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Significance

Using data from 100 healthy young 
participants studied during a 9-d 
inpatient protocol, we constructed 
analytic action spectra for melatonin 
suppression and circadian phase 
resetting in response to 6.5-h 
monochromatic light exposures and 
fit these action spectra with linear 
combinations of melanopsin 
(ipRGC), short-wavelength (S), and 
combined long and medium-
wavelength (L+M) cone functions. 
First, we demonstrate that 
melatonin suppression is driven 
approximately equally by S and L+M 
cones in the first quarter of light 
exposure and melanopsin only over 
longer durations. Second, we 
demonstrate that S cones may 
contribute significantly to the overall 
phase resetting given the nonlinear 
relationship between light duration 
and magnitude of resetting. These 
findings indicate that the spectral 
sensitivity of circadian light 
responses changes over time.
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Human circadian, neuroendocrine, and neurobehavioral responses to light are mediated 
primarily by melanopsin-containing intrinsically-photosensitive retinal ganglion cells 
(ipRGCs) but they also receive input from visual photoreceptors. Relative photoreceptor 
contributions are irradiance- and duration-dependent but results for long-duration light 
exposures are limited. We constructed irradiance-response curves and action spectra 
for melatonin suppression and circadian resetting responses in participants exposed to 
6.5-h monochromatic 420, 460, 480, 507, 555, or 620 nm light exposures initiated near 
the onset of nocturnal melatonin secretion. Melatonin suppression and phase resetting 
action spectra were best fit by a single-opsin template with lambdamax at 481 and 483 
nm, respectively. Linear combinations of melanopsin (ipRGC), short-wavelength (S) 
cone, and combined long- and medium-wavelength (L+M) cone functions were also fit 
and compared. For melatonin suppression, lambdamax was 441 nm in the first quarter of 
the 6.5-h exposure with a second peak at 550 nm, suggesting strong initial S and L+M 
cone contribution. This contribution decayed over time; lambdamax was 485 nm in the 
final quarter of light exposure, consistent with a predominant melanopsin contribution. 
Similarly, for circadian resetting, lambdamax ranged from 445 nm (all three functions) 
to 487 nm (L+M-cone and melanopsin functions only), suggesting significant S-cone 
contribution, consistent with recent model findings that the first few minutes of a light 
exposure drive the majority of the phase resetting response. These findings suggest a 
possible initial strong cone contribution in driving melatonin suppression and phase 
resetting, followed by a dominant melanopsin contribution over longer duration light 
exposures.

circadian rhythms | circadian phase resetting | melatonin suppression | light | melanopsin

The circadian system ensures that daily rhythms of human behavior and physiology are 
aligned appropriately with the solar day. Photic entrainment of circadian rhythms is 
mediated by direct retinal projections to the circadian pacemaker in the suprachiasmatic 
nucleus (SCN) of the hypothalamus (1). The SCN, in turn, regulates multiple other 
circadian-controlled functions, including circadian synthesis of melatonin in the pineal 
gland (2). In addition to resetting the circadian phase of the melatonin rhythm, exposure 
to light during the biological night acutely inhibits melatonin synthesis (3, 4). Light 
therefore plays a critical role in regulating melatonin levels, with potential effects on sleep 
behavior, immune function, glucose metabolism, and other systems (5–8).

Over the past twenty years, there has been substantial progress in characterizing the 
photoreceptor pathways that regulate circadian rhythm resetting and melatonin suppres-
sion. Intrinsically photosensitive retinal ganglion cells (ipRGCs) contain the photopigment 
melanopsin, which is most sensitive to short-wavelength light in the blue portion of the 
visual spectrum (lambdamax = 480 nm) (9–13). The ipRGCs also receive input from rod 
and cone photoreceptors in the outer retina (14–16), however, suggesting that both mel-
anopsin and visual photoreceptors contribute to non-image-forming light responses. This 
multi-photoreceptor involvement in circadian responses is supported by findings in mice: 
circadian phase shift responses are preserved in both visually blind mice with intact ipRGCs 
and melanopsin-deficient mice with intact vision (10, 11, 17, 18). Circadian responses 
to light are eliminated only when all photoreceptor types are rendered dysfunctional (10). 
Similarly, human phase resetting and melatonin suppression responses are short-wavelength 
sensitive (19, 20) and persist in the absence of functional rods and cones (21–23), but 
also respond to long-wavelength light in sighted individuals beyond the expected sensitivity 
of melanopsin activation alone (24). Converging lines of evidence in rodents and data for 
a limited number of wavelength responses in humans suggest that visual photoreceptors 
contribute substantially to circadian responses at lower irradiances and during the early 
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part of a light exposure, whereas melanopsin is the primary circa-
dian photopigment at higher irradiances and for longer-duration 
light exposures (24–26).

Although our prior work suggests complementary roles for 
melanopsin and rod-cone photoreceptors in mediating non-visual 
light responses (24), there has yet to be a comprehensive evaluation 
of the spectral sensitivity for these responses over longer durations 
than the initial seminal 30- and 90-min exposure action spectra 
for melatonin suppression in humans (19, 20). Under typical 
conditions, humans are exposed to extended photoperiods during 
the ‘day’ (natural plus man-made) and often at night, for example 
during shiftwork, which requires light exposures over many hours. 
To address these gaps in our knowledge, we used analytic action 
spectroscopic techniques to identify and model the contributions 
of different human photopigments to circadian phase resetting 
and light-induced suppression of melatonin overnight. We show 
that phase resetting and melatonin suppression responses are 
broadly short-wavelength sensitive for long-duration (6.5 h) expo-
sure to light but that, at the start of a light exposure, melatonin 
suppression is best explained by combined contributions of mel-
anopsin and visual photoreceptors.

