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Abstract — Research indicates that intrinsically photosensitive retinal Ganglion Cells are not evenly distributed or evenly
sensitive throughout the retina. Still, most research looking into non-image forming (NIF) effects uses an integral measured
quantity, illuminance or melanopic weighted irradiance, to represent the amount of light at the participants’ eye level. This
paper describes a theoretical approach to define the effective radiant flux for stimulating the ipRGCs, taking into account
a spatially resolved sensitivity. Research on retinal sensitivity is scares and not yet substantial, but the methodology can
easily be adopted when areas of specific sensitivity are set. Preliminary results indicate that, with similar vertical
illuminances and spectral power distribution, typical office lighting solutions might have a lower NIF effectiveness than
settings with higher luminances in the central part of the field of view. This could explain why research on NIF effects is
inconclusive, even though reported lighting conditions are similar.

Index Terms — inferior light exposure, nasal light exposure, NIF effects, office lighting, retinal sensitivity

INTRODUCTION

Since the discovery of the intrinsically photosensitive Retinal Ganglion Cells (ipRGCs) in 2002, non-visual effects
or non-image forming (NIF) effects of light have become increasingly important in lighting research, development and
design of lighting solutions. In this, lighting is, for example, used to increase alertness or sleep quality, to reduce
desynchronization of the circadian rhythm or to treat seasonal affective disorders. The majority of the research looks
into dependencies of amount, spectral power distribution, length and temporal distribution of light stimuli. Not in focus
but also of interest seems to be the dependency on directionality and position of the light source, as only a small number
(less than 1%) of the retinal Ganglion Cells are photosensitive [1], and they are not evenly distributed throughout the
retina (review in [2]).

Only a few publications on the impact of spatial light distribution include the description of lighting conditions in
the experimental set-up. The majority of these studies were conducted between 1992 and 2005 (review in [3]). The
offered lighting conditions differed greatly from one study to another. They ranged from 5 to 1000 lux, vertical
illuminance at eye level, with varying colour temperature from warm white to cool white, realized by polychromatic
light sources; fluorescent lamps, halogen lamps or LEDs. Partial retinal exposure was realised by using light boxes at
defined positions in the field of view, or applying modified eye shields on subjects looking into a uniformly lit half
dome. All studies took place at night time, sometime between 22:00 and 3:30. The lighting conditions were offered for
60 - 240 minutes and melatonin suppression was used to study the impact of light source size and / or position. The
number of participants per study ranged from six to 32, with varying age.

The studies suggest that large sources are more effective than small sources [4]. Binocular light exposure realises a
higher melatonin suppression than monocular light exposure (spatial summation in [5]-[6]). Additionally to that, the
studies indicate that, in human beings, nasal exposure is more effective than temporal exposure [7]-[8]. Inferior retinal
light exposure seems to induce a greater response than superior exposure [9]-[11]. Piazena et al. partly confirmed these
findings [12]. Superior warm white light exposure (800 1x, 2666 K) resulted in a reduced and delayed melatonin
suppression in comparison to inferior exposure realising the same lighting level at the eye. However, similar cool white
light levels (6060 K) caused comparable NIF responses for both inferior and superior light exposure.

Considering the above mentioned, it is questionable if illuminance levels or melanopic irradiance levels, currently
referred to in studies with respect to NIF effects of light, are adequate parameters in terms of comparability, being
integrally measured values of the full visual field. Retinal illuminance would respect human anatomic restrictions [13],
and can be measured with adjusted illuminance sensors (e.g. [14], [15]). Nonetheless, a more distinct subdivision within
the human field of view might be required. Whereas the number of studies is too small to define areas with different

Lux Europa 2017, Ljubljana, September 18-20, 2017 Page 31



Kai Broszio et al. - Effective radiant flux for non-image forming effects — is the illuminance and the
melanopic irradiance at the eye really the right measure? (OMO03)

ipRGC sensitivities, a suggestion for approximate areas of “no”, “little” and “good” effectiveness is given by FGL
(Fordergemeinschaft Gutes Licht) (2014) (Fig. 1) [16].

Figure 1. Approximation of spatial sensitivity due to ipRGC density or sensitivity as found in a small number of studies (based on [16] with areas
of “little” (yellow) and “good” (green) response to induce NIF effects.

