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Abstract
Light-induced melatonin suppression data from 29 peer-reviewed publications 
was analysed by means of a machine-learning approach to establish which light 
exposure characteristics (ie photopic illuminance, five α-opic equivalent daylight 
illuminances [EDIs], duration and timing of the light exposure, and the dichoto-
mous variables pharmacological pupil dilation and narrowband light source) are 
the main determinants of melatonin suppression. Melatonin suppression in the 
data set was dominated by four light exposure characteristics: (1) melanopic EDI, 
(2) light exposure duration, (3) pupil dilation and (4) S-cone-opic EDI. A logistic 
model was used to evaluate the influence of each of these parameters on the me-
latonin suppression response. The final logistic model was only based on the first 
three parameters, since melanopic EDI was the best single (photoreceptor) pre-
dictor that was only outperformed by S-cone-opic EDI for (photopic) illuminances 
below 21 lux. This confirms and extends findings on the importance of the met-
ric melanopic EDI for predicting biological effects of light in integrative (human-
centric) lighting applications. The model provides initial and general guidance to 
lighting practitioners on how to combine spectrum, duration and amount of light 
exposure when controlling non-visual responses to light, especially melatonin 
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1   |   INTRODUCTION

The interest in lighting solutions that integrate both vi-
sual and non-visual responses is growing rapidly, and 
Human Centric Lighting1 and Integrative Lighting (CIE2) 
are commonly used terms to describe such lighting solu-
tions. Despite this common interest and relevance, the 
scientific knowledge on how to design and quantify light 
conditions for their ability to elicit non-image forming 
(NIF) responses is not complete yet. Some well-known 
NIF responses are modulations of pupil size,3,4 alertness,5 
temperature and heart rate,6,7 phase shifting the circa-
dian rhythm8 and the suppression of nocturnal melatonin 
secretion.7,9,10 NIF effects of light are strongly driven 
by a distinct class of photoreceptors: the melanopsin-
containing intrinsically photosensitive retinal ganglion 
cells (ipRGCs), which also receive inputs from rods and 
cones.11 Traditionally, light measurements concentrate on 
the human visual system and the spectral sensitivity of 
the classical photoreceptors (rods and cones). The spectral 
luminous efficiency function for human photopic vision, 
V(λ), can be used to spectrally weight and quantify a light 
condition in terms of luminance or illuminance (CIE 18.2 
in 1983 and CIE S 010/E:2004. Photometry—The CIE sys-
tem of Physical Photometry12). At low (il)luminance levels 
the V’(λ) function is used (see CIE S 010/E:200412) to de-
scribe human scotopic vision based on the spectral sensi-
tivity of the rods in the human eye. Instead of weighting a 
spectrum with the spectral luminous efficiency functions, 
the spectrum can also be weighted with the spectral sen-
sitivity functions of the five retinal photoreceptor classes 
that can contribute, via the ipRGCs, to the NIF effects of 
light mediated by photoreceptors in the human retina.11 
In December 2018, the international standard CIE S 
026:2018 ‘CIE System for Metrology of Optical Radiation 
for ipRGC-Influenced Responses to Light’13 was pub-
lished. This standard defines five spectral weighting func-
tions (eg action spectra), sα(λ), for the five (α-opic) retinal 
photoreceptor classes: S-cones, M-cones, L-cones, rods 
and melanopsin-based photoreception of ipRGCs. These 
five spectral sensitivity functions are used to define light 
quantities and metrics that are SI compliant and compat-
ible with earlier photometric standards. For each of the 

five (α-opic) photoreceptors an α-opic irradiance can be 
calculated by weighting the spectral irradiance of a given 
light source with an α-opic spectral sensitivity function.

The five α-opic irradiances are expressed in units on 
the energy scale (eg W/m2), the corresponding photo-
metric quantities are the five α-opic equivalent daylight 
illuminances (α-opic EDIs), which are expressed in lux.13 
Each α-opic EDI represents the (equivalent) illuminance 
of standard illuminant D6514 that yields the same α-opic 
irradiance as the test light.

The melanopic EDI (M) of a particular test light (con-
dition) divided by its photopic illuminance (P) provides an 
M/P ratio that in CIE S 026:2018 is denoted as the mela-
nopic daylight (D65) efficacy ratio (or melanopic DER).15 
This dimensionless ratio describes the melanopic efficacy 
of the test light, by definition it equals 1 when the spec-
trum of the test light conforms to D65.

Previous work has shown that the spectral sensitivity 
of the classical photoreceptors cannot accurately describe 
the overall light sensitivity of NIF responses.7,11,16,17,18

In the present analysis, we adopt a machine-learning 
algorithm to systematically analyse 29  studies on light-
induced melatonin suppression and explore which photo-
receptors and which light exposure characteristics are the 
main determinants of melatonin suppression. The light 
exposure characteristics that were evaluated are: (phot-
opic) illuminance, five α-opic EDIs, duration and timing 
of the light exposure, pharmacological pupil dilation (y/n) 
and the nature of the light source (ie narrowband y/n). 
After establishing which characteristics of light exposure 
were significant predictors of melatonin suppression, we 
subsequently investigated how each of these individual 
predictors affect the logistic dose-response relationship 
between the light stimulus and melatonin suppression.

