.25% of

the maximum irradiance from their 100-W collimated

tungsten halogen lamp, which provided a relatively low

light level compared with outdoor sunlight. Therefore,

for the indoor lighting situations, linearity probably is

not a major concern. However, under bright lighting

conditions, such as outdoor sunlight, linearity may not

hold, as our assessment showed (Table 2). This sug-

gested that the spectral outputs from the Actiwatches

would have limited use under direct exposure to bright

sunlight conditions. In addition, different Actiwatches

may differ substantially in spectral sensitivity functions

(Price et al., 2012), and it is unlikely to have accurate

estimation of photoreceptor excitations from the spec-

tral outputs. Therefore, it is recommended that for each

Actiwatch or other spectral watch, the spectral sensitiv-

ity and linearization functions need to be established.

However, it is probably unrealistic for each chronobio-

logical research laboratory to calibrate each spectral

watch. It would be desirable for the manufacturers to

provide spectral sensitivity and linearization functions

for each device.

Given the large dynamics of light ranges (6–7 log

units) one can experience during the day and the

predicted photoreceptor excitations from the

Actiwatch spectral outputs were maximally about 0.382

log units different from the expected for the fluorescent

and standard lamp (Table 3), it is still possible to use our

model results to estimate photoreceptor excitations

from the spectral outputs with a reasonable accuracy

for practical use. Note that our calculation is based on

the normalized illuminant spectral distribution such

that each illuminant has 1 Lux. The coefficients in

Table 1 can be easily extended to other light levels (say,

P Lux), by multiplying the same factor P to calculate the

photo receptor excitations. The illuminance in lux can

be obtained by the white light output (W) from the

spectral watches. Since the coefficients can be very

different with different illuminant types (Table 1), the

illuminant type needs to be determined, either by

participants’ log, or approximately based on our ROC

analysis results. The following are the three steps to

estimate photoreceptor excitations from Actiwatch R, G,

B and W outputs:

TABLE 3. Comparison between predicted photoreceptor excitations from the regression models and computed from the spectral

distributions of the light sources.

Photoreceptor excitations Actiwatch outputs Predicted photoreceptor Excitations

Illuminants S M L R I W R G B SP Error MP Error LP Error RP Error IP Error

Office fluorescent 294 182 398 393 328 870 44 85 30 358 0.085 264 0.161 606 0.183 468 0.076 333 0.006

Sunny afternoon

daylight

6158 2411 4728 6707 6477 4278 385 377 119 1279 0.682 1400 0.236 2879 0.215 3209 0.320 2696 0.381

Standard lamp 258 223 531 483 417 1528 197 119 43 509 0.296 487 0.340 1041 0.293 1147 0.375 1004 0.382
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Step 1: Calculate normalized R, G, B outputs by W by

Equation (2). If the linearization functions of the sensors

(GW, GR, GG, GB) are established, then Equation (2) can

be revised as:

W0 ¼ G
�1
W Wð Þ; R0 ¼ G

�1
R Rð Þ; G0 ¼ G

�1
G Gð Þ;G0 ¼ G

�1
B Bð Þ;
ð6Þ

RW¼R=W0; GW¼ G0=W0; BW ¼ B0=W0: ð7Þ

where G�1 are the inverse functions of the color sensor

linearization functions.

Step 2: Determine the illuminant type (daylight or

fluroscent). If the participant’s log of lighting conditions

is not available, then using the logistic regression model

results from Price et al’s typical Actiwatch can classify

the illuminant type:

logitðPFÞ¼ � 55:8RWþ218:2GW�265:5BW¼X

PF¼ expðXÞ=½1þ expðXÞ�
ð8Þ

If logit(PF)� 0.388, then it is a fluorescent illuminant;

otherwise, it is a daylight illuminant.

Step 3: Compute photoreceptor excitations from RW, GW

and BW at W lux:

Ei ¼W �RWRW þ �GWGW þ �BWBWð Þ

where Ei is the excitations for the ith photoreceptor, bs

are the coefficients in Table 1 for the fluorescent or

daylight illuminant, and W is the lux reading from the

white light output from the spectral watch. If a labora-

tory is equipped with a lux meter, then the W reading

should be verified with various illumination conditions.