The aim of the presented study is to look into the range of the, spatially resolved, effective radiant flux stimulating
the ipRGCs for different distribution of the incident light under a constant (full visual field) illuminance level at the eye.

METHODOLOGY

The study described in this paper uses a theoretical approach to evaluate the impact of higher sensitivity for nasal
and inferior light exposure. For this, a methodology to evaluate the spatially resolved illuminance contribution of defined
areas in the field of view to the overall vertical illuminance at the eye was defined. Luminance images are converted
into matrices containing luminance values for each pixel. Using another matrix that holds the opening angle ®s and an
additional matrix with the tilt angle 3 of each pixel, it is possible to calculate the illuminance contributions. Generally,
the following equation applies:

E, =] L(6,9)cos(d) dw; (1)
Ey illuminance
L luminance of each pixel, which position is determined by 6, 1)
Wg solid angle
9 tilt angle

The resulting matrix comprises the illuminance contribution of each pixel to the integral vertical illuminance. Hence
it is possible to define regions of interest in the field of view and to calculate the illuminance at eye-level caused by
each region.

A. Test room

A complete LED backlit test room with typical cell-office dimensions (5 m width, 4 m length and 2.8 m height) at
the Chair of Lighting Technology of TU Berlin was used for this study. This test room is equipped with 1470 individually
addressable LED panels with a size of 18 cm x 18 cm, covered by a diffusing material. Each panel holds 36 mid-power,
cool white or warm white, LEDs. The correlated colour temperature (CCT) of the LED panels behind the diffusing
material was measured with a ‘specbos 1201’ spectrometer by Jeti Technical Instruments. The cool white setting has
approximately 5900 K, the warm white setting 2800 K. Mixed settings have 4400 to 4500 K, depending on the used
lighting scenes. The cool and warm white LED panels are arranged in a checkerboard pattern to ensure good uniformity
and mixing characteristics if used together as well as separately. With this installation, it is possible to set specific
luminance distributions for separate fields of the walls and ceiling with different CCTs. Twelve luminaires in the middle
part of the ceiling are designed to optimise NIF effects; offering a range between 2000 — 20 000 K.

B.  Settings

Within this study, eight different luminance distributions, some very similar to typical electric lighting solutions for
offices, some very different, were set to realize a constant vertical illuminance of 500 Ix (+/- 2.5 %) at eye level. This
was measured at 1.20 m above floor level by a luxmeter MX-ELEKTRONIK Mini-Lux with a V(L)- and cosine-
corrected Si-photometer head. Additionally the horizontal illumination at 0.85 m, at a fixed position on the desk was
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measured with a cosine-corrected luxmeter LMT Pocket-Lux 2. CCT of the lighting scenes ranged from 3900 K to 4900

Figure 2. Lighting scenes (a — d typical office like; e — f non-typical like)

a. Measurement and processing

The variable in this study, the luminance distribution of the eight chosen scenes, was measured by a luminance
camera ‘LMK mobile advanced’ based on a CANON EOS 550D by TechnoTeam GmbH equipped with a 4.5 mm object
lens (circular fisheye lens) with an angle of coverage of 140°. For each setting HDR luminance images were taken.

Based on the approximation of spatial sensitivity by FGL (Fordergemeinschaft Gutes Licht) (Fig. 1), and the
anatomic restrictions (e.g. light shielded by the nose), following areas of interest were chosen to demonstrate the
potential and the consequences of a spatial differentiation (Fig. 3 and Fig. 4):

e [ =0°to45°and 45° to 60°

e (@ =0°to55°and 0° to —55° (to both sides of the direction of gaze)