2   |   METHODS

2.1  |  Studies selection

A literature search was executed to identify papers with 
data on the effect of light on human endogenous me-
latonin levels in saliva or blood (serum or plasma). The 

suppression. The model is a starting tool for developing hypotheses on photore-
ceptors’ contributions to light's non-visual responses and helps identifying areas 
where more data are needed, like on the S-cone contribution at low illuminances.

K E Y W O R D S

guidance to lighting practitioners, humans, light exposure duration, machine learning, 
melatonin suppression, α-opic EDI
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search used the electronic database PubMed with the fol-
lowing keywords: melatonin, light, circadian, human, ir-
radiance, illuminance and considered studies published 
before March 2019. We only included studies with healthy 
adult participants. Studies had to provide a detailed de-
scription of the light characteristics: (1) the illuminance 
or irradiance, (2) the type of light source (narrowband or 
non-narrowband), (3) for white light sources: (correlated) 
colour temperature (4) for narrowband light sources: 
spectral composition or spectral peak position and width 
of the peak, (5) the light exposure duration and (6) the 
start timing (external clock) of the light exposure. In ad-
dition, light exposure duration had to be at least 30 min 
and had to occur during the biological evening or night 
(ie the start of the light exposure had to be between 19:00 
and 02:30 h). During this time window melatonin secre-
tion usually starts in normally entrained people with no 
extreme chronotype under dim light (<8  lx) or no-light 
conditions. The analysis only included studies that had a 
dim light control condition. In total, 29 studies were in-
cluded. See Table 1.

2.2  |  Melatonin suppression calculations

The melatonin suppression data were analysed for six 
light exposure durations: 30, 60, 90, 120, 180 and 240 min 
and above. The following steps were followed to obtain 
percentage (%) of melatonin suppression for each of these 
time points (when sampled within a study) when mela-
tonin suppression was not reported. If data had to be ex-
tracted from plots the WebPlotDigitizer was used.

1.	 In studies where the start time of the light exposure 
(LE) occurred before the time point of the dim light 
melatonin onset (DLMO, defined as the first melatonin 
sampling timepoint at which the salivary melatonin 
concentration approached 4 pg/ml), the light exposure 
prior to the DLMO was neglected in our analysis 
(since prior to DLMO, melatonin suppression cannot 
be accurately determined with current melatonin as-
says). Instead of using the actual start time of the 
light exposure, we assumed that the light exposure 
had only started at the DLMO.

2.	 In publications reporting melatonin data as a function 
of time for both a dim light condition and the test light 
condition(s), light-induced melatonin suppression was 
calculated according to:

melatonin (tx): melatonin concentration at the sampling 
time point tx.

3.	 In studies that had a dim light condition in which 
melatonin levels were above 10  pg/ml at the start 
time of the light exposure, light-induced melatonin 
suppression of individuals was corrected for the % 
change in melatonin in the dim light condition dur-
ing the same time interval (control-adjusted change 
score as applied in refs 9,37). This means that first, 
for each light condition, the per cent melatonin change 
score was determined according to:

∆ melatonin: melatonin change score (%) for a light con-
dition at the sampling point tx; melatonin (t0): melatonin 
(baseline) concentration at the start of the light exposure 
t0; melatonin (tx): melatonin concentration at the sampling 
time point.

Next, the per cent control-adjusted change scores were 
obtained by subtracting ∆ melatonin for the control (no-
light) condition from ∆ melatonin for the light condition.

4.	 For publications8,22,36,39 where data on the area under 
the curve (ie the AUC from the start of the light ex-
posure t0, to the sampling time tx, for the melatonin 
concentration profile over time) was available and no 
data for steps 2–4 was available, light-induced melatonin 
suppression was calculated according to:

The data points obtained by this function were al-
located to the light exposure duration (∆t  exposure) that 
corresponds to the midpoint of the AUC interval (ie 
∆t exposure = 0.5 * (tx−t0)). 

5.	 In some publications,20,33 light-induced melatonin sup-
pression was calculated according to Equation (2) with 
both ‘melatonin in dim(tx)’ replaced by ‘melatonin in 
dim(t0)’ where t0 refers to the melatonin values just 
before lights on.

6.	 When studies reported a zero (α-opic equivalent day-
light) illuminance, the (α-opic equivalent daylight) illu-
minance was set to 10−6 lx for computational reasons.

(1)
melatonin in dim (tx) −melatonin in light (tx)

melatonin in dim (tx)
⋅ 100%

(2)Δmelatonin =
melatonint0 −melatonintx

melatonint0
⋅ 100%

(3)
(

1 −
AUC in light (t0 to tx)

AUC in dim (t0 to tx)

)

⋅ 100% .
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The method used for each individual study is indicated 
in Table 1.

2.2.1  |  Quantification of light using 
five different photoreceptor sensitivity-
weighted inputs

In this paper, light doses are reported in terms of six dif-
ferent illuminances: the (photopic) illuminance and the 
L-cone-opic, M-cone-opic, S-cone-opic, melanopic and 
rhodopic equivalent daylight illuminance (EDI), all ex-
pressed in lx, as defined in CIE S 026:2018. These quanti-
ties are used to establish dose-response relationships for 
light-induced melatonin suppression. Here we preferred 
α-opic EDIs over α-opic irradiances because light prac-
titioners typically use photometric units to specify their 
designs, installations and recommendations. To calculate 
the five α-opic EDIs, we used a macro-based Excel work-
sheet, called ‘Human Centric Lighting Toolkit’, which 
has been created by one of the co-authors (Dieter Lang). 
This toolkit is non-commercial and primarily intended 
to be used by scientists and lighting experts. It calculates 
melanopic and other α-opic quantities for different light 
sources and intensities. A description of the basic func-
tions of the melanopic toolkit used for the calculation scan 
be found in the Data S1.