We used the model based on Price et al’s typical

Actiwatch to predict photoreceptor excitations for sev-

eral other illuminant types, including CIE illuminant A

that represents a typical tungsten-filament lighting, 5

CIE high-pressure sodium illuminants (HP1, HP2, HP3,

HP4, and HP5) or 5 Luxeon white LED illuminants

from Philips Lumileds Lighting Company (LXHL-BW02,

LXHL-BW03, LXMLPWC1-0100, LXML-PWN1-0100, and

LXML-PWW1-0060; Linhares & Nascimento, 2012). The

ROC classification indicated that these illuminant types

can be classified as daylight or fluorescent illuminants.

However, the model prediction error can be as high as

0.583 log unit (Table 4), suggesting separate models are

needed for different illuminant types.

In sum, our analyses indicated that the spectral

outputs from the Actiwatch or other spectral watches

can potentially be used to estimate photoreceptor

excitations under daylight and fluorescent illuminants,

but requires careful calibration of spectral sensitivity

functions and linearization of the color sensors. Even

without considering color sensor nonlinearity, our

TABLE 4. ROC classification, model predictions and errors of photoreceptor excitations for CIE illuminant A, CIE high-power sodium or

LED illuminants.

Photoreceptor excitations Actiwatch Spectral outputs ROC Classification

Illuminants S M L R I RW GW BW X PF

Classification

(PF� 0.388)

A 0.353 0.296 0.704 0.647 0.561 0.176 0.067 0.026 �2.043 0.115 Daylight

HP1 0.127 0.253 0.747 0.261 0.179 0.194 0.062 0.023 �3.454 0.031 Daylight

HP2 0.260 0.283 0.717 0.492 0.378 0.209 0.059 0.020 �4.232 0.014 Daylight

HP3 0.416 0.301 0.699 0.626 0.519 0.122 0.079 0.036 0.946 0.720 Fluorescent

HP4 0.670 0.317 0.683 0.728 0.638 0.097 0.084 0.052 �0.880 0.293 Daylight

HP5 0.691 0.319 0.681 0.807 0.753 0.103 0.083 0.048 �0.274 0.432 Fluorescent

LXHL-BW02 1.164 0.336 0.664 0.855 0.777 0.066 0.088 0.072 �3.483 0.030 Daylight

LXHL-BW03 0.382 0.308 0.692 0.709 0.634 0.129 0.079 0.030 2.138 0.895 Fluorescent

LXML-PWC1-0100 0.935 0.338 0.662 0.874 0.811 0.064 0.091 0.059 0.627 0.652 Fluorescent

LXML-PWN1-0100 0.756 0.324 0.676 0.794 0.748 0.089 0.086 0.051 0.176 0.544 Fluorescent

LXML-PWW1-0060 0.474 0.299 0.701 0.561 0.437 0.139 0.074 0.036 �1.125 0.245 Daylight

Predicted photoreceptor excitations Model error

Illuminants S M L R I S M L R I

A 0.468 0.276 0.699 0.435 0.651 0.122 0.031 0.003 0.173 0.064

HP1 0.486 0.270 0.703 0.367 0.631 0.583 0.027 0.026 0.148 0.547

HP2 0.461 0.262 0.710 0.310 0.596 0.249 0.034 0.004 0.200 0.198

HP3 0.436 0.302 0.678 0.632 0.757 0.020 0.002 0.013 0.004 0.164

HP4 0.938 0.321 0.661 0.766 0.998 0.146 0.006 0.014 0.022 0.194

HP5 0.669 0.315 0.667 0.736 0.935 0.015 0.005 0.009 0.040 0.094

LXHL-BW02 1.478 0.348 0.637 0.931 1.309 0.104 0.016 0.018 0.037 0.227

LXHL-BW03 0.311 0.293 0.687 0.743 0.656 0.090 0.021 0.003 0.020 0.014

LXML-PWC1-0100 0.907 0.338 0.648 0.890 1.081 0.013 0.001 0.010 0.008 0.125

LXML-PWN1-0100 0.747 0.323 0.661 0.790 0.981 0.005 0.001 0.010 0.002 0.118

LXML-PWW1-0060 0.637 0.299 0.679 0.580 0.785 0.129 0.000 0.013 0.014 0.254

The relative Actiwatch spectral outputs were computed based on the Price et al’s spectral sensitivity functions. The photoreceptor

excitations in the shaded (non-shaded) rows were predicted based on the model coefficients from fluorescent (daylight) illuminants.
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models can be used to estimate photoreceptor excita-

tions using the spectral outputs with an error in a range

of 0.006–0.382 log units (the error might be larger for

other illuminant types) when illumination levels are not

too high. It is up to researchers to decide whether such

errors are acceptable in their studies.
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