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Abstract

Special Operations Forces (SOF) must be prepared to deploy and perform complex operations
during times that are out of sync with their circadian rhythms, which may lead to dangerous or
costly errors. The present study investigated whether performance deficits can be reduced by
locking operators to a circadian phase through the use of controlled light exposures. Eleven male
subjects from active duty SOF commands were flown from Guam (UTC +10:00) to Troy, NY
(UTC -05:00; A 9 hours) while wearing blue-light goggles and blue-blocking, orange-tinted
glasses in a carefully-prescribed schedule designed to maintain entrainment to the desired
circadian time (UTC +10:00). Biochemical indices (dim-light melatonin onset; DLMO) showed
that circadian phase did not change after approximately two and a half days of travel across nine
time zones (pre-travel DLMO: 20:31 UTC +10:00, post-travel DLMO: 20:21 UTC +10:00; p >
0.4), indicating that circadian rhythms were successfully locked. Similarly, performance on
cognitive assessments did not differ pre- and post- travel for any assessed metric (all p values >
0.2). These results provide preliminary evidence that judicious control of light exposure can be
used to successfully phase lock SOF.
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Introduction

Service members, particularly those involved in special operations, must be prepared to
deploy and perform efficiently and safely on a moment’s notice. Many will be expected to
perform complex operations during times that are out of sync with their circadian rhythms.
Evidence suggests that operational performance during circadian misalignment may lead to
dangerous or costly errors (e.g., Bourgeois-Bougrine, Carbon, Gounelle, Mollard, & Coblentz,
2003; Miller, Matsangas, & Shattuck, 2008). Appropriate scheduling of light and dark exposure
can be used to ensure that periods of wakefulness and alertness coincide with occupational or
social obligations (e.g., Appleman, Figueiro, & Rea, 2013; Figueiro, Plitnick, & Rea, 2014b).
One novel technique would be to maintain (i.e., lock) circadian phase during and after trans-
meridian travel so that nighttime operations at destination coincide with an individual’s circadian
day and, therefore, performance is optimized. The purpose of this study was to investigate
whether controlled lighting exposures could be used to lock operators to a circadian phase even
after traveling through nine time zones. Specifically, the study sought to validate the use of a
personal blue-light treatment device (“goggles;” 470 nm, LED) in combination with orange-
tinted glasses (to block short-wavelength blue light) to maintain circadian entrainment and
sustain performance.

Circadian Rhythm

Circadian rhythms, which are the physiological processes that maintain the 24-hour
sleep/wake cycle, are governed by both endogenous (e.g., biological clock located in the
suprachiasmatic nuclei; SCN) and exogenous (e.g., light) inputs that interact to regulate each
person’s sleep-wake cycles. Human circadian rhythms are diurnal, which leads to being awake
during the day and asleep at night. Attempts at work and wakefulness outside of this diurnal
rhythm, such as shift work or travel across time zones, may lead to decreased performance (e.g.,
Whitmire et al., 2009), increased impulsivity (e.g., Karatsoreos, 2012), and can contribute to
long-term health concerns (e.g., Davis & Mirick, 2006; Stevens, Blask, Brainard, Hansen, &
Lockley, 2007).

Without external stimuli, the human biological clock runs with an average periodicity of
24.2 hours (Dijk & Lockley, 2002). This is due to so-called “clock genes” within individual
cells, which use positive and negative feedback loops to produce rhythmic gene transcription,
phosphorylation, and post-transcriptional processing with a cycle of just over 24 hours (Prasai,
Pernicova, Grant, & Scott, 2011; Relogio et al., 2011; Reppert & Weaver, 2002). These clock
genes are coordinated into observable circadian rhythmicity by the SCN, a small collection of
hypothalamic cells just above the optic chiasm (Relogio et al., 2011). Under normal
circumstances, the SCN entrains the regular circadian oscillation to a 24-hour cycle through the
use of external stimuli referred to as zeitgebers (German: “time-giver”). Zeitgebers may include
stimuli such as eating schedules, activity levels, and social cues; in humans and most animals,
exposure to light and dark is the most significant time cue (Dunlap, Loros, & DeCoursey, 2004).

The circadian light response is mediated primarily by intrinsically photosensitive retinal
ganglion cells (ipRGCs; Berson, Dunn, & Takao, 2002; Thapan, Arendt, & Skene, 2001), which
are cells in the retina that are separate from the traditional photoreceptors involved in conscious
vision (i.e., rods and cones). ipRGCs utilize a photopigment called melanopsin that responds
most strongly to short-wavelength blue light of 480 nm (Cajochen et al., 2005; Lockley,
Brainard, & Czeisler, 2003; Thapan et al., 2001). The ipRGCs also receive indirect input from
rods and cones, and pass the combined information from the retina to the SCN via a



neuroanatomical pathway called the retinohypothalamic tract. The retinohypothalamic tract is a
direct conduit from the retina to the SCN that allows the SCN to distinguish between day and
night using light-dark pattern information.