The toolkit results are calculated based on the follow-
ing documents and standards:

•	 German standard DIN SPEC 5031–100:2015
•	 Peer reviewed scientific paper ‘Measuring Light in the 

Melanopsin Age’ by Lucas et al.11

•	 Revised version of the ‘Irradiance Toolbox’, by Lucas et 
al. (2014).

•	 The new SI-compliant CIE metrics based on CIE S 
026:2018 for user-defined spectra, the ‘Human Centric 
Lighting Toolkit’ and the ‘CIE S 026 α-opic Toolbox’ 
(available at: http://cie.co.at/news/launc​h-cie-s-026-
toolb​ox-and-user-guide) were cross-checked and yield 
identical results.

Depending on the available information about the light 
sources that volunteers were exposed to, we conducted 
different calculation processes (see Data S1) to obtain the 
five α-opic EDIs.

2.3  |  Dose-response curves

The melatonin suppression data from all selected studies 
was plotted against the photopic illuminance and against 
each of the five α-opic EDIs (see CIE13). Earlier research 

has demonstrated that a four-parameter logistic function 
as given in Equation (4) provides a good approximation of 
the sigmoidal dose-response relationship between illumi-
nance and melatonin suppression.22,42

In this logistic model, the parameter a represents the 
lowest and c the highest value for the melatonin suppres-
sion response y (in %) at a given illuminance x (in lx). 
These lowest and highest values of y are asymptotically 
approached at very low or very high values of x, respec-
tively. Parameter b represents the illuminance at which 
half of the full melatonin suppression response (ie ED50) 
occurs; d is the steepness of the curve at b. In our analy-
sis, we adopted Equation  (4) while constraining the pa-
rameters a and c to 0 (%) and 100 (%), respectively, that is, 
we assume that these values represent the minimum and 
maximum of the melatonin suppression response.

2.4  |  Data analysis

In order to identify the main predictors of the melatonin 
suppression response, the following independent variables 
were included in a random forest (RF) regression analysis: 
(1–5) the five α-opic EDIs, as well as modulating cofac-
tors like (6) light exposure start time, (7) exposure dura-
tion and (8) pharmacological pupil dilation (y/n). In the 
data set, pupil dilation (y/n) was heavily confounded with 
narrowband (y/n), rho = 0.83. To develop the RF model 
pupil dilation was used rather than narrowband, as pupil 
dilation was found to result in a slightly better fit quality 
as compared to narrowband in a pre-analysis direct com-
parison. Ex-post comparison of the optimal model with 
the one including narrowband instead of pupil dilation 
confirmed that decision.

Photopic illuminance was not included as a variable 
in the RF approach, since its V(λ) weighting is basically 
a linear combination of the spectral sensitivity functions 
of the M-cone and the L-cone. This means that in the RF 
approach the photopic illuminance does not add new 
information.

Random forest is a machine-learning approach to 
solve classification and regression problems. It is an en-
semble method based on large numbers (200+) of regres-
sion trees.43 RF theory and procedures are extensively 
described in textbooks, for example, Hastie et al.44 and 
various online resources. We employed the conditional 
RF algorithm by Strobl et al..45 The RF approach has no 
pre-requirements for the data distribution, and inherently 

(4)
y =

a − c

1 +
(

x

b

)d
+ c

http://cie.co.at/news/launch-cie-s-026-toolbox-and-user-guide
http://cie.co.at/news/launch-cie-s-026-toolbox-and-user-guide
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captures the non-linear relationships and higher order 
interactions within the data. Furthermore, RF models 
employ ‘bagging’ (repeated random subsampling) and 
ensemble averaging, the latter acting protectively against 
overfitting the data (model variance). The quality of an 
RF model is determined by its prediction performance, 
respectively, the prediction error, which can be quanti-
fied as root mean square of error (RMSE). The optimal RF 
model is the model with the lowest RMSE and the lowest 
number of predictors. We also assessed RF model fits by 
using R2 as a more traditional measure to select the best 
RF model (ie F-statistics of hierarchically nested models). 
Finally, the RF predictors were integrated into a logistic 
non-linear model to assess their impact on light-induced 
melatonin suppression in more detail.

The randomness, which is an essential part of the RF 
model building process, produces slightly different out-
comes for RMSA and R2 when a model is built multiple 
times with the same data set and the same predictors. In 
order to account for that variability, we employed a 10-fold 
cross validation (CV) process to attain an estimate of the 
prediction performance (as RMSE) for all 255 RF models, 
which resulted from fully crossing our set of eight predic-
tor variables (255 unique combinations, 28−1 = 255). CV 
was conducted 56 times for each model, providing a distri-
bution of RMSE for each model, which allowed an assess-
ment of distinctness of competing models, that is, models 
with very close mean RMSE.

