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The International Space Station (ISS) uses General Luminaire Assemblies (GLAs) that house

fluorescent lamps for illuminating the astronauts’ working and living environments. Solid-

state light emitting diodes (LEDs) are attractive candidates for replacing the GLAs on the ISS.

The advantages of LEDs over conventional fluorescent light sources include lower up-mass,

power consumption and heat generation, as well as fewer toxic materials, greater resistance

to damage and long lamp life. A prototype Solid-State Lighting Assembly (SSLA) was

developed and successfully installed on the ISS. The broad aim of the ongoing work is to test

light emitted by prototype SSLAs for supporting astronaut vision and assessing neuroendo-

crine, circadian, neurobehavioral and sleep effects. Three completed ground-based studies

are presented here including experiments on visual performance, color discrimination, and

acute plasma melatonin suppression in cohorts of healthy, human subjects under different

SSLA light exposure conditions within a high-fidelity replica of the ISS Crew Quarters (CQ).

All visual tests were done under indirect daylight at 201 lx, fluorescent room light at 531 lx

and 4870 K SSLA light in the CQ at 1266 lx. Visual performance was assessed with

numerical verification tests (NVT). NVT data show that there are no significant differences

in score (F¼0.73, p¼0.48) or time (F¼0.14, p¼0.87) for subjects performing five contrast

tests (10%–100%). Color discrimination was assessed with Farnsworth-Munsell 100 Hue

tests (FM-100). The FM-100 data showed no significant differences (F¼0.01, p¼0.99) in

color discrimination for indirect daylight, fluorescent room light and 4870 K SSLA light in

the CQ. Plasma melatonin suppression data show that there are significant differences

(F¼29.61, po0.0001) across the percent change scores of plasma melatonin for five corneal

irradiances, ranging from 0 to 405 mW/cm2 of 4870 K SSLA light in the CQ (0–1270 lx). Risk

factors for the health and safety of astronauts include disturbed circadian rhythms and

altered sleep–wake patterns. These studies will help determine if SSLA lighting can be used

both to support astronaut vision and serve as an in-flight countermeasure for circadian

desynchrony, sleep disruption and cognitive performance deficits on the ISS.
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1. Introduction

Known risk factors for the health and safety of astro-
nauts and ground control workers include disturbed
circadian rhythms and sleep loss [1,2]. Sleep and circadian
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Fig. 1. Graph shows the spectral power distribution corresponding to

the 4870 K polychromatic white light emitted by the SSLM-R.
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problems have been documented in space flight missions
as short as 10 days [3]. An analysis of pharmaceutical use
during 79 space flight missions showed that sleeping pills or
hypnotic compounds accounted for 45% of all medications
taken by 219 astronauts [4]. Despite the use of these drugs,
studies of more than 60 astronauts on space shuttle (Space
Shuttle Transport System or STS) missions showed that
approximately half of them slept 6 h or less per 24-hour
mission day, even though they are scheduled to sleep for 8 h
[5]. Chronic partial sleep loss can pose a considerable threat
to the success of a mission by diminishing alertness,
cognitive ability and psychomotor performance [3,6–10].

The International Space Station (ISS) uses General
Luminaire Assemblies (GLAs) that house fluorescent
lamps for illuminating the astronauts’ working and living
environments [11]. Solid-state light emitting diodes
(LEDs) are attractive candidates for replacing the fluor-
escent lighting system on the ISS. The advantages of LEDs
over conventional fluorescent light sources include lower
up mass, power consumption and heat generation, as well
as fewer toxic materials, greater resistance to damage and
long lamp life [12]. A prototype Solid-State Lighting
Assembly (SSLA) was developed at Kennedy Space Center
and successfully installed on the ISS during Expedition 18.
Since then, NASA has developed a set of specifications for
the solid-state lighting system that will replace the
existing fluorescent lighting system onboard ISS [13]. This
new lighting system will provide multiple settings that
can support astronaut vision and potentially serve as a
lighting countermeasure for performance decrements due
to sleep and circadian disruption aboard the ISS.