Circadian influence can be seen on a variety of systems within the human body including
sleep-wake patterns (e.g., Duffy, Rimmer, & Czeisler, 2001), core body temperature (e.g.,
Refinetti & Maenaker, 1992), and melatonin and cortisol secretion (e.g., Bailey & Heitkemper,
2001; Wehr, 1991). These rhythmic fluctuations can be used to create a profile of each
individual’s circadian phase at any given point in time. Generally, the pattern shows: 1) an onset
of melatonin secretion followed 1-2 hours later by sleep and the nadir of cortisol secretion; 2) the
core body temperature minimum (CBTmin) 6-8 hours later accompanied by rising cortisol
levels; and 3) a trough in serum melatonin and awakening around 2 hours after the trough in
CBTmin (Dunlap et al., 2004). When a person has regular sleep-wake patterns, the timing of the
initial release of melatonin, called dim light melatonin onset (DLMO), is generally considered
the gold standard for marking a person’s circadian phase (Lewy, Cutler, & Sack, 1999; Molina &
Burgess, 2011; Pandi-Perumal et al., 2007).

A phase response curve (PRC) demonstrates the relationship between the administration
of a zeitgeber, such as light, and its effect on circadian phase (measured by CBTmin or DLMO).
The PRC for light is characterized by a sinusoidal pattern (see Figure 1), where morning light
exposure advances the circadian phase while evening exposure causes a phase delay.
Physiologically, this sinusoidal curve centers on the CBTmin, with phase delays occurring
before, phase advances after, and periods of minimal effect at and 12 hours after the CBTmin. A
similar PRC can be seen for both white and narrow-band (470 nm, blue) light, although some
research (Revell, Molina, & Eastman, 2012) suggests a slightly longer phase advancing region
for blue light.

Human Phase Response Curves To Bright Light and Melatonin
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Figure 1. Human phase response curves to melatonin and light. Phase response curves (PRC) as
a function of bright light (3500 lux) and melatonin (3 mg). Black upward arrow is average
baseline DLMO; black triangle is estimated time of body temperature minimum, usually
considered peak sleepiness (DLMO+7 h); rectangle is normal sleep period. Note that light from
1200 to 2000 is a relative “dead zone,” where exposure to light has little to no effect on
entrainment (Eastman & Burgess, 2009).



Circadian Misalignment

Circadian cycles have been shown to impact performance. For strength-based tasks, peak
athletic performance is generally seen in the late afternoon and early evening (Manfredini,
Mandredini, Fersini, & Conconi, 1998); conversely, accuracy and fine motor control tend to peak
in the morning (Drust, Waterhouse, Atkinson, Edwards, & Reilly, 2005). Military needs often
require personnel to perform complex operations at times misaligned with circadian rhythms of
optimum performance. This is problematic, as performance, health, and safety concerns arise as
a result of circadian misalignment.

While circadian misalignment can stem from a number of sleep disorders (Sateia, 2014),
it can also result from time zone changes (jet lag). The American Academy of Sleep Medicine
(AASM) defines jet lag syndrome as “varying degrees of difficulties in initiating or maintaining
sleep, excessive sleepiness, decrements in subjective daytime alertness and performance, and
somatic symptoms (largely related to gastrointestinal function) following rapid travel across
multiple time zones” (Sateia, 2014). The severity of jet lag is affected not only by the hours of
shift required but also by the direction of travel. Humans can more easily phase delay (postpone
sleep) than phase advance (go to sleep early), resulting in longer recovery from eastward than
westward shifts (Sateia, 2014). On average, people can adjust by approximately 90 minutes per
day after a phase delay (westward travel), but only 60 minutes per day after a phase advance
(eastward travel). To put it another way, when traveling east, the body takes approximately one
day to acclimate for each time zone crossed; after westward travel, the body recovers slightly
faster.

In addition to the difference in the human body’s ability to delay vs. advance sleep, the
worsened circadian misalignment attributed to eastward travel may also be due to the timing of
light exposure. When traveling east through up to nine time zones, the body clock must be
advanced in order to synchronize with clock time. This can be done by exposure to light after the
CBTmin and avoidance of light before the CBTmin (see Figure 1). However, these periods of
optimal light exposure are often not compatible with the natural light in the new (traveled to)
time zone. As Waterhouse (1999) notes, for example, a traveler flying from the United Kingdom
to Hong Kong (eight time zones east) requires light from 1300-1900 local time (0500-1100 body
time) and should avoid light from 0500-1100 local time (2100-0300 body time). The avoidance
of light from 0500-1100 local time is often difficult, prolonging the body’s adjustment period
(see Waterhouse, 1999 for a full discussion).

Research demonstrates that even brief circadian misalignment can cause adverse
physiological changes to metabolic and cardiovascular function (Scheer, Hilton, Mantzoros, &
Shea, 2009). Accordingly, reported symptoms of jet lag include increases in fatigue, headaches,
irritability, and indigestion (Waterhouse, Reilly, Atkinson, & Edwards, 2007). Jet lag is also
associated with cognitive deficits, difficulty falling asleep (especially when traveling east),
waking too early (especially when traveling west), and overall disturbed sleep (Waterhouse et al.,
2007). These disturbances in sleep can, in turn, manifest in detriments associated with fatigue
and sleep deprivation. For example, fatigue results in measurable impairment to simple reaction
time and vigilance (e.g., Dinges et al., 1997), complex decision-making abilities (e.g., Harrison
& Horne, 1999, 2000), visuo-spatial attention (e.g., Bocca & Denise, 2006), working memory
(e.g., Smith, McEvoy, & Gevins, 2002), and logical reasoning (e.g., Blagrove, Alexander, &
Horne, 1995).