Mean RMSE values were employed for the stepwise 
forward selection of additional predictors to build a valid 
sequence of hierarchically nested RF models. Starting 
from a model with the single best predictor (lowest mean 
RMSE), subsequent predictors were added stepwise based 
on the capacity of the additional predictor to (maximally) 
reduce the mean RMSE of the model. This procedure was 
repeated to a point where any additional predictor would 
actually result in an RMSE increase. This point defined the 
preliminarily optimal model with the lowest mean RMSE 
and the least number of predictors. In a second step, the 
distinctness of adjacent mean RMSE values within the se-
quence of hierarchically nested models was evaluated by 
Welch's two samples t-tests. If a model's mean RMSE was 
not significantly lower than the previous one, the chain 
of nested models would end with the previous model. To 
identify the model with the most substantial predictors, 
additionally mean R2 of each model was derived by aver-
aging 50 RF repetitions and compared between adjacent 
models in the nested chain by F-statistics.

Lastly, the best RF model predictors were assessed 
within a logistic model that uses a single illuminance-
related variable x (Equation 5) to describe the melatonin 
suppression dose-response relationship, that is, in this lo-
gistic model, x represents the best predictor out of the five 

illuminance-related variables that were assessed in this 
study (ie five α-opic EDIs). Hereto, additional predictors 
were sequentially introduced in Equation (4) as linear ef-
fects (Eb and Ed) that interact with parameter b (midpoint 
x-value of the function) and/or parameter d (slope in mid-
point x-value), see Equation (5).

For computational reasons the illuminances and α-
opic EDIs were multiplied by 106 (in order to move them 
out of the range between 0 and 1) before fitting the logistic 
dose-response on the log10-scale.

All calculations were performed with the R statistical 
computation environment v 4.0.3,46 using the package 
party47 for conditional (unbiased) random forest analysis 
and the basic R function nls for the non-linear fitting pro-
cedure (NLS).

3   |   RESULTS

In Figure  1 the dose-response curves for all five α-opic 
EDIs (expressed in lx of D65) and photopic illuminance 
(expressed in lx) are shown for the different exposure 
durations. The upper row displays the overall data set in 
which all light exposure durations are included. Here, the 
largest adjusted R2 values occurred when melatonin sup-
pression was plotted against melanopic or rhodopic EDI. 
Apart for the 180-min duration bin, all individual light 
exposure duration bins had the highest R2 values for mel-
anopic EDI. This might be due to the fact that for in the 
180-min exposure duration bin the melatonin suppression 
data set did not include any monochromatic light expo-
sure and covered a relatively small range of spectral com-
positions across the illuminances range. This is illustrated 
in Figure 2, which displays both the photopic illuminance 
range and the range in melanopic EDI/photopic illumi-
nance (ie the M/P ratio or melanopic DER) for each of the 
investigated exposure durations. Within the 30–120 min 
light duration bins, the gathered data covered a wide 
range of M/P ratios across the photopic illuminance.

Figure  3  shows the loess-smoothed R2  values for a 
single-predictor logistic dose-response model that is ei-
ther based on one of the five α-opic EDIs or the photopic 
illuminance while restricting the data analysis to various 
upper thresholds in (photopic) illuminance, where the x-
axis in Figure 3 represents the various upper threshold val-
ues. This allowed to asses the role of the different α-opic 
EDIs as a function of illuminance levels. At illuminances 
below 21 lx, S-cone-opic EDI was the best single predictor 

(5)Y =
0 − 100

1 +
(

x

b+Eb

)d+Ed
+ 100
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of the melatonin suppression response. For illuminances 
between 22 and 30 lx, melanopic EDI and S-cone-opic EDI 
were equally good predictors. For photopic illuminances 
above 30 lx, the melanopic EDI became a better predictor 
than any of the other α-opic EDIs. The same procedure 
was performed in order to asses the role of the different α-
opic EDIs as a function of light exposure duration. When 
tested for various upper thresholds in exposure duration 
melanopic EDI was confirmed to be the best single predic-
tor (see Figure S1).

In the RF analysis, melanopic EDI was the best single 
predictor for light-induced melatonin suppression, see 
Table  2, which corroborated our results as presented in 
Figures 1 and 3. The rows in Table 2 show the hierarchical 
sequence of RF models with 1 (top row) to 6 (bottom row) 
predictors. As indicated by lowest RMSE value of 15.19% 
the best RF model included 4 predictors. These were, in 
order of importance: melanopic EDI, light exposure dura-
tion, pupil dilation (y/n) and S-cone-opic EDI.

Although S-cone-opic EDI was identified by RF as 
valuable additional predictor resulting in a decrease of 
RMSE of 0.22% and a statistically significant rise of R2 of 

0.016, that incremental change appears to be very small 
and of debatable practical relevance. This result can be ex-
plained by the observed slightly better performance of S-
cone-opic EDI in the illuminance range below 21 photopic 
lux and is discussed further down. In view of the exiguity 
of the effect and the methodical difficulties arising from 
integrating more than one illuminance-related contribu-
tion into the logistic function model, the authors deemed 
it justifiable to drop S-cone-opic EDI from further consid-
eration in the translation of the RF model to the logistic 
function model, which was performed by applying an NLS 
fitting procedure.