Light coming from region 1 (Fig. 4) illuminates only the nasal part of the right eye’s retina. Light in region 2 causes
illumination of the lower part of both retinas. Light from region 3 illuminates the nasal part of the left eye. These angles
are believed to have a good impact on NIF effects, while angles between § = 45° to 60° are supposed to have only
weak effect and higher angles have no effect [16]. Moreover, region 2 is of special interest since the illumination of

both retinas is found to cause a higher melatonin suppression [5]-[6].
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Figure 3. Schematic of the angles in the visual field (based on [13] and [16])

direction of gaze z

4

y X
viewing/direction

Figure 4. Overview of the region in the field of view

RESULTS

The methodology was applied to the eight lighting scenes shown in Fig. 2. For each region, the illuminance
contribution was calculated. Table 1 holds this value represented as percentage of the measured vertical illuminance for
better comparability. The lighting scenes a — d with light mostly coming from the ceiling show in general low values.
The 3=0° to 45° region contributes only with 10 to 26 % to the integral illuminance. If extended to 3=0° to 60° this
increases up to 44 %. On the other hand, lighting scenes e — h, with light mostly coming from the opposite wall, have
relatively high values. The $ =0° to 45° region contributes with 35 — 51 %, in the extended 3 =0° to 60° region up to
58 %. In case region 2 gets a higher weighting, taking the findings of Wang [5] and Brainard [6] into account, the
differences between lighting scenes a — d and e — h become even larger.

TABLE III. ILLUMINANCE VALUES

Lighting scenes
regions
E, [1x] 506 511 504 500 497 500 507 496
Illuminance
Ep [1x] 2 657 694 619 640 263 276 329 338
E, [%]® 2.8 3.2 2.0 2.8 9.5 10.6 7.5 8.5
E, [%] Y 15.1 19.2 5.6 17.3 243 29.2 28.6 19.1
E, [%] ® 2.8 3.1 1.9 2.6 9.9 11.1 7.7 7.3
\ E, [%] ® 20.7 25.5 9.5 22.6 43.7 50.8 43.8 34.9
| N
E, [%] ® 1.5 1.7 1.0 1.3 1.2 1.3 1.5 2.1
E, [%] 14.0 11.0 18.6 18.4 42 42 9.0 10.5
E, [%] ® 1.5 1.7 0.8 1.2 1.6 1.6 1.8 5.4
& | Ew® 377 39.9 300 43.6 50.7 58.0 56.1 52.9
B a. horizontal Illuminance at 0.85 m
b. vertical Illuminance in percent of the luxmeter-measured value

CONCLUSSION AND DISCUSSION

A luminance camera based evaluation method to determine the spatially resolved partial illuminance values was
developed. Here regions were chosen to fit illumination of the lower left and right eye’s nasal part of the retina and the
illumination of the lower halves of both retinas simultaneously. Typical and non-typical office lighting scenes were
investigated. Data showed that the more standard-like office lighting scenes cause only weak illumination of the
defined regions. Logically, lighting of the opposite wall leads to much higher contributions from these regions. With
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comparable spectral power distribution and vertical illuminances, typical, electric, lighting solutions for offices will
result in a lower efficiency to induce NIF effects than settings with higher vertical luminances in the central part of the
field of view, such as daylit rooms or lighting solutions with wall washers.

It needs to be pointed out, that there are only few studies indicating differences in melatonin suppression if superior
or inferior halves of the retina are illuminated and even fewer showing differences in nasal and temporal parts of the
retina. For now, an exact determination of regions and their respective sensitivity weighting cannot be made.
Furthermore, these studies were executed at night time looking into the resulting suppression of melatonin levels.
Riiger et al. already showed that suppression of melatonin does not per se lead to reduced sleepiness when only parts
of the retina are illuminated [17]. Additionally to that, these results are not directly applicable for daytime responses.
During daytime, the mode of action for NIF effects is still not well enough understood. Cones, with their incidents
mostly in the centre of the visual field, are considered to influence NIF effects as well [18]. Resulting, it could be that,
at least under daytime conditions, the distribution and spectral sensitivity of more than one receptor has to be taken
into account.

In this respect, this method is a theoretical approach. Nonetheless, it is an aspect of interest, as it could explain why
some studies do find NIF effects, and others do not, even though vertical illuminances and spectral power distribution
of the light sources applied are similar. In order to compare these studies and to allow future adjustments to areas of
interests and their specific sensitivities, it is proposed to look into the representation that accounts for the origin of light
(e.g. by means of light incidence according to [19]-[20]).

Spectral power distribution was not considered in this study. Future research will look into spatially and spectrally
resolved measurements, using a luminance camera that includes colorimetric filters and a melanopic filter, to evaluate
the consequences of spatial sensitivity on NIF effects of typical lighting conditions with varying spectral power
distributions in laboratory studies as well as field studies.
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