Manipulating Circadian Rhythm

One way to potentially mitigate some of the circadian effects of travel is through the
strategic management of light exposure, as light is the most significant zeitgeber (Dunlap et al.,
2004) and may be even more important than sleep scheduling for determining circadian phase
(Appleman et al., 2013; Figueiro et al., 2014b). Research has shown that even low levels of light
can be sufficient to entrain or hinder entrainment to a new sleep-wake schedule, depending on
the timing of exposure (Boivin & James, 2002). Therefore, manipulation of light exposure and
avoidance has been investigated extensively in both field and laboratory settings for its use in
mitigating the effects of jet lag and shift work (e.g., Czeisler et al., 1990; Deacon & Arendt,
1996; Lahti, Terttunen, Lappamaki, Lonngvist, & Partonen, 2007; Samel & Wegmann, 1997;
Thompson et al., 2013).

Most studies have used light boxes or light banks to exert an effect on the circadian
system (e.g., Herljevic, Middleton, Thapan, & Skene, 2005; Jewett et al., 1997). However, these
devices may not be practical under the operational conditions or travel required by many military
personnel. More recent investigations have shown that a battery-operated, personal light
treatment device (goggles) using blue LED light (peak wavelength 470 nm) can effectively
suppress nocturnal melatonin in both field and laboratory scenarios (Appleman et al., 2013;
Figueiro, Bierman, Bullough, & Rea, 2009; Figueiro et al., 2014b). Conversely, when light
exposure should be avoided to permit the onset of physiological night time, orange-tinted glasses
can be used to block blue light (Sasseville, Paquet, Sevigny, & Hebert, 2006). Thus, the method
of light delivery likely matters less than the judicious scheduling of light and dark exposure.
Goggles and glasses may be a viable option for affecting the circadian rhythms of Special
Operations Forces (SOF).

Present Study

We tested whether carefully-scheduled lighting exposure can be used to manipulate the
circadian rhythms of traveling SOF in order to prevent some of the negative performance-based
consequences associated with circadian misalignment. For this study, we focused on phase
locking subjects to their “home” time, thus aligning their circadian day with local night after
travel. SOF volunteers stationed in Guam (UTC +10:00) were flown east across nine time zones
to Troy, NY (UTC -05:00). During travel, blue-light goggles and orange-tinted sunglasses (to
block blue light) were used to control light exposure and lock subjects’ circadian rhythms. We
hypothesized that judiciously-scheduled light exposure using goggles and glasses could be used
to suppress nocturnal melatonin, locking circadian phase to the desired time, and eliminating the
performance decrements associated with circadian misalignment. This was predicted to result in
similar biochemical indices of circadian phase and cognitive performance pre- and post-travel.

Methods

Participants

Eleven male subjects were recruited from active duty SOF commands in Guam
(Chamorro Time Zone, UTC +10:00). Subjects ranged in age from 24 to 45 years, with a mean
age of 32 (SD = 6.67). Exclusionary criteria were: 1) any previous diagnosis of a chronic sleep or
psychiatric disorder; 2) travel across multiple time zones in the previous month; 3) diagnosis of
any chronic medical condition or use of any medication that could mask or exacerbate any sleep
disorder; and 4) chronotypic extremes, as assessed by the Morningness-Eveningness
Questionnaire (MEQ; Horne & Ostberg, 1976). Subjects reported low-to-moderate use of



caffeine in their daily lives. During a week of recorded activity, subjects self-reported that they
consumed an average of 1.32 caffeinated beverages per day (SD = 1.17; range =0 — 4.25). A
sudden abstinence from caffeine doses as low as 100 mg per day can result in withdrawal
symptoms lasting up to nine days (Juliano & Griffiths, 2004); therefore, subjects were permitted
to continue normal caffeine consumption throughout the duration of the study.

Performance Assessments

All performance assessments were administered on Dell Latitude E6520 laptops with a
15” display and a screen resolution of 1920x1080. Laptops were equipped with hard-wired mice
and joysticks.

Go-no-go. The go-no-go task was used as an assessment of attention and inhibition
(Georgiou & Essau, 2011). Participants were presented with a black screen on which a green or
red circle appeared at a randomized time interval (every 2-8 seconds) (see Figure 2). Participants
were instructed to click the left mouse button as quickly as possible when they saw a green
circle; they were instructed not to respond when a red circle was presented. The task lasted a
total of 15 minutes, and was similar to the go-no-go task used in past work by researchers at the
Lighting Research Center (LRC) at Rensselaer Polytechnic Institute (Figueiro, Sahin, Wood, &
Plitnick, 2016).

Figure 2. Go-no-go task display. Subjects were instructed to click the mouse button when a
green dot appeared and were instructed not to respond when a red dot appeared.

Button-press responses were automatically recorded by the computer. Responses faster
than 100 ms were considered anticipations and were not considered valid. Dependent variables
derived from the go-no-go task were:

1. Percent error: the number of missed green dots, clicked red dots, and response anticipations +
the total number of trials presented
2. Reaction time: the mean of all valid response times (correct clicks on green dots)

Simon memory. The Simon memory task was used to assess memory and concentration.
The task was designed by researchers at the LRC and was adapted from Humes and Floyd
(2005). Four colored squares flashed in a randomized sequence, and participants were instructed
to repeat the sequence by clicking on the colored squares in the presented order. After each
correct response, the sequence grew by one (e.g., red-blue; red-blue-green; red-blue-green-green;



red-blue-green-green-yellow, etc.); after an incorrect response, the screen flashed and a new
sequence began. The task lasted 15 minutes.

Mouse clicks were automatically recorded by the computer. The dependent variable
derived from the Simon memory task was sequence length, conceptualized as the mean of the top
three lengths achieved over the 15 minute test.