Melatonin suppression is primarily regarded as a func-
tion of the one chosen α-opic predictor melanopic EDI, 
which is assigned to the place of x in Equation  (5). The 
influence of exposure duration and pupil dilation was fur-
ther evaluated in terms of a linear combination of their in-
dividual and combined effects Eb and Ed (on the midpoint 
b, and on the slope d, respectively, see Equation 5). All nine 
possible combinations of exposure duration and pupil di-
lation acting alone or together as Eb and/or Ed in the lo-
gistic model were realized and the model with exposure 

F I G U R E  1   Dose-response relationship for % melatonin suppression as a function of both photopic illuminance and each of the five 
α-opic EDIs for all light exposure durations (top row, N = 326 data points). In the lower rows, the data are split up in bins with different 
light exposure durations, thus representing % melatonin suppression as determined after 30, 60, 90, 120, 180 and ≥240 min of light exposure. 
Data points located between the designated bin limits were assigned to the closest bin, as well as all points beyond 240 min were assigned to 
that bin. The coloured symbols indicate whether the light is narrowband (light blue triangles) or not (red circles). The 95% confidence bands 
(grey areas) for the logistic fits (blue) were derived using a higher order Taylor expansion and Monte Carlo simulation method, which is only 
applicable (and shown) for the range of actual data points. Adjusted R2 values for the logistic fits are provided for each panel. If a linear fit 
had the same or higher adj. R2, it is indicated in brackets and the linear fit line is drawn (dark grey)
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duration and pupil dilation (y/n) acting together as Ed, 
see Equation  (6), provided the best fit while comprising 
only significant coefficients, see Table 3 and Equation (7). 
RMSE of that model was 15.56% and adjusted R2 was 0.63, 
which signified an improvement over the model with 
melanopic EDI as single predictor (RMSE = 17.90%; adj. 
R2 = 0.51 vs. 0.63: F(1,323) = 52.15, p < .0001).

where: suppressionmelatonin  =  melatonin suppression (%); 
EDImelanopic = melanopic EDI (lx); b = illuminance at which 
half of the full melatonin suppression response (ie ED50) 
occurs under the hypothetical condition that exposure dura-
tion were 0 and pupils were undilated; ∆t exposure = exposure 
duration (min); βe = regression weight of exposure duration; 
dilpupil = pupil dilation applied: 0 = no, 1 = yes; βp = regres-
sion weight of pupil dilation; d = steepness of the curve at b

Figure  4A,B show melatonin suppression for cases 
without pharmacological pupil dilation as predicted by 
the RF model and the final logistic model (Equation  7 
with parameter values as given in Table 3, which are based 
on the assumption of 100% melatonin suppression at in-
finite illuminance, as opposed to scaling melatonin sup-
pression as a % of the maximum measured response, see 
discussion section), respectively, for cases without phar-
macological pupil dilation. While the RF model yielded a 
close representation of the data, it makes no valid assump-
tions regarding the physiological processes underlying the 
dose-response relationship. On the other hand, the logistic 
model of Equation (4) has been shown to accurately de-
scribe many physiological dose-response relationships.22,42 
As such, the logistic model of Equation  (7) was further 
applied to predict the % melatonin suppression as a func-
tion of the melanopic EDI and the light exposure duration 
(without pharmacological pupil dilation). The result is 
shown in Figure 5. Different melatonin suppression levels 
(coloured lines) are depicted as a function of melanopic 

(6)
suppressionmelatonin =

0 − 100

1 +

(

log10(EDImelanopic⋅10
6)

b+�e⋅Δt exposure+�p⋅dilpupil

)d
+ 100

(7)
suppressionmelatonin =

0 − 100

1 +

(

log10(EDImelanopic⋅10
6)

9.002−0.008⋅Δt exposure−0.462⋅dilpupil

)7.496
+ 100.

F I G U R E  2   Distribution of photopic illuminance and M/P ratio (ie melanopic DER) for each of the 7 light exposure duration bins. 
Data points located between the designated bin limits were assigned to the closest bin, as well as all points beyond 240 min were assigned 
to that bin. Triangles denote narrowband and circles non-narrowband light conditions. One data point is not displayed due to its 
position far outside the figure range. It belongs to a narrow band light source in the 90 min bin from the Hanifin et al.29 study: photopic 
illuminance = 100.49 and M/P = 10−6.45
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EDI and light exposure duration. The figure adopts a 
shading to indicate the light thresholds as proposed in a 
recent preprint with recommendations for healthy day-
time (>250 lx melanopic EDI), evening (<10 lx melanopic 
EDI) and night time (<1 lx melanopic EDI) indoor light 
exposures48 as reference for typical lighting scenarios. 

Figure 5 also shows that 50% melatonin suppression can 
be achieved with illuminances as low as 10 lx melanopic 
EDI provided that exposure is of sufficient duration.