Results

Dynamics of Spectral Sensitivity for Melatonin Suppression in 
Constant Light. We measured melatonin suppression in 99 young 
healthy participants (34 female, 65 male, 22.9 ± 2.9 y) exposed to 
6.5 h of continuous monochromatic light during the biological 
night (420 nm, n= 9; 460 nm, n = 30; 480 nm, n = 11; 507 nm, 
n = 8; 555 nm, n = 33; 620 nm, n = 4; dark controls, n = 4). Within 
each wavelength group, participants were randomized to receive a 
fixed-irradiance light exposure (half-peak bandwidth = 10–14 nm) 
following mydriasis starting near the onset of melatonin secretion 
using a modified Ganzfeld dome (19, 24), with photon densities 

ranging from 2.52 × 1011 to 1.53 × 1014 photons/cm2/sec. Data 
for 460 nm, 555 nm, controls, and two of the 11 participants for 
480 nm have been published previously (24).

Melatonin suppression for the entire 6.5 h was calculated from 
the reduction in melatonin area under the curve during the light 
exposure as a percentage of the corresponding value in dim light 
24 h earlier. Overall, the amount of melatonin suppression increased 
with increasing irradiance at each wavelength (Fig. 1 A–F). 
Irradiance response curves for each wavelength were fit with a 
four-parameter logistic function with fixed values for the upper 
and lower asymptotes (95 and 0%, respectively) but variable slope 
(i.e., non-univariant; R2 range 0.60–0.93; Fig. 1 A–F). The dark-
ness control data were included in every fit. The model fit did not 
converge for the 620 nm data. The ED50 values for each wave-
length were then converted to a relative sensitivity and fitted with 
a Govardovskii opsin template to determine the peak sensitivity. 
The resultant action spectra using the ED50 values from the 
non-univariant fits (Fig. 1G) had a single-opsin best-fit lambdamax 
of 482 nm (mean absolute error, MAE = 0.21), which shifted to 
481 nm (MAE = 0.13) after adjusting for the lens transmission 
of a 22-y-old observer (27, 28) (SI Appendix, Fig. S1A).

To model photoreceptor contributions to overall melatonin 
suppression, the resultant action spectrum was also fitted with a 
combination of ipRGC, S cone, and L+M cone opsin curves. We 
did not fit combinations that included a rhodopsin curve because 
our dataset is underpowered to differentiate between opsins with 
peaks at 480 nm and 507 nm. The ipRGC and S cone sensitivity 
curves were obtained using the Govardovskii opsin template with 
a lambdamax of 480 nm and 419 nm, respectively (SI Appendix, 
Fig. S1B), which shift to 484 nm and 439 nm, respectively, when 
corrected for the lens transmittance of a 22-y-old observer 
(SI Appendix, Fig. S1C). Given the sparse data distribution (five 
ED50 values) and that the sensitivity of the L- and M-cones overlap 
significantly (lambdamax of 558 nm and 531 nm), their response 

Fig. 1. Best-fit dose response curves for melatonin suppression across 6.5 h of light exposure. (A–F) The best-fit dose response curves for melatonin suppression 
in response to 6.5 h of light exposure as a function of photon density for monochromatic wavelengths of 420 (n = 9), 460 (n = 30), 480 (n = 11), 507 (n = 8), 555 
(n = 33), and 620 nm (n = 4). The minimal and maximal responses were fixed at 0% and 95%, respectively; the ED50 and slope were allowed to vary. The log10ED50 
values (vertical dashed line) ranged from 12.56 to 13.45 photons/cm2/sec and the slopes ranged from 1.10 to 3.29. The adjusted R2 values for the fits ranged from 
0.60 to 0.93. The n = 4 darkness controls plotted at 1e−10 photons/cm2/sec were included in the fits for all wavelengths. The data for 620 nm (panel F) were not fit 
due to the small sample size in this group. (G) Action spectra for long-duration melatonin suppression responses. The full dataset best matches a Govardovskii 
opsin template with lambdamax = 481 nm (MAE = 0.13; solid black line), assuming a correction for lens transmission of a 22-y-old individual; the best-fit opsin 
without lens transmission correction is shown in the dashed gray line for comparison (lambdamax = 482 nm; MAE = 0.21).
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was modeled as a weighted sum (2:1 ratio) (29) with maximum 
absorbance at 548 nm. Fig. 2 shows the MAE and rootmean 
square error (RMSE)-derived best fit of the pairwise linear com-
binations of ipRGCs, S cones, and L+M cones (2-channel; Fig. 2 
D–F) and the linear combination of all three (ipRGCs, S cones 
and L+M cones, 3-channel; Fig. 2G) compared to ipRGCs alone 
(1-channel; Fig. 2 A–C) on overall melatonin suppression in 
response to a 6.5-h light exposure. Based on MAE and RMSE, 
the three-channel model provided the best fit to the data (MAE = 
0.11; RMSE = 0.16), with the majority of the contribution from 
ipRGCs (81%), followed by S cones (12%) and L+M cones (7%).

Similar analyses were conducted using the ED90 value of the 
non-univariant fits from Fig. 1. The ED90 value more closely 
reflects the maximal response of the system at each wavelength. 
Based on MAE and RMSE, the ED90 response for melatonin 
suppression is dominated by the ipRGCs with no contributions 
from S cones or L+M cones (MAE = 0.22, RMSE = 0.28; 
SI Appendix, Fig. S2). It should be noted, however, that the ED90 
value extended beyond our experimental data for 420 nm and 555 
nm and was extrapolated based on the model fits, which limits 
our ability to interpret these data.