MATB Il. The Multi-Attribute Test Battery Il (MATB Il; Santiago-Espada, Myer,
Latorella, & Comstock, 2011) was used to assess multi-task performance. MATB Il is a
computer-based task designed to evaluate performance by requiring the simultaneous monitoring
and execution of four different tasks: system monitoring, tracking, resource management, and
communications (see Figure 3). The system monitoring sub-task assessed attention and
impulsivity. Participants were instructed to visually track two warning lights and three
continuously-moving scales; response was required when a warning light turned from green to
red or when any of four scales reached a critical zone (deviation of more than one unit around the
central point). The tracking sub-task assessed manual dexterity and visual-motor performance.
Participants used a joystick to keep a moving target in the center of the screen for seven-minute
intervals; after seven minutes the computer maintained “autopilot” status for two minutes. The
resource management sub-task assessed planning and problem-solving abilities. Participants
were instructed to visually monitor fuel levels in simulated fuel tanks and click to refill or empty
the tanks when levels dropped below or rose above a critical threshold (2500 £ 100 units). The
communications sub-task required participants to listen for their designated call sign and change
a “radio frequency” when requested to do so. The task lasted 27 minutes.

All mouse clicks, button responses, and joystick movements were automatically recorded
by the computer. For the present study, the dependent variables derived from MATB Il were:

1) system monitoring response time, conceptualized as the reaction time mean (in milliseconds)
of correct responses on the system monitoring subtask; 2) resource management deviation,
conceptualized as the mean of the absolute deviation of tanks A and B measured at 30-second
intervals in the resource management subtask; 3) mean tracking deviation, conceptualized as the
deviation from the center target in pixel units measured at one-minute intervals in the tracking
subtask.

TRACKING

Figure 3. MATB II display. Subjects were instructed to simultaneously monitor and execute four
different tasks: system monitoring, tracking, resource management, and communications.
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Biochemical Assessment

Circadian phase assessments were based on melatonin concentrations from saliva
samples obtained using the Salivette system (SciMart, Saint Louis, MO). Salivary sampling has
been validated as a means for determining the circadian phase marker, and melatonin secretion
onset times derived from saliva and plasma are highly correlated (Voultsios, Kennaway, &
Dawson, 1997). Saliva samples were centrifuged and frozen at —20 °C until assayed for
melatonin levels by radioimmunoassay using a commercially-available kit from Labor
Diagnostika Nord (Nordhorn, Germany). The limit of detection was 1.4 pg/mL and the intra-
assay and inter-assay coefficients of variability were determined to be 11.4% and 14.6%,
respectively. All saliva samples from each subject were assayed in the same batch. As in
Figueiro and colleagues (2014b), DLMO saliva collection began 2 hours prior to the estimated
time of DLMO and continued every 20 minutes until 2 hours after the predicted time of DLMO.
To prevent contamination, participants were not allowed to eat or drink between DLMO saliva
sample times.

Light Treatment Devices

Each subject was given a pair of blue-light goggles and blue-blocking, orange-tinted
sunglasses. Blue-light goggles were the same as those used by Figueiro, Plitnick, and Rea
(2014b), and consisted of four blue LED lights (Amax = 476 = 1 nm, full-width half-maximum
~20 nm) mounted on clear safety glasses (two LED lights per lens). See Figueiro et al. (2014b)
for detailed specifications and calibration information. Orange-tinted glasses were commercially-
available, aviator-style sunglasses that blocked short wavelength light in the blue range covering
470 nm.

Procedure

Pre-travel. Performance and biomarker measures were collected from all participants
while in Guam, prior to any travel. Subjects came into the lab for a 27-hour period beginning at
0700 local time (UTC +10:00). Performance testing was administered five times: at 0800, 1200,
1600, 2000, and 0800 the following day. Salivary melatonin was sampled at 0800, 1200, 1600,
every 20 minutes from 1900 to 2300, and at 0600, 0700, and 0800 the following day. See Figure
4 for the pre-travel testing schedule.

Samples every 20
minutes

/—A—\

0700 0800 1200 1600 1900 2000 2300 0600 0700 0800 1000
\ v \ YYYYVYYYVVYYVYY Yy Vv ¥
X X X X X
A A A AAAAAAAAAAALL A A A
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\

|
| Pre-Travel Day 1 Pre-Travel Day 2 |

X Performance Testing

v

. Salivary Melatonin Sampling
] Wake

[ Sleep

Figure 4. Pre-travel schedule. Schedule of pre-travel performance and biomarker testing. All
times listed are UTC +10:00.



Travel. After baseline testing was complete, subjects were given a pair of blue-light
goggles, a set of orange-tinted glasses, and a detailed schedule for sleep and personal light
treatment device use during travel (see Figure 5). Subjects were flown from Guam to the LRC at
Rensselaer Polytechnic Institute in Troy, NY (UTC -05:00). For the duration of the study,
subjects were kept on the sleep/wake schedule corresponding to Guam night/day. On both travel
days, subjects were instructed to remain awake from 0600 to 2300 while wearing blue googles
from 0600-1500 and orange-tinted glasses from 1500 to 2300. Subjects were instructed to sleep
from 2300-0600; if travel schedules prevented sleep, subjects wore orange-tinted glasses while
awake (see top half of Figure 5, all times listed are in UTC +10:00).