The effect of pharmacological pupil dilation on the 
effective dose for 50% melatonin suppression (ED50) 
is shown by the dotted line, which is shifted to lower 

F I G U R E  3   Smoothed R2 value 
sequence for single-predictor logistic 
dose-response models (Equation 5) for 
each α-opic illuminance. The sequence 
starts with a data set for which the 
maximum photopic illuminance is 
10 lx (N = 79) and continues including 
successively more data points with a 
maximum photopic illuminance that is 
denoted as cut-off on the x-axis, until 
the whole data set (N = 326, photopic 
illuminance = 10 000 lx) is included in 
the model. The lines represent a loess-
fit of the actually calculated values. The 
S-cone EDI outperforms melanopic EDI 
only at photopic illuminances below 
approximately 21 lux

T A B L E  2   Statistics for distinctness within the hierarchical sequence of nested random forest regression models as evaluated by decrease 
of RMSE and increase of R2

Model

RMSE statisticsa R2 statisticsb

RMSE % 
(SD) t df p R2 adj. R2 F p

Melanopic 18.03 
(0.16)

0.63 0.63

Melanopic + Duration 16.09 
(0.12)

65.94 73.28 <.0001 0.70 0.70 75.35 <.0001

Melanopic + Duration + Pupil Dilation 15.41 
(0.15)

23.66 76.89 <.0001 0.728 0.725 34.54 <.0001

Melanopic + Duration + Pupil Dilation 
+ S-cone

15.19 
(0.19)

6.91 78.92 <.0001 0.744 0.741 20.25 <.0001

Melanopic + Duration + Pupil Dilation 
+ S-cone + L-cone

15.21 
(0.16)

−1.07 82.00 .29 0.747 0.743 3.84 .10

Melanopic + Duration + Pupil Dilation 
+ S-cone + L-cone + M-cone

15.27 
(0.15)

−1.55 80.90 .13 0.751 0.746 5.20 .05

a56 repetitions of 10-fold CV, Welch Two Sample t-test.
bMean R2 of 50 RF repetitions, F-test df = (1324).
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melanopic EDIs as compared to the ED50 for undilated 
pupils (ie without pharmacological pupil dilation). Our 
model predicts that pharmacological pupil dilation re-
duces the various ED thresholds (ED10, ED50 and ED75, 
all expressed in lx melanopic EDI) to 34.5% of the ED 
threshold without pharmacological pupil dilation. In the 
Data S2, a tool is provided to predict % melatonin suppres-
sion from melanopic EDI, pupil dilation y/n and exposure 
duration (or vice versa, except for pupil dilation y/n).

For a 90-min exposure duration our model predicts 
ED50  values of about 208  lx melanopic EDI and 72  lx 
melanopic EDI for undilated and dilated pupils, respec-
tively. Phillips et al.,49 report, under undilated pupils 
conditions, an overall ED50 of 12.7 lx melanopic EDI50, 
this value is based on the AUC interval from baseline 
DLMO, about 2 h before habitual bedtime, to the final 
melatonin assay 1 h post-habitual bedtime. This implies 
a total exposure duration of 3 h, which we allocate to an 
exposure duration at its midpoint: 90 min (see also point 
4 in the sub-section Section 2.2). For the same 90-min 
exposure duration Prayag et al.,7 under dilated pupil 
conditions, reported an EC70  value of ~60 ‘melanopic 
lx’, which corresponds to a melanopic EDI of ~54  lx.15 

This EC70  value gives the light dose at which 70% of 
the maximum response occurs. Since the maximum re-
sponse in Prayag et al. was about 70% (control-adjusted) 
melatonin suppression, their EC70 corresponds to 
70 * 70 = 49% melatonin suppression. Therefore, their 
EC70  value can be compared to our ED50  values and 
those of Phillips et al.49 (ie the latter two ED50 values 
are assuming that 100% suppression at infinite illumi-
nance is achievable).

4   |   DISCUSSION

The melatonin suppression response depends on the 
level of light exposure and this dose-response relation-
ship can be accurately described by means of a four-
parameter logistic model.22,42 Recent analyses indicate 
that melanopsin weighted quantities such as the mel-
anopic EDI can be used to describe the overall light 
sensitivity of melatonin suppression across a range of 
studies.16,50 Although some first evaluations on the in-
fluence of pupil dilation and light exposure duration 
on melatonin suppression are becoming available,16 the 

Parameter Estimate SE t pa CI95%

b 9.002 0.121 74.415 <.0001 8.7654 to 9.2396

d 7.496 0.505 14.858 <.0001 6.5075 to 8.4853

βe −0.008 0.001 −8.710 <.0001 −0.0093 to 
−0.0059

βp −0.462 0.095 −4.848 <.0001 −0.649 to −0.2753
adf = 322.

T A B L E  3   Final logistic model 
(Equation 7) parameter estimates and 
statistics

F I G U R E  4   Surface plots of model predictions for melatonin suppression by melanopic EDI (10−6 lx – 104 lx), exposure duration (30–
240 min) and pupil dilation constrained to ‘undilated’. (A) Random forest model: RMSE = 15.41%, adj. R2 = 0.73. (B) Logistic dose-response 
model (Equation 7): RMSE = 13.30%, adj. R2 = 0.63

(A) (B)
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impact of different factors such as the timing and dura-
tion of light exposure along with pupil dilation has not 
yet been investigated systematically. In the present anal-
ysis, we thoroughly explored to what extent melatonin 
suppression can be predicted based on the following 
light exposure characteristics: (photopic) illuminance, 
α-opic EDIs (quantifying the activation of each of the 
five α-opic photoreceptors), exposure duration, pharma-
cological pupil dilation (y/n), exposure timing.