It is crucial to characterize the new solid-state lighting
units for their circadian, neuroendocrine and neurobeha-
vioral efficacy as well as their capacity to support astro-
naut vision. Non-visual information about light is
detected by the eyes and transmitted by the retinohy-
pothalamic tract, a neural pathway which projects to both
visual and non-visual regions of the human brain [14,15].
These neural centers receive environmental photic input
from a specialized subset of photoreceptive retinal gang-
lion cells containing the photopigment melanopsin
[14,16–18]. It has been demonstrated that more light is
required for circadian, neuroendocrine and neurobehavioral
regulation than is needed for vision [19–21]. Further, a
different wavelength sensitivity has been identified for the
non-visual regulation of physiology and behavior compared
to stimulating visual responses [22]. For example, studies
have shown that exposing humans to light of sufficient
intensity and duration at night suppresses the pineal gland
hormone melatonin, with the strongest response occurring
between 446 and 477 nm, the portion of the spectrum that
has a blue appearance [23,24]. Further research has shown
that blue monochromatic light at 460 nm is more effective
than longer wavelength light at 550–555 nm for phase-
shifting circadian rhythms and enhancing alertness levels
[25–27]. In contrast, daytime vision has a peak sensitivity to
light at 555 nm [28].

The broad aim of the ongoing work is to test light
emitted by prototype SSLAs for supporting astronaut vision
and assessing neuroendocrine, circadian, neurobehavioral
and sleep effects. Three initial ground-based studies were
conducted inside of a high-fidelity replica of the ISS Crew
Quarters (CQ). The four CQs onboard ISS are acoustically
quiet, visually isolated areas for crewmember sleep, relaxa-
tion and private retreat [29,30]. The studies presented here
include experiments on visual performance, color discrimi-
nation, and acute plasma melatonin suppression in cohorts of
healthy, human subjects under different SSLA light exposure
conditions.

2. Materials and methods

2.1. Light production

The experimental light exposure system used in this
study, the Solid-State Lighting Module-Research (SSLM-R),
was based on the SSLA prototype installed on ISS in terms
of mechanical and electronic connectivity. The SSLM-R,
however, was developed as a research tool with signifi-
cantly expanded capacity for variable light outputs. The
SSLM-R was developed at Kennedy Space Center (Bionetics
Corporation, Cape Canaveral, FL) and contained LED arrays
of 294 white LEDs and 254 RGB LEDs behind a lens diffuser.
Although the SSLM-R has a broad capacity for emitting
different blends of polychromatic illumination, the experi-
ments reported here only utilized light emitted by the white
LEDs that have a spectral power distribution as shown in
Fig. 1. Light intensity emitted by the SSLM-R was adjusted
by a built-in current-controller. For the visual tests, compar-
isons were made with (1) indirect daylight from a window
on a laboratory counter top that averaged 7042 K CCT and
221 lx (163 mW/cm2) at the middle of the test site; and (2)
overhead fluorescent room light at an average of 3531 K CCT
and 531 lx (168 mW/cm2) at the middle of the test site.

2.2. Light measurement

The spectral power distribution measurement, shown in
Fig. 1, was taken using a Model FSHH 325-1075P FieldSpec
handheld spectroradiometer (Analytical Spectral Devices,
Inc., Boulder, CO). Routine light measures were taken using
an ILT-1400BL radiometer/photometer (International Light
Technologies, Inc., Peabody, MA). For irradiance measures
the meter had a Model SEL033 detector with a silicon
photodiode (#8376) with wide-eye diffuser input optic
W#11990 and a flat response filter F#28875. Illuminance
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measures were taken with a Model SEL033 detector with a
silicon photodiode (#8977) with wide-eye diffuser input
optic W#13152 and a photopic response Y#29960 filter. All
meters received annual scanned calibrations between 200–
1100 nm, were received in tolerance when calibrated during
the course of running this protocol, and all calibrations were
traceable to the US National Institute of Standards and
Technology. Target irradiance and illuminance measures
were taken at a fixed position within the CQ using a meter
holder facing the center of the light emitting surface of the
SSLM-R at a distance of 63.5 cm (25 in.). Correlated color
temperatures (CCT) were measured with a Chromameter
CL-200A (Konica Minolta Sensing, Inc., Ramsey, NJ). Impor-
tantly, the test subjects, like astronauts during space flight,
were allowed free behavior within the CQ which could
greatly amplify or attenuate the target irradiance/illuminance
at their eye level.