Air Travel
Guam — Hawaii; Hawaii — Chicago; Chicago — New York

0600 1500 2300 0600 1500 2300 0600
\ Wake/Blue | Wake/Orange | Sleep/Orange | Wake/Blue | Wake/Orange | Sleep |
Travel Day 1 ‘ Travel Day 2
Samples every 20
minutes
0600 0800 1200 1500 1600 1900 2000 2300 0600 0700 0800 1000
v ¥ v YYYYYYYYVVVYY Y v ¥
X X X
A 7% A ALAAAAAAAAALL A 4 &
| Wake/Blue | Wake/QOrange Sleep | Wake |

| Post-Travel Day 1 Post-Travel Day 2 |

X Performance Testing

]
. Salivary Melatonin Sampling
[ wWake

[ Sleep
[ Blue-Light Goggles

[] Orange-Tinted Glasses

Figure 5. Travel and testing schedule. Schedule of travel, personal light treatment device use,
and post-travel performance and biomarker testing. “Blue” represents when subjects were
instructed to wear the blue-light goggles; “orange” represents when subjects were instructed to
wear the orange-tinted glasses. Travel day 2 and post-travel day 1 fell on consecutive days. All
times listed are UTC +10:00.

Post-travel. Post-travel performance and biochemical measures were collected at the
LRC in the two days immediately following travel. The timing of task administration matched
that of the pre-travel measures (see bottom half of Figure 5): performance testing was
administered at 0800, 1200, 1600, 2000, and 0800 the following day. Salivary melatonin was
sampled at 0800, 1200, 1600, every 20 minutes from 1900 to 2300, and at 0600, 0700, and 0800
the following day (all times in UTC +10:00).



Design and Data Analysis

The present study was conceptualized as a within-subject comparison of operators’
performance and circadian rhythms before and after travel.

Visual inspection of all performance data revealed the presence of likely practice effects
resulting from multiple assessment sessions (e.g., see Figure 6). Performance reached an
asymptote by session 4 (2000 on pre-travel day 1). In order to control for these practice effects,
analyses were conducted on tests from the final pre-travel session (session 5; in Guam) and the
first post-travel session (session 6; on the East Coast). As both sessions occurred at 0800 UTC +
10:00 (Guam time), this also controlled for potential time-of-day effects on performance. Paired-
sample t-tests were used to compare performance pre- and post- travel.
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Figure 6. Performance on MATB Il resource management across all ten testing sessions. Y-axis
represents mean normalized deviation from 2500 units measured at 30-second intervals; dots
represent mean group performance, and vertical lines represent standard error.

DLMO thresholds were calculated using one of two techniques: either by taking the
average of the three lowest points plus twice the standard deviation of these points (3L;
Voultsios et al., 1997) or by taking the average of the five continuous lowest points plus 15% of
the five continuous highest points (5H/5L; Smith, Revell, & Eastman, 2009). The DLMO
analysis technique was determined on a participant-by-participant basis through visual inspection
of the data; the 3L method was used for subjects with steep melatonin profiles while the 5SH/5L
method was used for subjects with shallow melatonin profiles (Figueiro, Plitnick, & Rea, 2014a).
The time of the DLMO phase was determined by linear interpolation between the time points
before and after melatonin concentration increased and remained above the thresholds. Paired-
sample t-tests were used to compare DLMO times pre- and post- travel.

Results
Performance Assessments
As shown in Table 1, performance was not significantly different pre- and post-travel on
any assessed metric (all p values > 0.20); effect size (d;) ranged from 0.06 to 0.39. This indicates
that operators were able to maintain cognitive performance in spite of a 9-hour time zone change.



Table 1
Performance on Assessments Pre- and Post-Travel

Pre-Travel Post-Travel
Performance Test Mean (SD) Mean (SD) df t p d,

Go-No-Go

Error Rate 0.03 (0.02) 0.02 (0.02) 10 041 0.69 0.12

Reaction Time (ms) 475.64 (51.49) 478.45(47.52) 10 -0.20 0.85 0.06
Simon Memory

Sequence Length 11.15 (1.89) 11.79(2.79) 10 -0.67 0.52 0.20
MATB Il

System Monitoring (ms) 3550 (975.87) 3699 (948.99) 9 -0.77 0.46 0.24

Resource Management (units)  223.09 (146.87) 260.09 (118.18) 9 -0.92 0.38 0.29

Tracking Deviation (pixels) 31.30 (4.77) 33.70 (8.00) 9 -124 0.25 0.39

Note. Post-travel MATB Il data were missing from one subject.

As shown in Figures 7-11, there were no discernible trends of individuals performing
better or worse post-travel. Numerically, on the go-no-go task, six individuals improved on
performance post-travel as measured by reaction time, five worsened; on the Simon memory
task, seven individuals improved on performance post-travel, four worsened; on MATB I
system monitoring and tracking, four individuals improved on performance post-travel, six
worsened; on MATB Il resource management, two individuals improved on performance post-
travel, six worsened, and two maintained performance within one unit.
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Figure 7. Change in go-no-go performance by subject. Y-axis represents reaction time in
milliseconds (ms); horizontal lines represent mean group performance.
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Figure 8. Change in Simon memory performance by subject. Y-axis represents the mean of the

top three lengths achieved over the 15 minute test; horizontal lines represent mean group
performance.
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Figure 9. Change in MATB Il system monitoring performance by subject. Post-travel data from
one subject (4) are missing. Y-axis represents the mean reaction time in milliseconds (ms);
horizontal lines represent mean group performance.
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Figure 10. Change in MATB Il resource management performance by subject. Post-travel data
from one subject (4) are missing. Y-axis represents the mean normalized deviation from 2500
units measured at 30-second intervals; horizontal lines represent mean group performance.
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Figure 11. Change in MATB Il tracking performance by subject. Post-travel data from one
subject (4) are missing. Y-axis represents the deviation from the center target in pixel units
measured at one-minute intervals; horizontal lines represent mean group performance.