To estimate the change in photoreceptor contribution to mel-
atonin suppression over time (24), we constructed irradiance 
response curves for each quarter of the exposure (97.5-min inter-
vals) and applied the same four-parameter logistic function with 
fixed upper and lower asymptotes and variable slope to each wave-
length over each quarter (SI Appendix, Fig. S3). The resultant 
action spectra using the ED50 values for each quarter were fitted 

with a combination of ipRGC, S cone, and L+M cone opsin curves 
as described above. Fig. 3 shows the linear combination of ipRGCs 
and S cones (2-channel; Fig. 3 E–H), ipRGCs and L+M cones 
(2-channel; Fig. 3 I–L), and ipRGCs, S cones, and L+M cones 
(3-channel; Fig. 3 M–P) compared to ipRGCs alone (1-channel; 
Fig. 3 A–D) across all four quarters; other single-opsin and pair-
wise linear combinations are reported in SI Appendix, Fig. S4. For 
the combined ipRGC and S cone fits (Fig. 3 E–H), the peak sen-
sitivity for the first quarter of the light exposure was 476 nm, 
which is slightly shorter than the peak of melanopsin alone (484 nm), 
and with a 21% contribution from the S cones. From the second 
quarter and for the remainder of the light exposure, the peak 
sensitivity moved closer to that of melanopsin (478 to 484 nm), 
with a contribution of 82 to 100% from the ipRGCs, suggesting 
a stable, dominant contribution of melanopsin alone in mediating 
the sustained suppression response, and consistent with the overall 
6.5-h light exposure response (Fig. 2). For the combined ipRGC, 
S, and L+M cone fits (Fig. 3 M–P), however, a more complex 
pattern emerged. For the first quarter of the light exposure, the 
suppression was consistent with substantial contributions from S 
and L+M cones (51% and 47% contributions, respectively), 
resulting in a fit with an overall peak sensitivity of 441 nm, and 
a secondary peak sensitivity of 550 nm. Over time, however, the 
relative contribution of the ipRGCs increased and that of the S 
and L+M cones decreased such that for the second half of the light 
exposure, the response was dominated by the ipRGCs (79 to 92%) 
with a final peak sensitivity of 485 nm in the fourth quarter, which 
is consistent with a melanopsin response alone and minimal 

Fig. 2. Linear combinations of opsin fits to melatonin suppression across 6.5 h of light exposure. (A–C) The S-cone (A), ipRGC (B), and L+M opsin template (C) 
reflecting correction for lens transmission plotted against the relative quantum sensitivities derived from the log10ED50 values for the overall 6.5-h light exposure 
for melatonin suppression. (D–G) The best-fit linear combinations of ipRGCs and S cones (D), ipRGCs and L+M cones (E), S cones and L+M cones (F), and ipRGCs, S 
cones, and L+M cones (G). In each panel, the gray solid line represents the ipRGC sensitivity curve, the blue solid line represents the S cone sensitivity curve, and 
the orange solid line represents the L+M cone sensitivity curve, whereas the black solid line shows the sum of the sensitivity curves, i.e., the best fit through the 
data points. The lambdamax (vertical solid line) reported in each panel indicates the peak sensitivity of the best-fit sensitivity curve. The percentages represent 
the relative contribution of each spectral sensitivity curve to the overall sensitivity. The MAE and RMSE of the best fits are reported for each model.

http://www.pnas.org/lookup/doi/10.1073/pnas.2205301119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2205301119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2205301119#supplementary-materials


4 of 10   https://doi.org/10.1073/pnas.2205301119� pnas.org

contribution from the cones (Fig. 3P). Based on MAE and RMSE, 
the three-channel model provided the best fit to the data over each 
quarter (MAE = 0.09 to 0.17; RMSE = 0.12 to 0.23). The time 
course of the contributions from the combined ipRGC, S, and 
L+M cone fits is plotted in SI Appendix, Fig. S5.

Short-wavelength Sensitivity for Photic Circadian Phase 
Resetting. We also calculated the circadian phase resetting 
response in 100 young healthy participants (35 female, 65 male, 
22.8 ± 2.9 y) for each exposure (420 nm, n = 10; 460 nm, n = 31; 
480 nm, n = 12; 507 nm, n = 8; 555 nm, n = 31 620 nm, n = 4; 
dark controls, n = 4) as the difference in clock time in the timing 
of DLMO in the melatonin cycle immediately before and after 
the light exposure night, as measured during constant routine 
procedures (24). Irradiance responses curves for each wavelength 
were fit with a four-parameter logistic function as described for 
melatonin suppression with fixed values for the upper and lower 
asymptotes (0.05 and −3.3 h, respectively) but variable slope (R2 
range 0.46 to 0.79; Fig. 4 A−F). The darkness control data were 
included in every fit. The magnitude of the circadian phase delay 
shift increased with increasing irradiance at each wavelength 

(Fig.  4 A−F). Subsequent analyses were conducted both with 
and without the 620 nm data (Fig. 4F) given the small number 
of points included in the 620 nm curves. The resultant action 
spectrum using the ED50 values from the non-univariant fits 
without the 620 nm data included (Fig. 4G) had a single-opsin 
best-fit lambdamax of 485 nm (MAE = 0.24), which shifted to 
483 nm (MAE = 0.26) after adjusting for the lens transmission 
of a 22-y-old observer (SI Appendix, Fig. S1A). When the 620 nm 
data were included (Fig. 4H), the lambdamax was 522 nm, which 
shifted to 521 nm after adjusting for the lens transmission of a 
22-y-old observer, but the overall fit was weaker (MAE = 0.39 and 
MAE = 0.41, without and with correction for lens transmission, 
respectively).