2.3. The Crew Quarters

The Crew Quarters (CQ) that has been built in Thomas
Jefferson University’s Light Research Laboratory is a very
close replica of the CQ’s used by the astronauts aboard the
ISS. The replica CQ at Jefferson was fabricated after careful
study of NASA’s documentation on the CQ [29,30] and
direct measuring of a flight-certified CQ at Johnson Space
Center (Houston, TX). Three modifications were needed
including: (1) fabrication of a larger access door than
the ‘‘hatch’’ that the astronauts use in microgravity;
(2) installation of a ventilation fan for air flow in the unit;
and (3) placement of a stool with a back support in the CQ
for the use and comfort of the subjects during ground-
based studies. These modifications did not change the
interior dimensions compared to the flight-certified CQs.
Importantly, the interior of the entire CQ at Jefferson is
lined with the identical white materials used in the CQ’s
on the ISS (Architectural Fabric #V112671, Gore and
Associates, Elkton, MD and woven tapes #840, Aplix Inc.,
Moorpark, CA). This assures high fidelity duplication of
surface reflectance of light that the astronauts experience
during space flight while in the CQ.

2.4. Visual tests

2.4.1. Subjects

Healthy astronaut-aged males, 31–53 years, were
recruited for this study using advertisements on Craigslist
and posters on the Jefferson campus. Subjects were first
screened via a phone interview to verify age and avail-
ability. Exclusion criteria included abnormal color vision
or abnormal eye health, as determined by the study
neurophthalmologist. All vision tests were run between
9 AM and 3 PM. Eight subjects participated in all of the
visual tests (mean age 39.772.8 years).

2.4.2. Visual performance tests

Numerical Verification Testing (NVT) is a standardized
test for determining how different lighting environments
and contrast changes can affect the ability to perform a
visual task [31]. To perform the task, subjects are given
a sheet of paper displaying 2 columns of 20 rows of
numbers (5 digits each). The columns are nearly identical
except for random differences between the numbers in
some rows. The study is proctored with a stopwatch and
subjects are asked to place a mark on each row of numbers
that do not match. Subjects are instructed to perform this
task as quickly and as accurately as possible, without
sacrificing accuracy for speed. Each set of tests contains
3 sheets each at 5 different printed contrasts (100%, 80%,
50%, 30%, and 10%). Subjects are scored based on both the
accuracy and speed of their responses using a scoring
model described elsewhere [31]. Three separate series of
NVT tests were given under three different lighting con-
ditions: indirect daylight at 221 lx, fluorescent room light
at 531 lx and 4870 K SSLA light in the CQ at 1267 lx.

2.4.3. Color discrimination tests

The Farnsworth-Munsell 100 Hue test (FM-100) is a
method for testing color discrimination [32]. The test
consists of four trays of 25 colored disks, each tray
representing a specific color gradient range of the visible
spectrum (X-Rite, Inc., Grand Rapids, MI). Before testing,
the color disks for a given tray are shuffled into a random
pile. Subjects are then seated in front of a flat work
surface and are asked to sort each tray of colored disks
from the left fixed end to the right fixed end by shades of
color. This test is done one eye at a time, with the subject
wearing an eye patch over the eye not being tested.
Subjects are scored based upon accuracy of arranging
the disks in the proper sequence. Scoring is done using
software provided with the trays. The higher the score,
the more errors were made in terms of color discrimina-
tion. Separate FM-100 tests were given under three
different lighting conditions: indirect daylight at 221 lx,
fluorescent room light at 531 lx and 4870 K SSLA light in
the CQ at 1267 lx.

2.4.4. Statistical analysis of visual test data

For the NVT test results, repeated measures, mixed-
model ANOVAs were performed separately on the
adjusted score data and the adjusted time data for
contrast and light condition (SAS 9.0, SAS Institute Inc.,
Cary, North Carolina). For the FM-100 test results, a one-
way ANOVA was run for FM-100 score versus lighting
condition.