Biochemical Assessment

Data from one subject were unavailable, as melatonin values were variable throughout
the DLMO collection period and a threshold could not be obtained. For the remaining 10
subjects, mean DLMO was unchanged (pre-travel: 20:21 + 44.89 min UTC +10:00; post-travel:
20:31 +50.48 min UTC +10:00; t(9) =-0.79, p > 0.40, d, = 0.25). Figure 12 shows the DLMO
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shift by participant: five of ten participants shifted 10 minutes or less; nine of ten participants
shifted by less than an hour.

Change in DLMO

100

Shift West

Shift from Pre-Travel Time (min)

Shift East

100 .

1 2 3 4 5 6 8 9 10 11
Subject

Figure 12. Change in DLMO by subject. Data from one subject (7) are missing. Y-axis
represents the shift (in minutes) from pre-travel DLMO to post-travel DLMO; horizontal line
represents no shift. A positive value means that the post-travel time is earlier than the pre-travel
time (westward shift); a negative value means that the post-travel time is later than the pre-travel
time (eastward shift).

Discussion

Behavioral and biochemical data demonstrate that blue-light goggles and orange-tinted
glasses can be used to systematically phase lock Special Forces operators to a desired schedule
during extensive travel. SOF traveled east through nine time zones from Guam to Troy, NY
while using personal light treatment devices (blue-light goggles and blue-blocking, orange-tinted
glasses) to judiciously manage light exposure. In spite of the nine-hour difference, and in spite of
approximately two and a half days between testing sessions, operators’ circadian cycle (as
measured by DLMO) did not shift, suggesting that circadian phase was locked. This was also
reflected in a lack of detectable performance difference pre- and post- travel on a battery of
cognitive tasks. Despite the fact that performance tests in Troy, NY were conducted during the
local nighttime, subjects remained phase-locked to Guam time and were therefore performing the
tests during their circadian day.

This study represents the first phase of research using light to manage traveling
operators’ circadian rhythms and optimize performance. Our results provide preliminary
evidence that personal light treatment devices (blue-light goggles and blue-blocking, orange-
tinted glasses) can successfully be used to prevent the errors associated with circadian
misalignment. Interpretations from this study are limited due to the lack of a control group but
provide a foundation for the utilization of non-chemical circadian controls. Future research
should compare the performance and circadian cycles of operators traveling with and without
personal light treatment devices.

One benefit of lighting-based strategies for the mitigation of circadian misalignment is
they could reduce the need for drug-based countermeasures. There is a current precedent in SOF
communities for the use of pharmacologic strategies to manage fatigue and circadian phase (e.g.,
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Caldwell & Caldwell, 2005). For example, the U.S. Air Force has extensive experience with the
pharmacologic management of fatigue (go/no-go pills), including the common usage of zolpidem
(Ambien), temazepam (Restoril), zaleplon (Sonata), and dexamphetamine (Schultz & Miller,
2004); similar regimens are employed by the Army (Caldwell & Caldwell, 2005). Over-the-
counter medications such as caffeine and melatonin are also employed (Caldwell & Caldwell,
2005; McLellan et al., 2005). Although these chemical strategies are considered safe, it has been
noted that behavioral and scheduling countermeasures should be considered as the first line of
defense against operator fatigue in order to protect against potential pharmacological side effects
(Caldwell & Caldwell, 2005). Moreover, command policy may prohibit the use of no-go pills
during certain operational periods (Schultz & Miller, 2004), thereby limiting the utility of drug-
based interventions. It is possible that the use of light exposure may alleviate the need for, or
supplement the use of, pharmaceutical stimulants.

Although light exposure would likely help to mitigate SOF’s circadian misalignment
regardless of the method of administration (goggles, light banks, etc.), the use of goggles
provides additional benefits. Unlike light banks, goggles are mobile and can be used anywhere,
and transparent lenses allow the wearers to continue with their daily routines while receiving
light treatment. Moreover, because the goggles and glasses can be worn and removed according
to the lighting schedule required to maintain a desired circadian cycle, multiple operators can
receive different lighting treatments at the same time, allowing for collaborations between
individuals who are on different light cycles. This could potentially facilitate operational
planning and increase mission efficiency.

In addition to providing preliminary empirical evidence for the utility of personal light
treatment devices for manipulating the circadian rhythms of traveling SOF, our results also
underscore an important consideration for the maintenance of healthy circadian cycles. In the
present study, very minimal amounts of blue light were required to affect circadian phase- the
light emitted from the blue-light goggles was sufficient, and full-room lighting was not required.
Because even low levels of short-wavelength lighting can have meaningful impacts, operators
must be careful to restrict the usage of light-emitting electronic devices (e.g., laptops, cell
phones, tablets) outside of the prescribed light schedule. In fact, even in the absence of controlled
blue light, the light from computer monitors may be sufficient to impact DLMO timing
(Figueiro, Wood, Plitnick, & Rea, 2011). As “the capacity to consciously perceive light is a
distinct phenomenon from the capacity of the light to entrain the circadian pacemaker” (Boivin
& James, 2002, p. 36), operators may be unaware of the daily light exposures that are working to
entrain their systems.