The same 1-channel, 2-channel, and 3-channel photoreceptor 
combinations as described above for melatonin suppression were 
applied to the phase resetting data both with (Fig. 5 A–G) and 
without (SI Appendix, Fig. S6 A–G) the 620 nm data. While the 
peak sensitivity (lambdamax) and proportional photoreceptor con-
tributions did not change substantially when the 620 nm data 
were included or excluded, the model fits were substantially 
improved without the 620 nm data (SI Appendix, Fig. S6), and 

Fig. 3. Linear combinations of opsin fits to melatonin suppression across each quarter of light exposure. (A–D) The ipRGC opsin template (lambdamax = 480 nm; 
shifted to 484 nm after correction for lens transmission of a 22-y-old individual) plotted against the relative quantum sensitivities derived from the log10ED50 
values for each quarter (Q1-4) of a 6.5-h light exposure for melatonin suppression. (E–H) The best-fit linear combination of ipRGCs and S cones, (I–L) ipRGCs and 
L+M cones, and (M–P) ipRGCs, S cones, and L+M cones. In each panel, the gray solid line represents the ipRGC sensitivity curve, the blue solid line represents 
the S cone sensitivity curve, and the orange solid line represents the L+M cone sensitivity curve, whereas the black solid line shows the sum of the sensitivity 
curves, i.e., the best fit through the data points. The lambdamax reported in each panel indicates the peak sensitivity of the best-fit sensitivity curve. The MAE 
and RMSE of the best fits are reported for each model.
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some of the single- and dual-model interpretations differed. For 
example, including the 620 nm data strengthened the contribu-
tion of the L+M cones compared to the ipRGCs (Fig. 5 C and 
F and SI Appendix, Fig. S6 C and F). Importantly, however, in 
both of the three-channel models, the majority of the response 
was driven by the S cones (~50% contribution) with a peak at 
445 nm (Fig. 5G and SI Appendix, Fig. S6G).

In contrast to the ED50 data, analysis of the ED90 value of the 
non-univariant fits (Fig. 4) suggested minimal contribution of the 
S cones for maximal phase resetting response, although the result-
ing action spectrum was poorly fit by our photoreceptor combi-
nation models (SI Appendix, Fig. S7).

Discussion

It is over twenty years since the discovery of melanopsin in the 
human eye (30) and the role of ipRGCs in orchestrating a wide 
range of responses to light (31). These ‘non-visual’ responses are 
fundamental to human physiology, mediating the daily resetting 
of the circadian pacemaker (32), regulating the amount of light 
entering the eye through pupil constriction (26, 33), providing 
alerting signals to the brain (34), and underpinning multiple ther-
apeutic benefits of light to treat fatigue, depression, and circadian 
rhythm disorders among other conditions (e.g., refs. 35–38). 
While much work has been done to understand how the ipRGCs 
and visual photoreceptors interact, there remains ambiguity in 
how their contributions change with light intensity, pattern, tim-
ing, history, spectral distribution, and duration. The interaction 
with duration is of particular interest given that real-world light 
exposures are much longer than most experimentally studied light 
exposures, and thus, knowledge of the dynamics of light exposure 

with respect to duration is vital for translating basic experimental 
findings into usable benefits for health and safety. In the current 
study, we have extended our previous work examining the inter-
play between light irradiance, spectral distribution, and duration 
to identify the temporal and spectral dynamics of light responses. 
Our action spectra constructed from 6.5-h monochromatic light 
exposure data indicate that the relative contribution of cone pho-
toreceptors to the melatonin suppression response is strongest at 
the beginning of a light exposure but declines over the first 1 to 
3 h such that melanopsin from ipRGCs is the dominant contrib-
utor to detecting and transducing light information to the brain. 
This finding is consistent with a single-opsin best-fit lambdamax of 
481 nm and with a significant contribution of melanopsin (81%) 
to the best-fit linear combination of ipRGCs, S cones, and L+M 
cones for the circadian phase resetting response to a 6.5-h mon-
ochromatic light exposure.

The initial studies quantifying the spectral properties of mela-
tonin suppression in response to 30- and 90-min exposures at 
night constructed analytic action spectra that did not fit the sen-
sitivity curves for rod (scotopic)- or cone (photopic)-based pho-
totransduction. These analyses assumed a univariant (i.e., single 
photoreceptor) response and predicted that an opsin with a peak 
sensitivity of ~460 nm mediated the short-duration melatonin 
suppression response (19, 20). Findings from our 2003 study, 
however, in which melatonin suppression was measured in 
response to exposure to a single photon density (2.8 × 1013 pho-
tons/cm2/sec) of 460 nm or 555 nm monochromatic light over 
6.5 h, were inconsistent with a single photoreceptor response 
because overall level of suppression and the time course of mela-
tonin suppression recovery during the 555 nm light was greater 
than would be expected for a simple difference in spectral 

Fig. 4. Best-fit dose response curves for phase resetting across 6.5 h of light exposure. (A−F) The best-fit dose response curves for phase resetting in response 
to 6.5 h of light exposure as a function of photon density for monochromatic wavelengths of 420 (n = 10), 460 (n = 31), 480 (n = 12), 507 (n = 8), 555 (n = 31), and 
620 nm (n = 4). Phase delays are represented as negative values. The minimal and maximal responses were fixed at 0.05 and −3.3 h, respectively; the ED50 and 
slope were allowed to vary. The log10ED50 values ranged from 12.40 to 13.77 photons/cm2/sec (vertical dashed line) and the slopes ranged from 0.80 to 3.29. The 
adjusted R2 values for the fits ranged from 0.46 to 0.79. The n = 4 darkness controls plotted at 1e−10 photons/cm2/sec were included in the fits for all wavelengths. 
(G and H) Action spectra for the phase resetting responses. When the 620 nm data are not included, the full dataset best matches a Govardovskii opsin template 
with lambdamax = 483 nm (MAE = 0.26; solid black line), assuming a correction for lens transmission of a 22-y-old individual (Panel G); the best-fit opsin without 
lens transmission correction is shown in the dashed gray line for comparison (lambdamax = 485 nm; MAE = 0.24). When the 620 nm data are included (Panel H), 
the full dataset best matches a Govardovskii opsin template with lambdamax = 521 nm (MAE = 0.41; solid black line), assuming a correction for lens transmission 
of a 22-y-old individual; the best-fit opsin without lens transmission correction is shown in the dashed gray line for comparison (lambdamax = 522 nm; MAE = 0.39).
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sensitivity for a single photoreceptor (39). These experiments were 
later extended to include full irradiance response curves for 460 
nm and 555 nm light and confirmed that multiple photoreceptor 
inputs were required to explain the differing time course of mel-
atonin suppression, particularly the exponential decline (half-life 
~38 min) in response to the 555 nm light, which represents the 
peak of the photopic sensitivity function (24). These data also 
showed that, at the start of a light exposure (first ~90 min), cone 
photoreceptors (represented by a single opsin with peak at 555 nm) 
appeared to contribute substantially to melatonin suppression, in 
contrast to the findings of the original human short-duration 
exposure action spectrum studies.