2.5. Melatonin suppression study

2.5.1. Subjects

The healthy females (N¼3) and males (N¼5) in this
study had a mean7SEM age of 26.470.7 years and
signed an approved IRB consent document before parti-
cipating. All subjects demonstrated normal color vision by
both the Ishihara test and the more extensive Farnsworth-
Munsell D-100 color vision test (mean7SEM score of
95.8712.8). All subjects were in good ocular and physical
health as determined by an exam from a neuroophthal-
mologist, good mental health as determined by an assess-
ment from a clinical psychologist, and free of signs of
substance abuse as determined by a urinary toxicological
screen. Sleep–wake stability was confirmed through
either 10 day of actigraphy (Octagonal Sleepwatch;



Fig. 2. In the two graphs, results are shown across three lighting

conditions: indirect daylight, fluorescent room light, and 4870 K SSLM-

R light in the CQ. (a) In this graph, the bars represent group meanþSEM

adjusted score values (N¼8) for the NVT testing at 10% contrast. No

significant differences (F¼0.73, p¼0.48) were found between light

conditions. (b) In this graph, the bars represent group meanþSEM

adjusted time values (N¼8) for the NVT testing at 10% contrast. No

significant differences (F¼0.14, p¼0.87) were found between light

conditions.

Fig. 3. In this graph, the bars represent group meanþSEM adjusted

score values (N¼8) for the FM-100 done under indirect daylight,

fluorescent room light, and 4870 K SSLM-R light in the CQ. No significant

differences were found between light conditions (F¼0.01, p¼0.99).
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Ambulatory Monitoring, Inc., Ardsley, NY), filling out daily
sleep–wake logs at home and calling into a voice mailbox
leaving a message both upon going to bed and upon
awakening for subjects who had not done studies with
this laboratory previously (N¼3) or through phone inter-
view for subjects who had participated in a study in this
laboratory within the previous year (N¼5).

2.5.2. Melatonin protocol

Subjects arrived for each study night at approximately
11:45 PM. As described in detail elsewhere, each experi-
ment began at midnight when subjects were blindfolded
and remained awake and sitting upright in darkness for
120 min [23]. While blindfolded, a blood sample was
taken just prior to 2:00 AM. The blindfold was then
removed, and subjects were transferred to the CQ to be
exposed to a 90 min light stimulus from 2:00 to 3:30 AM.
Subjects were seated in the CQ during light exposure,
facing the SSLM-R. Subjects were not required to be
gazing at the SSLM-R during the exposure, and were
allowed to be performing other tasks. The most popular
tasks were reading books or magazines and drawing.
Devices that emit light, such as laptops, were not per-
mitted inside the CQ. At 3:30 AM, a second blood sample
was taken. Each subject was exposed to complete dark-
ness from 2:00 to 3:30 AM on their control night and was
tested with at least 6 day between each nighttime
exposure. The plasma samples were assayed for melato-
nin using a radioimmunoassay (RIA) with assay sensitiv-
ity of 2.9 pg/mL [33].

2.5.3. Statistical analysis of melatonin data

Two-tailed, Students’ t-tests were used to assess sig-
nificance of raw melatonin change from 2:00 to 3:30 AM.
The raw melatonin data were then converted to % mela-
tonin change scores and % control-adjusted change scores
as described elsewhere [23]. Sets of pre-exposure mela-
tonin values, % melatonin change scores, and % control-
adjusted melatonin change scores were analyzed with
one-way, repeated measures ANOVA. Significant differ-
ences between groups were assessed with post-hoc Fisher
PLSD test with alpha set at 0.05.

3. Results

3.1. Visual results

3.1.1. Visual performance test results

ANOVA showed no significant differences between
lighting conditions for time (F¼0.13, p¼0.88) or score
(F¼0.34, p¼0.72). Significant differences were found
between contrast levels for both time (F¼27.93,
po0.0001) and score (F¼18.38, po0.0001). Using a
Dunnett’s t-test post hoc analysis, it was found that 10%
contrast differed significantly from all other contrasts for
both time and score (po0.005; Fig. 2).