Limitations

There are a few constraints that limit the generalizability and strength of conclusions of
the current research. The first is the lack of a control group. In the present study, subjects’
circadian phase (as measured by DLMO) did not meaningfully shift following travel across nine
time zones. Although circadian research has conventionally cited shifts of approximately an hour
per day for eastward travel (e.g., Eastman & Burgess, 2009; Houpt, Boulos, & Moore-Ede, 1996;
Klein & Wegmann, 1980; Revell & Eastman, 2005), and although the second DLMO
measurement occurred about two and a half days after the onset of travel, the subjects’ lack of
shift cannot be definitively linked to their use of the light treatment devices. It is possible that the
time between the pre- and post- travel measurements was not sufficient to shift travelers’
circadian cycles, thereby leading to the lack of significant results.
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In the absence of a control group, the expected shift in circadian cycle (without scheduled
light exposure) can be estimated using values from past experimental work. During eastbound
travel with no lighting manipulations, circadian entrainment to the new time zone can shift as
slowly as 56 minutes per day, on average, with different circadian functions resynchronizing
with divergent speeds — mental performance shifts by 57 minutes per day, heart rate shifts by 60
minutes per day, and body temperature shifts by 39 minutes per day (Klein & Wegmann, 1980).
Therefore, two and a half days after beginning travel, it would be expected that subjects should
shift by 140 minutes (56 min/day x 2.5 days). As rates of re-entrainment are not linear, with time
shifts occurring most rapidly immediately after travel and more slowly later on (Houpt et al.,
1996; Klein & Wegmann, 1980), an expected shift of 140 minutes east is likely a conservative
estimate. When exposed to the scheduled lighting manipulation, subjects in the present study
only shifted an average of 9.9 minutes east. This number is largely driven by Subject 1, who
shifted 103 minutes. If that subject is excluded from analyses, the mean shift drops to 0.44
minutes in the westward direction. Therefore, it is likely that the lack of circadian shift observed
in the present experiment can be attributed to the lighting manipulation, and not to an insufficient
time for circadian rhythms to shift naturally following travel.

The absence of a control group also makes it difficult to ensure that the lack of observed
shift is not attributed to insensitive measures of circadian phase. It is possible that DLMO
measurements are not sensitive enough to measure circadian phase, resulting in a circadian shift
that was not observed. This is unlikely, as analyses of melatonin have lower variance and are
considered to be more reliable for measurement of circadian phase than assessments using
cortisol or body temperature (Klerman, Gershengorn, Duffy, & Kronauer, 2002). In fact, DLMO
derived from either saliva or plasma is considered “the single most accurate marker for assessing
the circadian pacemaker” (Pandi-Perumal et al., 2007, p. 1). In the absence of any circadian
manipulation, the coefficient of variation for repeated sampling of salivary DLMO has been
reported to be as low as 1.3% (Voultsios et al., 1997).

A second limitation of the present experiment is the small sample size, which may have
contributed to an under-powered study. Post hoc achieved power was calculated using G*Power
(Faul, Erdfelder, Lang, & Buchner, 2007) for two-tailed matched pairs t-tests, using the effect
size and alpha values reported in Table 1 and on page 20. Power for performance data ranged
from 0.52 (MATB Il tracking) to 0.85 (go-no-go reaction time); power for the DLMO analysis
was 0.53. Statistical convention generally specifies a desired power of 0.8 (Cohen, 1988);
therefore, six of the seven conducted analyses are at least slightly underpowered. By definition,
power represents the probability that a study will detect an effect when one exists. As power
increases, the probability of making a Type Il error (concluding that there is no effect when there
is one; i.e., false negative) is reduced. Therefore, a study with low power may incorrectly assume
no effects (in this case, we may incorrectly assume that performance was the same pre- and post-
travel). One way to increase statistical power is to increase the sample size. However, if we were
to increase the sample size of the present experiment to a level large enough to measure
differences pre- and post- travel at the effect sizes presently observed, we would require an
unrealistically large number of subjects (e.g., 199 subjects to detect differences on the Simon
memory task; 2183 subjects to detect differences in go-no-go reaction time). This difference,
though perhaps statistically significant, would likely not represent an operationally-meaningful
change. Critics of post hoc power analysis (e.g., Goodman & Berlin, 1994; Hoenig & Heisey,
2001; Streiner, 2003) note that, “because of sampling error, there will always be a difference
between groups, no matter how similar they may be. Further, if we simply increase the sample
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size sufficiently, we will always be able to show that this difference is statistically significant”
(Streiner, 2003, p. 757). Instead, it may be more meaningful to examine effect sizes, which
quantify differences between two groups or measures: “The larger this value, the greater the
degree to which the phenomenon under study is manifested” (Cohen, 1988, p. 10). Convention
specifies that a value of 0.2 represents a small effect, 0.5 represents a medium effect, and 0.8
represents a large effect. Effect sizes in the current study ranged from 0.06 (go-no-go reaction
time) to 0.39 (MATB |1 tracking); six of seven analyses yielded effect sizes less than 0.3. This
suggests that any effect of travel on subjects’ circadian systems was not meaningful. Given the
lack of observed statistical changes across all performance and biochemical metrics, and the
small effect sizes for all measures, we believe it is unlikely that our interpretations represent a
Type Il error. Nevertheless, the relatively small sample size of the current study means that
results should be interpreted with caution.