Although these comparisons of two specific wavelengths pro-
vided useful insight, the photobiological standard for identifying 
photoreceptor contributions is to generate an analytic action spec-
trum. In the current study, we generated such action spectra by 
constructing full fluence response curves for exposure to 6.5-h 
monochromatic light exposures at 420 nm, 480 nm, and 507 nm 
in addition to our published data at 460 nm and 555 nm. These 
wavelengths were chosen to be close to the peak sensitivity for the 
S cone, melanopsin, and rods, respectively. By constructing fluence 
response curves for a range of wavelengths, we could also examine 
different models of photoreceptor contributions rather than 
assuming a univariant response, as in the short-duration action 
spectra (19, 20). Our results suggest that cone photoreceptors 
contribute to melatonin suppression at the beginning of a light 
exposure (i.e., first 1 to 3 h). Thereafter, melanopsin dominates 

and can explain nearly the entire melatonin suppression response. 
The complex multi-photoreceptor contributions that we have 
reported (e.g., Fig. 3) may explain why published short-duration 
action spectra have a different peak than longer duration exposures 
(19, 20). The short-duration peak may represent a mixed response 
of cones and melanopsin contributions. Indeed, following a recent 
re-evaluation of these action spectra with additional data at shorter 
wavelengths (415 nm), it has been hypothesized that there is a 
strong S-cone contribution to short-duration (30 min) melatonin 
suppression (40), although the specific role of S-cones remains 
controversial (41). We also cannot rule out that our action spec-
trum models were overfit due to the small number of wavelengths 
available for analysis. We have tried to address this issue by includ-
ing both the RMSE and MAE as model evaluation metrics (42), 
but further studies at additional wavelengths are needed to 
improve confidence in the model findings.

The inclusion of the 620 nm wavelength data in our analysis 
of the phase resetting response should be treated with caution due 
to the lack of a full fluence response curve (only n = 4), and the 
analyses excluding these data are reported in the SI Appendix, Fig. S6 
given this concern. The relative role of red light on melatonin 
suppression and circadian resetting is not well defined. Prior stud-
ies have reported minimal effects of longer wavelength light on 
melatonin suppression but some evidence of a role for phase reset-
ting responses. For example, Hanifin et al. (43) reported almost 
no melatonin suppression in response to 630 nm or 700 nm light. 
Similarly, both Zeitzer et al. (44) and Ho-Mien et al. (45) found 

Fig. 5. Linear combinations of opsin fits to phase resetting across 6.5 h of light exposure. (A–C) The S-cone (A), ipRGC (B), and L+M opsin template (C) reflecting 
correction for lens transmission plotted against the relative quantum sensitivities derived from the log10ED50 values for the overall 6.5-h light exposure for phase 
resetting with the data at 620 nm included in the fits. (D–G) The best-fit linear combinations of ipRGCs and S cones (D), ipRGCs and L+M cones (E), S cones and 
L+M cones (F), and ipRGCs, S cones, and L+M cones (G). In each panel, the gray solid line represents the ipRGC sensitivity curve, the blue solid line represents 
the S cone sensitivity curve, and the orange solid line represents the L+M cone sensitivity curve, whereas the black solid line shows the sum of the sensitivity 
curves, i.e., the best fit through the data points. The lambdamax (vertical solid line) reported in each panel indicates the peak sensitivity of the best-fit sensitivity 
curve. The percentages represent the relative contribution of each spectral sensitivity curve to the overall sensitivity. The MAE and RMSE of the best fits are 
reported for each model.

http://www.pnas.org/lookup/doi/10.1073/pnas.2205301119#supplementary-materials
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no melatonin suppression in response to red light but reported 
modest phase advances and phase delays, respectively. While inclu-
sion or exclusion of the 620 nm data in our fits did not signifi-
cantly change the overall estimates of the relative contribution of 
ipRGCs, S cones, and L+M cones when combined, further studies 
on the phase resetting effects of red light are warranted.

A recent review of the temporal dynamics of short- versus 
long-duration light exposures across several mammalian species 
(46) provides evidence for different temporal responses to light at 
short- and long-duration time scales. Our previous studies indicate 
that the phase resetting response is maximally sensitive to light 
over the first several minutes of light exposure (log/linear scale), 
and remains responsive to longer-duration light exposure at a 
reduced phase-resetting yield (linear/linear scale). The finding that 
melanopsin, S-cones, and L+M cones have roles in both the phase 
resetting response and the early part of melatonin suppression 
suggests that the initial log/linear response may possibly reflect 
cone function whereas the reduced but sustained linear/linear 
response may reflect melanopsin function. It should be noted, 
however, that we do not conclude from these findings that mela-
tonin suppression and phase resetting are driven by different pho-
toreceptor systems. The apparent enhanced S-cone response for 
phase resetting is a consequence of the fact that the first few min-
utes of the light exposure elicit a stronger phase resetting response 
than the end of the light exposure. We cannot perform the same 
serial quartile analysis for phase resetting as we have done for 
melatonin suppression to show that melanopsin dominates later 
in the phase resetting response because a phase shift can only be 
measured in humans in a discrete manner (i.e., by evaluating the 
timing of circadian phase on the day after light exposure). The 
studies needed to confirm that melanopsin dominates the phase 
resetting response in longer-duration light exposures are complex, 
and would need to control for S-cone and melanopsin activation 
at both shorter- and longer-duration light exposures. Until these 
studies are done, the parsimonious explanation is that melatonin 
suppression and phase resetting have similar temporal dynamics 
with respect to photoreceptor contribution. Further evidence of 
a dominant melanopsin response in humans for longer-duration 
exposures comes from our work in individuals with colorblindness 
(47) and totally visually blind individuals who retain ‘non-visual’ 
photoreception responses, including robust melatonin suppres-
sion, phase shifting, and pupil constriction responses to ocular 
light exposure (21–23, 26, 48, 49). In a repeat of our initial 
long-duration exposure (39), we exposed a totally visually blind 
man with intact circadian photoreception to equal photon den-
sities of 460 nm and 555 nm light (22); while the 460 nm light 
induced a near-maximal melatonin suppression response for the 
entire 6.5-h exposure, the 555 nm light had no effect at all, con-
firming no functional cone photoreceptor input and demonstrat-
ing that melanopsin alone is sufficient to mediate a continuous 
long-duration response. Similar sensitivities were found for pupil 
constriction responses in the same patient (26): sustained pupil 
constriction was maintained in this patient but fast responses were 
not observed in response to intermittent light, nor at low irradi-
ances, as compared to sighted controls, consistent with rodent 
rod/cone knockout models (25) and a human action spectrum for 
pupil constriction (22).