3.1.2. Color discrimination tests

ANOVA showed no significant differences for FM-100
score between the three lighting conditions (F¼0.01,
p¼0.99; Fig. 3).
3.2. Melatonin assay and suppression results

Coefficient of variation calculated from control samples
assayed averaged 4.8% for intra-assay coefficient of varia-
tion. The inter-assay coefficient of variation from the 4
assays run for this experiment averaged 4.7%. The raw
plasma melatonin data for pre- and post-light exposure
plasma melatonin levels were analyzed using paired, two-
tailed t-tests. Fig. 4a presents a comparison of the mean
(þSEM) pre- and post- melatonin values for each study
night. The figure shows that corneal irradiance values at
or above 211 mW/cm2 of 4870 K white-appearing SSLM-R
light significantly suppressed melatonin (po0.005). Neither
the control condition, nor the groups of exposure nights to



Fig. 4. (a) In this graph the bars represent group meanþSEM plasma

melatonin values (N¼8) before and after four irradiances from the

SSLM-R at 4870 K and the control night (0 mW/cm2). Irradiances shown

in the figure correspond to illuminances of 0, 1.3, 279, 670 and 1270 lx.

Paired, two-tailed t-tests indicated which conditions elicited statistically

significant melatonin suppression. (b) This graph represents group

meanþ/�SEM percent melatonin change scores (N¼8) for control and

four irradiances from the SSLM-R at 4870 K. Increases in the light

irradiance produced an increased suppression of melatonin levels,

compared to control melatonin values. (c) This graph represents group

mean�SEM percent control-adjusted melatonin change scores (N¼8)

for four irradiances from the SSLM-R at 4870 K. Increases in the light

irradiance produced an increased suppression of melatonin levels.
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the lower corneal irradiances of 4870 K white-appearing
SSLM-R light (0.5 and 90 mW/cm2) elicited a statistically
significant change in plasma melatonin levels.

ANOVA demonstrated that there were no significant
differences between mean pre-exposure melatonin values
for each study night (F¼0.27, df¼4, p¼0.90). As shown in
Fig. 4b, mean percent changes in melatonin values exhibited
increased suppression concurrent with increased corneal
irradiance of 4870 K white-appearing SSLM-R light. ANOVA
indicated that the effect of the light irradiance on percent
change scores was significant (F¼29.61, df¼4, po0.0001).
The Fisher PLSD test detected a significant difference
between percent change in melatonin values for the control
night and exposures at or above 90 mW/cm2 of 4870 K
white SSLM-R light. The Fisher PLSD test also detected
significant differences between percent change in melatonin
values for the 90 mW/cm2 and exposures at or above
211 mW/cm2 of 4870 K white-appearing SSLM-R light.
Percent control-adjusted melatonin change scores are
presented in Fig. 4c. ANOVA showed that there was a
significant effect of light irradiance on melatonin suppres-
sion (F¼33.55, df¼4, po0.0001). Increasing corneal irra-
diances of 4870 K white SSLM-R light exposure evoked
progressively larger melatonin suppressions. Specifically,
the Fisher PLSD test showed that the highest corneal
irradiances of 4870 K white-appearing SSLM-R light (405
and 211 mW/cm2) elicited a significantly stronger melatonin
suppression than the lower irradiances (90 and 0.5 mW/cm2).
The corneal irradiance 90 mW/cm2 of 4870 K white SSLM-R
light elicited a significantly stronger melatonin suppression
than the lowest irradiance (0.5 mW/cm2).

4. Discussion

The present data demonstrate that bright white 4870 K
SSLM-R light inside of the CQ supports visual performance
and color discrimination equivalently to typical indoor
exposures to indirect daylight and overhead fluorescent
light. In addition, increasing irradiances of this white
solid-state light inside the CQ elicit increasingly stronger
melatonin suppressions in healthy volunteers. These find-
ings demonstrate the feasibility of doing controlled stu-
dies on visual, neuroendocrine and circadian responses in
a high fidelity replica of an ISS component.