A final limitation is the lack of controlled travel and sleep schedules. For all subjects,
travel began in Guam at 0600 on travel day 1 (Figure 5), but precise itineraries for individual
subjects are unknown. Travel from Guam to Troy, NY lasted approximately 24 hours, and
included at least two layovers (e.g., Guam-Hawaii-Chicago-Albany) and a drive of
approximately 20 minutes. As a result, sleep received by subjects during travel day 1 was not in
a bedroom environment; subjects likely slept on the aircraft or in the airport terminal between
flights. Subjects did not receive natural light or access to environmental lighting cues at
destination until the morning of travel day 2, at the earliest. Relatedly, subjects did not utilize
blackout masks to prevent artificial light exposures (e.g., in the airport) that could have
prevented subjects from falling or staying asleep. As a result of these travel schedules and lack of
ideal sleeping environments, the actual quality and duration of sleep obtained by subjects during
travel is unknown; acute sleep deprivation during travel cannot be ruled out. However, if subjects
were sleep deprived prior to the laboratory testing in Troy, NY, they would be expected to
perform worse during post-travel testing than pre-travel testing due to the negative effects of
fatigue on cognitive performance (e.g., Harrison & Horne, 2000); this effect was not observed.
Nevertheless, controlled travel schedules with carefully-documented incidents of sleep,
preferably through the use of actigraphy watches, is required for future research.

The careful control of subjects’ schedules will also allow for the well-documented control
of subjects’ caffeine and over-the-counter stimulant use. Though all subjects reported low levels
of caffeine use and were instructed to maintain their typical levels of caffeine intake throughout
the duration of the study, any potential changes in stimulant usage were not captured in this
experiment. Caffeine usage has been shown to impact performance on behavioral measures such
as the go-no-go task (Barry et al., 2007), and may have influenced the present results.

Future Directions

This research represents the first step in the development of personal light treatment
devices for traveling Special Operations forces. Now that we have demonstrated the feasibility of
utilizing goggles to control circadian rhythms during travel, there are numerous avenues for
future research.

The first step in future research is to confirm the utility of personal light treatment for
phase locking in a more controlled experiment. Three groups of operators should travel the same
route under the same schedule; one group should wear goggles and follow a prescribed
sleep/wake schedule, a second group should not wear goggles but follow a prescribed sleep/wake
schedule, and the third group should not wear goggles and should sleep and awaken as desired
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without the use of a prescribed schedule. Stimulant use should be carefully controlled to ensure
equivalent use between groups and during all phases of travel and testing. Circadian phase, as
measured through biochemical assessments (DLMO, CBTmin) should be assessed for multiple
days prior to departure and after arrival. Performance on cognitive batteries should be assessed
(as in the current study), as should performance on operationally-relevant tasks such as
marksmanship. The inclusion of multiple control groups and different types of tasks will ensure
that goggle use is operationally effective and meaningful. An expanded timeframe of study post-
travel will determine the length of time (i.e., number of days) through which lighting
manipulation can be used to sustain DLMO and performance levels equivalent to those observed
pre-travel.

Future research should also determine whether both blue-light goggles and blue-blocking
glasses are required to ensure circadian phase locking. As mentioned in the Introduction,
although ipRGCs respond most strongly to short-wavelength blue light (Cajochen et al., 2005;
Lockley et al., 2003; Thapan et al., 2001), they also receive input from traditional photoreceptors
(rods and cones) that respond to long-wavelength light. Therefore, even long-wavelength red
light could serve as a potential zeitgeber. It is possible, then, that blocking light (through the use
of blue-blocking goggles) might be sufficient to lock in circadian rhythms; blue-light goggles
might be extraneous when light exposure is plentiful (e.g., in an airport).

Once the utility of blue-light goggles for circadian phase locking is confirmed, the next
step in future research is to empirically test the goggles’ ability to help operators shift to a new
time zone. Rather than waiting for operators to adjust to a new sleep-wake cycle after arrival
(with the body shifting approximately one time zone per day; Sateia, 2014), operators could be
shifted prior to travel and then locked to that cycle using the methods employed in the current
paper. Future research on phase shifting can be accomplished without the need for travel, by
shifting sleep/wake and lighting exposure schedules to correspond to a later or earlier circadian
cycle.

If phase shifting can be accomplished using the controlled light exposure, the final phase
of future research would be to combine phase shifting with phase locking. The most
operationally-useful scenario for SOF conducting short-run missions would be to shift circadian
phase to an optimal zone (e.g., ensuring that any night operations would occur during circadian
day) and then phase lock to that schedule while traveling to the mission destination. This would
ensure that, upon arrival, operators are performing at their peak. Future research should test the
feasibility of this scenario by using controlled lighting exposures to phase-shift operators, having
them travel through multiple time zones while using lighting exposures to lock their circadian
phase, and assessing performance pre- and post-travel.

Conclusions

Although additional research with appropriate control conditions is needed to confirm the
findings of the present experiment, we provide preliminary evidence that the performance of
SOF can be maintained, even after extensive travel, by the use of judiciously-scheduled lighting
exposures. After traveling through nine time zones, circadian phase (as measured biochemically
through DLMO) and cognitive performance remained stable at pre-travel levels for
approximately two and a half days following the initiation of travel. Personal light treatment
devices may therefore be a viable alternative and/or supplement to the pharmacological
countermeasures currently employed by SOF to minimize the negative effects of circadian
misalignment.
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