While the findings described above quantify the assumed contri-
butions from cone- and melanopsin-based photoreception, a role 
for rods cannot be excluded (50–52). Examination of the fitted 
half-maximum value of each irradiance response curve shows that 
507 nm light is more effective than 480 nm light at suppressing 
melatonin and resetting circadian phase (Figs. 1 and 4 and 
SI Appendix, Fig. S3). Our dataset does not have enough power, 

however, to differentiate the relative contribution of opsins with 
peaks at 480 nm and 507 nm, given their proximity, and we there-
fore chose to prioritize melanopsin given the preponderance of evi-
dence on its role in mediating human circadian responses. Additional 
future experiments more specifically targeting responses to 480 nm 
and 507 nm light are required to quantify the potential role of rods.

One important difference between our study and prior studies 
that have constructed analytic action spectra is the background 
light to which participants are exposed in the hours and days lead-
ing up to the experimental light exposure. In both Brainard et al. 
(19) and Thapan et al. (20), for example, participants were admit-
ted to the laboratory within a few hours of the start of the light 
exposure and had only a few hours of dim-light adaptation (< 10 
lux). In contrast, in our study participants were exposed to <3 lux 
while awake and 0 lux during sleep for ~78 h prior to the experi-
mental light exposure. We know from prior literature that three 
days of very dim light compared to typical indoor room illumi-
nance amplifies both the melatonin suppression response (53–54) 
and the phase resetting response (55) to light. It is unknown, 
however, whether prior light history impacts the spectral sensitivity 
of the melatonin suppression or phase resetting responses.

A main limitation of our findings is that all participants were 
treated with a pupil dilator (0.5% cyclopentolate HCl) prior to 
each experimental light exposure to control for pupil constriction 
effects on the amount of light entering the eye. This is a standard 
photobiological technique that has been applied in other studies 
(e.g., refs. 19 and 20), but does not represent real-world light 
exposure conditions. In addition, we did not record whether max-
imum pupil dilation was maintained for the entire 6.5-h light 
exposure. It has been reported previously that a different formu-
lation of this pupil dilator (1% cyclopentolate HCl) maintains 
maximal mydriatic response for at least 5 h (56). Prior findings 
from our group, however, indicate that the long-duration pupil 
constriction response in humans is driven by melanopsin (26). If 
the effects of the pupil dilator waned prior to the end of the 6.5-h 
light exposure, then any breakthrough pupil constriction that may 
have occurred in the latter part of the light exposure would have 
been stronger in response to wavelengths close to the melanopic 
peak of 480 nm. Given that the responses in the latter part of the 
light exposure indicate strong contributions from melanopsin 
despite this potential constriction, we do not think any possible 
waning effects of the pupil dilator are impacting our results in a 
way that would change our interpretation.

Given the ubiquity of light in our everyday lives, there is great 
interest in the application of experimental data to lighting prac-
tice, and we (57–60) and others (e.g., refs. 61–63) have made 
initial attempts to do so. Light duration has not yet been a key 
consideration in these efforts, but clearly, the spectral sensitivity 
of short-duration exposures is different from longer-duration 
exposures, and therefore translation of findings from short-
duration exposures to longer photoperiods, or using melatonin 
suppression to predict other non-visual effects of light, may be 
premature, or at least less accurate (64, 65). While we acknowl-
edge that a 6.5-h light exposure is not equivalent to the longer 
photoperiods experienced in real-world environments, such a 
light duration is more realistic than the shorter durations (e.g., 
30- to 90-min exposures) previously studied. Our data therefore 
suggest that a conservative view be taken until unequivocal data 
prove otherwise, namely that when considering circadian reset-
ting and melatonin suppression responses to light under typical 
exposure durations (i.e., during an overnight shift), melanopsin 
contributions are likely to predominate, and quantification of 
melanopsin stimulation should underpin lighting recommenda-
tions for real-world environments.

http://www.pnas.org/lookup/doi/10.1073/pnas.2205301119#supplementary-materials
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Materials and Methods

