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Abstract

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(L), 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 circadian
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; 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 indicates the amount
of light falling on a surface, weighted by the human photopic luminous efficiency function,
V(X), 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 function 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
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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 photoreceptor 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 characteristics 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 “spectral 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 spectral sensitivity functions of the color
sensors from the spectral watches may be widely different among different 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
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environment is illuminated by fluorescent lamps, it would be helpful to know whether the
light exposure is fluorescent (indoor) or daylight (outdoor). The second purpose is to test
whether the color-sensor outputs can be used to classify illumination types, particularly the
daylight versus fluorescent lighting conditions.

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 spectrums 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 ° 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 (1) was computed 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 (1) lux, respectively (Figure 2A for the photoreceptor spectral
sensitivity functions; Barrionuevo & Cao, 2014). Higher weighting to L-cone than M-cone
excitation 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 photopigments 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
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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 normalization 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 photoreceptor
excitation for the ith photoreceptor (S-, M-, L-cones, rods or ipRGCs) and the j illuminant,
E;,j can be computed for the range of 400-700nm in 1 nm steps as:

Ei =K [100QiN LN, @

where K is a constant that relates irradiance measurement to photometric illuminance, f;
represents the spectral sensitivity of the ith photoreceptor (S-, M-, L-cones, rods or ipRGCSs),
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 pW/cm?) 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 sensitivity 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
24V, 150-Watt tungsten-halogen lamp in combination with narrow-band spectral
interference filters (half bandwidth 10 nm) between 400—700nm (in 10nm 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 conditions by a spectroradiometer (PR670,
Photoresearch, Chatsworth, CA). The obtained spectral sensitivity functions 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
measurements (Figure 2B and C).

For each illuminant, the R, G, B and W outputs were computed in the same fashion as
photoreceptor excitation computations in Equation (1), except the photoreceptor 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.
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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,

R, =R/W;G,,=G/W;B,,=B/W. (2

Such a normalization allowed estimation of photoreceptor 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 pW/cm?2 and the W 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=2.213R+8.599G+1.057B,
R2=1.000 (Price et al.’s typical Actiwatch).
W=2.235R+8.743G+1.157B,
R2=1.000 (our Actiwatch)

The photoreceptor excitations derived from the illuminants were modeled by a linear
combination of Ry, Gy, By 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:/BRVVRW,j+BGVVGVV,J'+/8BVVBVV,J’ (4)

where E; j is excitation for the it photoreceptor (S-, M-, L-cones, rods or ipRGCs) and the
j™ illuminant with relative spectral outputs of Rw j, Gw,j; Bw,j, and f3s are regression
coefficients.

We first assessed whether separate models were necessary for daylight and fluorescent
illuminants by testing regression coefficient differences between illuminant 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 [RZ = corr( Y, Y)?] (page 75, Hocking, 2005) and the second as the mean
error, which is computed by [log (¥7Y)|, where Y and Y 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 melanopsin- 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 Ryy, Gy, By outputs could
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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 photoreceptor excitations from the Actiwatch
spectral outputs, 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 50cm 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 compared 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 coefficient was significantly different for daylight and fluorescent illuminants
(p<0.05 for Price et al.’s typical Actiwatch or our Actiwatch). Therefore, we fitted separate
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 Byy predicted S-cone, L-cone, Rod- or melanopsin-mediated ipRGC excitation
precisely for the daylight illuminants (R% = 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 (R? 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 fluorescent illuminants) could satisfactorily classify two types of illuminants
based on the logistic regression model:

logit (P, )=—55.6R,, +218.2G,, —265.5B,, (Price etal.’stypical Actiwatch)

logit(P,)=—139.2R,, +554.3G,, —607.9B,, (our Actiwatch) ©)
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where Pg is the probability of being a fluorescent illuminant. All of the coefficients in
Equation (5) were statistically significant (p < 0.008). Subsequent ROC analyses 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 Pg > 0.388, Figure 4) for Price et al.’s typical Actiwatch or 0.944 (95%Cl:
0.882-1.000; sensitivity of 85.2% and specificity of 100% with a cutoff probability of Pg =
0.511, Figure 4) for our Actiwatch.

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 spectroradiometer, 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 Ry, Gy and By from the measured spectral distributions in comparison with
actual readings are also listed in Table 2. Obviously, the actual readings of the Ryy was
0.123-0.230 log units lower than the computed value, while the Byy 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 Gy were relatively close to the expected values. Using the coefficients listed
in Table 1, we predicted photoreceptor excitations based on actual readings of Ry, Gy and
By (Table 3). Compared with the computed photoreceptor excitations, 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, Ry, and Byy 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
typically 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 predictability depended on light levels, which was
affected by non-linearity in their outputs. The product specification indicated that the
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irradiance range of R, G B outputs was between 0.1-5000 uw/cm? 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 200-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 suggested 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 spectral outputs.
Therefore, it is recommended that for each Actiwatch or other spectral watch, the spectral
sensitivity and linearization functions need to be established. However, it is probably
unrealistic for each chronobiological 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 (67 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:

Step 1: Calculate normalized R, G, B outputs by W by Equation (2). If the linearization
functions of the sensors (Gy, Gr, Gg, Gg) are established, then Equation (2) can be
revised as:

/

W'=G_1(W),R'=G_(R), G'=G_(G),G'=G.'(B), ()

R, =R/W':G,=CG /W' iB,=B/W. @

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:
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logit (P, )=—55.8Ry, +218.2G,, —265.5B,, =X ©
P =exp(X)/[1+exp(X))]

If logit(Pg) = 0.388, then it is a fluorescent illuminant; otherwise, it is a daylight
illuminant.

Step 3: Compute photoreceptor excitations from Ryy, Gy and Byy at W lux:

Ei:w(ﬂRW R’V\’ +ﬂG\’V GVV +5BW BVV )

where E; is the excitations for the it photoreceptor, fs 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 laboratory 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 several
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-BWO03, 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
models can be used to estimate photoreceptor excitations 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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FIGURE 1.

The illuminant chromaticities in CIE 1964 X, y space (A), MacLeod & Boynton cone
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chromaticity space (B), and Actiwatch Ryy, By space (C) based on Price et al’s typical
Actiwatch spectral sensitivity functions.

Chronobiol Int. Author manuscript; available in PMC 2015 March 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Cao and Barrionuevo

Page 15

2 A B c

2 o 20 2y

= 0.020 s 08 2 R

2 s =4 E] w - OurAdiwatch

g g E’ N ~= Price etal's

2 0015 06 3,

g > 2

S g g

& o010 04 g

5 & @,

% 0.005 §o02 §

g 2 2 : \

8 0.000L— — Sool - | 8 ol= -

i 400 500 600 700 400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength Wavelength

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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Photoreceptor Excitations
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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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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).
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