Our analysis followed a three-step approach. Firstly, we 
adopted an approach where a single, illuminance-based 
parameter was used to describe light dose within a regular 
logistic model that has been reported to accurately describe 
many physiological dose-response relationships. Secondly, 
we adopted a machine-learning approach that is indepen-
dent of data structure (ie a RF) and allows to identify which 
light exposure characteristics are the main predictors of 
the melatonin suppression response. Lastly, we adopted 
a smoother approach in which the significant predictors 
from the RF approach were further assessed and integrated 
in a final model that is based on a modified version of the 
most successful logistic model from the first step.22,42

4.1  |  Model outputs: α-opic 
photoreceptors

The results from the regular logistic model approach as 
displayed in Figures 1 and 3 showed that melatonin sup-
pression in general does not exhibit a clear sigmoidal 
dose-response relationship with photopic illuminance 
apart from the 180 min bin, that did not contain any nar-
rowband light condition and had a spectral variation (as 
judged from the melanopic EDI/illuminance ratio) that 
was quite limited as compared to the other bins. As such 
this bin is more easily dominated by photopic illuminance 
as compared to the other light exposure duration bins. 
The clearest sigmoidal dose-response relationship occurs 
when light dose was quantified in terms of melanopic 
EDI. The RF approach confirmed that melanopic EDI is 
the most important predictor to describe melatonin sup-
pression. In view of the key role that melanopsin plays 
in non-image forming responses,4,16,17 and in particular, 
the melatonin suppression response,7,9,10 its predictive 
value comes as no surprise. The best fitting RF model de-
scribed melatonin suppression by means of four signifi-
cant predictors: melanopic EDI, light exposure duration, 
pupil dilation (y/n) and S-cone-opic EDI. Earlier work al-
ready discussed and explored that a potential interaction 
between melanopsin-  and S-cone-photoreception could 
influence melatonin suppression under certain condi-
tions.7,16,51 Spitschan et al.,52  showed that at illuminances 
around 170  lx, a change in S-cone activation of about 2 
orders of magnitude has no effects on the melatonin con-
centrations across a 2 h light exposure duration. Although 
a potential role of saturation effects cannot be fully ex-
cluded at illuminances of 170 lux,49 this result might also 
be interpreted as support for the idea that the S-cone role 
in melatonin suppression might be illuminance depend-
ent. Moreover, our analysis suggests that the S-cone con-
tribution to melatonin suppression might depend on light 
intensity but not so much on light exposure duration. 
Only for (photopic) illuminances below 21 lux the logis-
tic fit based on S-cone EDI outperformed the melanopic 
EDI-based logistic model (see Figure 3). When exploring 
light exposure duration, the melanopic EDI-based logistic 
model was the best logistic model across all light exposure 
durations (see Figure S1). Further research is warranted 
to evaluate the S-cone-opic and melanopic influence on 
melatonin suppression for different light intensities, espe-
cially for low (photopic) illuminances as well as for light 
exposure durations below 30 min (ie including flashes and 
intermittent light exposures). Melanopsin-based photore-
ception is implicated in retinal adaptation of the human 
primary cone visual pathway,53 and this might account 
for an S-cone role that is illuminance and time-of-day de-
pendent. Suggesting a substantial contribution from the 

F I G U R E  5   Melatonin suppression for different combinations 
of exposure duration and melanopic EDI as predicted by the 
logistic dose-response model (Equation 7) for an undilated 
pupils scenario. The coloured lines represent the profiles of three 
levels of melatonin suppression. The coloured areas indicate 
ranges of melanopic EDI that are recommended for practicular 
application contexts: ideal sleep environment (grey area), sleep 
supportive evening setting at home (cyan area) and daytime 
indoor environment (yellow area). The dashed grey line indicates 
the profile of 50% melatonin suppression under a dilated pupils 
condition, it is shifted to the left as compared to the undilated 
pupils scenario, which signifies a higher sensitivity.
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photopic visual system in mesopic illuminance conditions 
(0.05–50 lux), which are prevalent in night-time outdoor 
and street lighting scenarios.

4.2  |  Model outputs: exposure 
duration and pupil dilation

The final logistic model was based on the most success-
ful single-predictor logistic model (Equation  5, with 
x  =  melanopic EDI) and described melatonin suppres-
sion across the full data set in terms of three predictors; 
melanopic EDI, exposure duration and pupil dilation, see 
Equation (7). Because of the significance of light exposure 
duration as predictor for melatonin suppression, we also 
explored the combined effect of the different α-opic EDIs 
and light exposure duration (ie using α-opic EDI * light 
exposure duration as an additional predictor) within a 
separate RF analysis. However, such combined variables 
did not outperform the single variables as predictors, and 
therefore, such combinations were not further considered.

Our predictions (Figure 5) differed from those reported 
by Phillips et al.49 but are in agreement with the results 
of Prayag et al.7 The RF model yields a generalized pre-
diction that is based on many studies with different ex-
perimental contexts and not necessarily provides a good 
description of every individual experimental context. We 
find an about 10-fold difference in ED50  value for mel-
atonin suppression between the shortest and longest 
light exposure duration, which is in good agreement with 
Brown.16 In our analysis, we pooled existing published 
data and created a single response curve from it. This 
neglects the variability between different experimental 
contexts and designs. The earlier studies have explored in-
dividual dose-response curves for very similar or identical 
experimental designs. However, the differences between 
the current and earlier findings are well within the range 
of inter-individual differences in light sensitivity of mel-
atonin suppression between the most sensitive and least 
sensitive individuals ED50 is reported to vary from about 
350 to 6 lux (ie from about 181 to 3.1 lx melanopic EDI), 
respectively.49,50

It is worth noticing the complexity involved when com-
paring % melatonin suppression data between studies, as 
% suppression very likely not only depends on the light 
exposure, but also on the method used to assess melatonin 
suppression, for example, plasma versus saliva assess-
ments54,55 and when the % suppression is based on when 
using AUC: which light exposure duration is assumed to 
apply for the AUC interval.