Participants. Healthy research subjects (n = 122), ages 18 to 30 y were 
enrolled in a 9-d inpatient study at the Intensive Physiologic Monitoring Unit 
(IPM) in the Center for Clinical Investigation (CCI) at Brigham and Women’s 
Hospital (BWH; Boston, MA) between 2000 and 2009. There was approximately 
uniform distribution for date of admission to the inpatient study across spring 
(28%), summer (22%), autumn (28%), and winter (22%) across all wavelength 
groups. Physical health was assessed by medical history, physical examination, 
blood biochemistry and hematology, and electrocardiogram, and mental health 
was evaluated by interview with a staff psychologist/psychiatrist. Normal sight 
was confirmed by an ophthalmologic examination. Ishihara’s test for color defi-
ciency was administered to rule out red-green color deficiency and total color-
blindness or weakness. Sleep and circadian rhythm disorders were exclusionary. 
For at least 2 wk prior to being admitted to the IPM, subjects were required 
to maintain a regular sleep-wake schedule (8 h sleep, 16 h wake), which was 
verified by continuous actigraphy monitoring (Actiwatch-L; Minimitter, Inc.). 
A comprehensive toxicology screen was performed on the day of admission 
to the IPM to ensure that subjects had refrained from the use of drugs. Of 
the 122 participants who were enrolled, 14 participants were discontinued 
prior to being randomized to the experimental light exposure. In addition, 11 
participants were excluded from the melatonin suppression analysis and 10 
participants were excluded from the phase resetting analysis due to insufficient 
samples. Results from 52 subjects (n = 24 460 nm, n = 24 555 nm, and n = 
4 dark controls) were reported previously (24). In addition, two subjects from 
a similar study (66) who had comparable light exposure timing were included 
in the 480 nm group for the present analysis. Written informed consent was 
obtained from all participants. All research procedures were approved by the 
Institutional Review Board at BWH and were in compliance with HIPAA regula-
tions and the Declaration of Helsinki.

Protocol Design. Participants lived in individual suites for 9 d in an environment 
free of time cues. A raster plot of the protocol is included in Fig. 1A of Gooley et 
al. (24). During the first 3 d, subjects were scheduled to sleep and wake at their 
regular pre-study sleep-wake times (8 h sleep, 16 h wake). Ambient light was 
provided by 4,100K fluorescent lamps (Philips Lighting). Participants lived in 
room light (<190 lux, 0.48 W/m2 measured in the horizontal plane at 183 cm; 
melanopic EDI = 138 lux) until midway through day 3, after which the light 
was dimmed to <3 lux (<0.01 W/m2; <2 melEDI lux) for the remainder of the 
study. After awakening on day 4, subjects underwent a 50-h constant routine 
procedure consisting of wakefulness enforced by technician monitors, semi-re-
cumbent bed rest, and consumption of hourly equicaloric snacks. Following an 
8-h sleep opportunity, subjects awoke in the evening and were administered a 
6.5-h narrow-bandwidth light exposure (10 to 14 nm half-peak bandwidth) in 
a modified Ganzfeld dome. For the light exposure (day 6), a between-subjects 
design was used in which participants were assigned to one of six wavelength 
conditions (420 nm, 460 nm, 480 nm, 507 nm, 555 nm, or 620 nm) plus 4 
dark controls. The data for 460 nm and 555 nm exposures have been reported 
previously (24). In each group, subjects were randomized to 4 to 16 irradiances 
across a broad range of photon densities (2.52 × 1011 to 1.53 × 1014 photons/
cm2/sec). Light was generated by a Xenon arc lamp and grating monochromator, 
and the wavelength and bandwidth were verified by measurement with a PR-650 
SpectraColorimeter (PhotoResearch Inc.). Fifteen minutes prior to the onset of 
the light exposure, one drop of 0.5% cyclopentolate HCl was administered in 
each eye to dilate the pupils (Cyclogyl; Alcon Laboratories, Inc.). Head position 
was fixed by a chinrest, and subjects stared at the light continuously for 90 min 
at a time, followed by a 10-min break during which they could look elsewhere 
in the otherwise dark room. Participants were asked to refrain from photophobic 
behavior (e.g., squinting or closing of the eyes) and compliance was monitored 
by a technician. The light was measured every 30 to 60 min at eye-level with an 
IL1400 radiometer and SEL-033/F/W detector (International Light Inc.) to ensure 
constant irradiance throughout the light exposure. For each wavelength of light, 
participants were randomized to an irradiance level just prior to administration 
of the light exposure. Following completion of the light exposure and an 8-h 
sleep opportunity, subjects underwent a second constant routine for 30 h. After 
recovery sleep, subjects awoke on day 9 at their habitual wake time and were 
discharged from the study.

Specimen Collection and Melatonin Assays. On day 2 of the study, an 
indwelling intravenous catheter was inserted in a forearm vein to allow for con-
tinuous collection of blood during both sleep and wake episodes. During sleep 
episodes, the constant routine procedures, and the light exposure session, blood 
was drawn from outside the research suite through a porthole in the bedroom 
wall. Blood was sampled every 30 min during the constant routine procedures, 
and every 20 to 30 min during the 6.5-h light exposure. Saliva samples were 
collected hourly during the constant routines and the light intervention, and 
sample times were digitally time-stamped using a Termiflex system (Warner 
Power Termiflex). Melatonin concentration was determined by double-antibody 
radioimmunoassay with the Kennaway G280 antiserum by a laboratory blind to 
condition (Dr. V. Ricchiuti, BWH GCRC Core Laboratory, Boston, MA). The plasma 
melatonin intra-assay coefficient of variation (CV) was 10.0% at 1.9 pg ml−1 and 
7.2% at 21.9 pg ml−1, and the inter-assay CV was 12.65% at 3.06 pg ml−1 and 
12.12% at 22.36 pg ml−1. The saliva melatonin intra-assay CV was 4.1% at 3.56 
pg ml−1 and 4.8% at 24.2 pg ml−1, and the inter-assay CV was 12.15% at 2.37 
pg ml−1 and 10.20% at 19.58 pg ml−1.

Melatonin Suppression and Phase-Shift Responses. To determine percent 
suppression of melatonin, the area under the curve (AUC, trapezoidal method) 
was calculated for melatonin during the 6.5-h light exposure (AUCLE) and com-
pared to the AUC for the melatonin rhythm during the preceding constant routine 
at the same relative clock times (AUCCR1). Thus, percent melatonin suppression 
was calculated as [1 – (AUCLE)(AUCCR1)−1] × 100, whereby higher values indicated 
stronger suppression of the melatonin rhythm. Melatonin suppression was cal-
culated from plasma melatonin in 89 subjects (420 nm, n = 8; 460 nm, n = 29; 
480 nm, n = 10; 507 nm, n = 7; 555 nm, n = 29; 620 nm, n = 2; dark controls, 
n = 4), and from salivary melatonin in 10 subjects (420 nm, n = 1; 460 nm, n = 
1; 480 nm, n = 1; 507 nm, n = 1; 555 nm, n = 4; 620 nm, n = 2) because there 
was an insufficient number of blood samples collected during either the constant 
routine or light exposure from which to calculate suppression.