There has been an acceleration of fluorescent lamp
failure on the ISS, and a deficiency of flight-certified
fluorescent lamp replacements. The new solid-state light-
ing technology specified by NASA provides an important
opportunity for re-lamping of the ISS with an energy
efficient lighting system that has a significantly longer life
span and does not contain mercury [12,13]. That lighting
retrofit is currently estimated to begin in the range of
2014–2016 and is intended to provide improved visual
illumination for NASA astronauts to navigate their envir-
onment and accomplish their work. In addition, the new
ISS lighting system is intended to provide light as an
inflight countermeasure to help overcome the sleep and
circadian disruption that some astronauts experience
during spaceflight [1,5]. Specifically, NASA identifies the
‘‘Risk of performance errors due to fatigue resulting from
sleep loss, circadian desynchronization, extended wake-
fulness, and work overload’’ as a major risk for humans
during current and future human exploration class space-
flight missions [1]. The studies reported here represent a
start towards quantifying the broader range of visual,
biological and behavioral responses to light that will be
supported within the ISS once the current fluorescent
lighting system is replaced by solid-state luminaires.

To prepare for manned space missions, NASA utilizes
Earth-based research in specific environments with ele-
ments that are similar or analogous to some of the
conditions of spaceflight. Analog research environments
can be in extreme locations such as Antarctica, rugged
deserts, the ocean floor or inside of a volcano [34]. The
work reported here represents a middle ground between
research done in highly controlled laboratory conditions
and NASA’s experimental field environments. In creating a
high fidelity replica of the CQ in the laboratory, an analog
of this portion of the ISS can be used for testing astronaut
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vision and potential lighting countermeasures for sleep
and circadian disruption.

As expected, there were no significant differences
across the three lighting conditions for either color dis-
crimination or visual performance. Based on NASA’s
specifications for the new ISS solid-state lighting system,
however, there will be the capacity for much dimmer
light output as well as significant shifts in the balances of
emitted wavelengths meant to serve as lighting counter-
measures. Currently, visual tests are being done in the CQ
with solid-state lighting stimuli that are not as likely to
support equivalent visual performance and color discri-
mination. Ultimately, it will be important to balance the
application of lighting countermeasures with the need for
good visual stimulation.

Measurement of acute melatonin response to light has
been used extensively as a tool to examine the ocular,
neural, and biochemical physiology of melatonin regula-
tion and circadian rhythms [35–37]. Similarly, studies of
the melatonin responses to light have been used to
develop light as a treatment for circadian disruption, jet
lag, shiftwork, sleep disturbances, and mood disorders
[38–40]. The melatonin suppression data reported here is
being used as an initial approach to the development of
lighting countermeasures for astronauts. These data
demonstrate that increasing light irradiances inside the
CQ elicit increasing plasma melatonin suppression in
healthy human subjects. Compared to prior melatonin
suppression studies that used 90 min nighttime expo-
sures to either monochromatic, narrow bandwidth or
broad bandwidth white light, the 211 and 405 mW/cm2

irradiances of 4870 K SSLA light in the CQ appeared to
elicit a full or saturating melatonin suppression response
[24,41,42]. In contrast, the 90 mW/cm2 exposure elicited
roughly half the melatonin suppression compared to the
higher irradiances. These data show that it is possible to
quantify a photobiological response inside the CQ with a
solid-state lighting system. Extensive work remains, how-
ever, in characterizing the broader range of neuroendo-
crine, circadian and neurobehavioral responses in this and
other portions of ISS. Further, such ground testing is only
a prelude to the development and validation of systematic
inflight lighting countermeasure strategies for spaceflight
operations.

The data reported here begin to address an intersection
of two frontiers: (1) the long duration exploration of space,
and (2) the rapid development of solid-state lighting that
will ultimately revolutionize how our public facilities, work
places and homes are illuminated in the coming decades.
Similar to some of the astronauts, a significant portion of the
global population suffers from chronic sleep loss or circa-
dian-related disorders. By refining multipurpose lights for
astronaut safety, health and well-being in spaceflight, the
door is opened for new lighting strategies that can be
evolved for use on Earth.
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