While pupil dilation was shown to be a significant 
determinant of melatonin suppression, pharmacologi-
cally dilated pupils are not a natural condition. Pupils 

will change and adapt to the environmental light levels. 
Nonetheless, a relevant observation was that the midpoint 
(ie ED50) of the melatonin suppression dose-response re-
lationship as predicted by the logistic model was affected 
by both pharmacological pupil dilation and the light ex-
posure duration while the slope was not significantly af-
fected by these two variables.

4.3  |  Limitations

To our knowledge, this is the first time that a machine-
learning approach has been used to evaluate which light 
exposure characteristics are the most important determi-
nants of melatonin suppression. Within the data range 
used to build the model, the RF model predictions are 
expected to be more reliable as compared to the logis-
tic model predictions. However, an RF model lacks any 
layer of abstraction for predictions outside its original 
data range. In order to assess the biological effects of the 
predictors across a wider data range, a logistic model was 
built based on the most important predictors of the RF 
model. The main difference between both models can 
be observed in Figure  4A,B (constrained to ‘undilated’ 
pupils, for comparison to ‘dilated’ pupils see Figure S2). 
As compared to the logistic model, the RF model gives a 
more accurate description of data within the data range 
that the model is based on. However, the RF model shows 
a large variability, which is most likely due to the differ-
ent experimental contexts that were combined within the 
present analysis. It merits to be noted that the RF model 
does not take into consideration the dependency of the 
data points that are derived from the same study. The 
discrete jumps between the different light exposure dura-
tions in Figure 4A are artefacts of the RF analysis due to 
the discrete steps in exposure duration within the data set. 
On the other hand, the logistic model makes assumptions 
about some properties of the underlying physiology of the 
melatonin suppression response, predicting more gradual 
changes in melatonin suppression when changing expo-
sure duration or melanopic EDI. For some of the light ex-
posure durations, data availability was quite limited, and 
more research is needed to further improve the logistic 
model and its reliability.

Finally, we note that most melatonin suppression 
studies have used constant light exposures, while recent 
evidence suggests that temporal variations in illuminance 
(such as the 10 min breaks with bright or dim light during 
medium intensity nocturnal light exposure as described 
by Lee et al.56) can also influence melatonin suppres-
sion. Also, certain dynamics have not been considered 
when pooling all data together. For instance, it is known 
that prior light history plays a role; the sensitivity of the 
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circadian system to evening light is reported to be lower 
when the preceding light exposure is increased.57-60 For 
short light exposure durations the differences between 
saliva and plasma derived % melatonin suppression 
(which we ignored in the present analysis) are expected 
to become more important and pronounced.54,55,61 For 
long light exposure durations, the melatonin suppression 
and phase shifting effects of light can occur intertwined. 
Moreover, an assessment of melatonin suppression be-
yond the Syn-off point62  might no longer be useful or 
meaningful. And lastly, it is important to note that the 
present model allows for a 100% melatonin suppression 
(at infinite illuminance), independently of light exposure 
duration and light source. There is some indication for 
substantial melatonin suppression at short light expo-
sure durations of ~20 min.63-65 However, achieving 100% 
melatonin suppression might require a light condition 
that is extremely bright, and potentially unpleasant or 
even harmful to the eyes. For these reasons such ex-
treme brightness may not be accessible experimentally. 
When comparing melatonin suppression data across 
studies it is important to keep this assumption (ie 100% 
melatonin suppression at infinite illuminance) in mind. 
Some studies report percentage suppression relative to 
the maximum suppression response observed within the 
experimental data set and not relative to the maximum 
suppression possible (see also our earlier comparison of 
our ED50  model predictions with the EC70 data from 
Prayag et al.7 at the end of the Section 3.

4.4  |  Outlook and further research

In this paper, we present a simple mathematical model 
that can be used to assess the biological functionality of 
different light sources based on melatonin suppression 
data collected before March 2019. The predictions of this 
model should be tested against independent data sets as 
soon as these become available. However, the current 
model is a tool and useful starting point for the devel-
opment of new hypotheses and to identify gaps in data 
availability. For instance, there is limited data available 
for longer light exposure durations (above 180  min), 
especially to assess the influence of spectral composi-
tion for these durations. Although the discovery of the 
ipRGCs has resulted in a large number of studies that 
explored different spectral compositions of light, the 
currently available data has a bias towards lower illu-
minances for narrowband sources, and to higher illumi-
nances for non-narrowband sources. Expansion of the 
available data range will enable for a better understand-
ing of the influence of an individual photoreceptor on a 
particular NIF response. The strength and limitation of 

the current model with respect to its ability to describe 
the current melatonin suppression data set is shown in 
the supplementary data as a 3D plot (see supplementary 
data VideoS1). Despite the clear limitations, the model 
provides lighting practitioners with some initial and gen-
eral guidance on what light levels, spectral compositions 
and durations to choose when attempting to control me-
latonin suppression and related non-visual responses to 
light within integrative lighting solutions.
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