To determine the magnitude of phase-shift responses, the pre-light expo-
sure melatonin rhythm during the first constant routine procedure was fit by a 
3-harmonic regression model to estimate the amplitude. The dim light mela-
tonin onset (DLMOn25%) was defined as the clock time at which the melatonin 
rhythm crossed a threshold value of 25% of the peak-to-trough fitted amplitude 
(half the standard amplitude). The phase-shift of the melatonin rhythm was 
calculated as the difference in the timing of the DLMOn25%, measured before 
and after the light exposure intervention using constant routine procedures 
(days 5 and 7). Phase-shifts were determined from plasma melatonin in 89 
subjects (420 nm, n = 9; 460 nm, n = 29; 480 nm, n = 11; 507 nm, n = 7; 555 
nm, n = 27; 620 nm, n = 2; dark controls, n = 4) and from salivary melatonin 
in 11 subjects (420 nm, n = 1; 460 nm, n = 2; 480 nm, n = 1; 507 nm, n = 
1; 555 nm, n = 4; 620 nm, n = 2) because there was an insufficient number of 
blood samples collected during either the first or second constant routine. By 
convention, phase delays are indicated by negative values and phase advances 
by positive values.

Construction of Dose-Response Curves. Dose-response curves were fit with a 
sigmoidal four-parameter logistic regression model wherein A1 is the minimum 
response, A2is the maximum response, x0 is the log10 irradiance that elicits a 
half-maximal response (i.e., the ED50 value), and p is the slope parameter:

For non-univariant fits, A1 and A2 were fixed (at 0 and 95% for melatonin 
suppression and 0.05 and −3.3 for phase resetting, respectively) while x0 and 
p were allowed to vary. To examine the dose-response of melatonin suppression 
across time, we constructed dose-response curves in quarterly (1 quarter = 97.5 
min) bins across the 6.5-h light exposure. When a melatonin sample did not 
occur precisely at the onset or offset of a bin, the concentration of melatonin was 
interpolated linearly from the samples that bracketed the given time-point. All 
logistic fits were conducted using the nonlinear curve fit function in OriginPro 
8.5, which minimizes the deviation between the experimental data and the 
theoretical fit using chi-square minimization and the Levenberg–Marquardt 
(L-M) algorithm to adjust the parameter values in the iterative procedure. The 
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R2 value was generated to report the amount of variance explained by the logistic 
relationship between the irradiance and the melatonin suppression or phase 
resetting response.

Construction of Action Spectra. An unknown photopigment can be approx-
imated with a common template using only one parameter, the maximum 
absorbance wavelength lambdamax (27). A series of sensitivity curves with peaks 
from 420 to 720 nm were derived using the Govardovskii template (28). The 
half-maximum log10 ED50 values obtained from fitting the 4-parameter intensity 
response curves were normalized to the maximum value to calculate the relative 
quantum sensitivity across the tested wavelengths (420, 460, 480, 507, 555, and 
620 nm), and compared to the series of sensitivity curves to determine the best-fit 
photopigment based on the curve with the smallest MAE and RMSE. To determine 
the relative contributions of ipRGCs, S cones, and L+M cones, we fit linear combi-
nations based on the absorbance spectra of each photoreceptor. The low-density 
absorbance spectra of the S-cones, ipRGCs, M-cones, and L-cones were derived 
using the Govardovskii template with maximum absorbance wavelengths of 419 
nm, 480nm, 531 nm, and 558 nm, respectively (12, 27, 28). As the available 
data were relatively sparse and the sensitivity of L- and M-cones have significant 
overlap, their response was modeled as a weighted sum using a 2:1 ratio (29), 
resulting in a maximum absorbance of 548 nm.

As the light exposure was measured in the corneal plane, all spectral sensitivity 
curves were corrected for pre-receptoral filtering. It is assumed that pupil diameter 
did not change the spectral retinal irradiance in these studies because all pupils 
were dilated prior to light exposure. The axial optical densities of peripheral cones 
were set to 0.2 (67). The total lens transmittance was estimated by using the 
average age of the participants involved in the study (22-y-old observer) using 
the total lens transmittance according to van de Kraats and van Norren (68), 
which causes a small shift in maximum absorbance toward longer wavelengths 
and a more realistic fit than the absorbance spectra of the photopigments. The 
influence of the macula was not considered.

For the 2-channel model, the contribution of ipRGCs and S-cones was modeled 
by the following linear combination:

where S(λ) is the overall spectral sensitivity curve, SipRGC(λ) is the spectral sensi-
tivity curve of the ipRGCs, λ1 is the weight of the ipRGCs, SS(λ) is the spectral sen-
sitivity curve of the S cones, and λ2 is the weight of the S-cones. Similar equations 
were used for the ipRGC/L+M cone and S-cone/L+M cone linear combinations.

For the 3-channel model, the contribution of ipRGCs, S-cones, and L+M cones 
was modeled by the following linear combination:

where SL, M(λ) is the spectral sensitivity curve of the L+M cones, and λ3 is the 
weight of the L+M-cones. The best fit of each linear combination to the relative 

quantum sensitivities for overall melatonin suppression, quarterly melatonin 
suppression, and overall phase resetting was determined using non-negative 
least squares (lsqnonneg function in MATLAB). The fitting procedure was carried 
out to minimize the error on a logarithmic scale, e.g.,

where γ is a normalization constant. The MAE and RMSE are reported to deter-
mine best-fit models, where smaller MAE and RMSE values indicate better fits.

Data, Materials, and Software Availability. De-identified individual data for 
all outcomes are provided in the Harvard Dataverse repository (10.7910/DVN/
J49FV3) (69).
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