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Tailored light intervention for sleep and cognition in World Trade Center 
(WTC) cohort

Ola A. Alsalmana , Weixin Lia , Rafael E. de la Hozb , and Mariana G. Figueiroa 

aLight and Health Research Center, Department of Population Health Science and Policy, Icahn School of Medicine at Mount Sinai, 
New York, NY, USA; bIcahn School of Medicine at Mount Sinai, New York, NY, USA 

ABSTRACT 
World Trade Center rescue and recovery workers and volunteers (WTC RRWV) are vulnerable 
to circadian rhythm disruption due to stress and environmental exposures during the 9/11 
operation, with high rates of cognitive impairment and poor sleep quality. This exploratory 
pilot study assessed the feasibility and preliminary effect of a 12-week light-based interven
tion targeting sleep and cognition. Twenty-three WTC RRWV aged �50 years with mild cog
nitive impairment and sleep disturbances completed the intervention. Sleep, cognition, and 
circadian-effective light exposures were measured pre-and post-intervention using actigra
phy, Pittsburgh Sleep Quality Index, cognitive tasks (go/no-go, digit span, Stroop), and a 
Daysimeter. Results showed significant improvements in sleep quality and cognitive per
formance. Greater circadian-effective light exposure was positively associated with improved 
cognitive accuracy. These preliminary observations suggest that light-based interventions 
may enhance sleep and cognitive function in at-risk populations.
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Introduction

Circadian rhythms regulate diverse physiological 
and behavioral processes including sleep–wake 
timing, metabolism, and cognition.1,2 These 
endogenous daily cycles are regulated by the mas
ter biological clock in the brain’s suprachiasmatic 
nuclei, located in the hypothalamus.1–3 Because 
their free-running period is on average slightly 
longer than the solar day, circadian rhythms 
must be synchronized to one’s local time on 
Earth by environmental cues, of which the light- 
dark pattern incident on the retinas is the stron
gest.4 Disruption to these cycles—often caused by 
insufficient daytime light or excessive nighttime 
light—can lead to circadian rhythm disruption 
(CRD), which is increasingly recognized as a con
tributing factor to neurodegenerative processes.5

Disrupted sleep is not only a symptom but also a 
potential contributor to accelerated cognitive 
decline and neuroinflammation, particularly 
among aging adults and those with preclinical 

Alzheimer’s disease (AD).6–8 Multiple longitu
dinal studies have shown that poor sleep duration 
and quality are associated with lower memory 
performance and higher risk of developing mild 
cognitive impairment (MCI), highlighting the 
importance of interventions that can stabilize cir
cadian rhythms and enhance both sleep and cog
nitive outcomes.

World Trade Center rescue and recovery 
workers and volunteers (WTC RRWV), who par
ticipated in the efforts at the World Trade Center 
site following the September 11, 2001, attacks, 
present a unique population at high risk for CRD 
and its consequences. These individuals were 
exposed to and continue to experience residual 
impacts from stress and environmental exposures 
during their work at Ground Zero, which have 
been implicated in neuroinflammation and cogni
tive dysfunction.9–11 A recent longitudinal follow- 
up review of cognitive impairment and World 
Trade Center-related exposures found that 17.8% 
of WTC RRWV exhibited cognitive impairment 
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by middle age, with an additional 14.2% develop
ing MCI over 2.5 years after that initial assess
ment.11 Their advancing age, combined with a 
high prevalence of poor sleep (e.g., insomnia, 
sleep-disordered breathing), emphasizes the 
importance of targeted interventions to mitigate 
cognitive decline in this population.12,13

Despite the promise of circadian-effective light 
therapy, its application in real-world, at-risk pop
ulations such as WTC RRWV remains underex
plored. This cohort exhibits a high burden of 
stress-related and environmental risk factors 
linked to CRD, poor sleep, and cognitive dys
function.13 However, the insights gained may also 
inform interventions for other populations expe
riencing circadian misalignment, including shift 
workers, individuals with PTSD, and older adults 
with MCI.

By addressing modifiable environmental fac
tors such as daily light exposure, this study offers 
preliminary evidence for the use and feasibility of 
non-pharmacological light-based strategies to 
improve sleep and cognitive function in vulner
able groups. We hypothesize that enhancing the 
light–dark signal through wearable light therapy 
will yield improvements in sleep quality and cog
nition among WTC RRWV with MCI and sleep 
disturbances.

Materials and methods

Participant selection

Twenty-three participants identified as WTC 
RRWV (mean age ¼ 63.0 years, SD ¼ 5.6; 10 
females, 13 males) were enrolled in the study. 
Out of these, 16 completed intervention (mean 
age ¼ 64.4 years, SD ¼ 5.5; 9 females, 7 males) 
and 7 withdrew. Participant attrition (n¼ 7) was 
primarily due to non-study-related factors such 
as schedule conflicts and travel. Baseline charac
teristics for completers versus non-completers are 
summarized in Supplementary Table 1. Demo
graphic data for the 16 participants who com
pleted the intervention are summarized in Table 
1. Participants were recruited through the Mount 
Sinai WTC Health Program Clinical Center 
beginning in March 2023, and the study con
cluded in September 2024. Informed consent was 

obtained from all participants in accordance with 
experimental protocols approved by the Institu
tional Review Board (IRB) of the Icahn School of 
Medicine at Mount Sinai, New York. Research 
was completed in accordance with the Helsinki 
Declaration. There was a minimal risk of harm to 
the participants, as no known threats to safety 
are associated with the devices used in the study 
and all comply with federal regulations regarding 
electromagnetic and radio interference.

Participants were added to the study if they had 
sleep disturbances based on Pittsburgh Sleep Qual
ity Index (PSQI)14 scores >5 and mild cognitive 
impairment as characterized by Montreal Cognitive 
Assessment (MoCA)15 scores ranging from 17 to 
25. Both the PSQI and MoCA have demonstrated 
strong internal consistency, each with a reported 
Cronbach’s alpha of 0.83.14,15 All participants and/ 
or their caregivers were interviewed via phone to 
determine eligibility based on their medical history, 
current and previous treatment regimens, and cur
rent medication use. Excluded from the study were 
those with suicidal tendencies, recent psychotropic 
medication changes, major organ failure, uncon
trolled disorders like hypertension or diabetes, 
obstructive vision conditions, prior cataract surgery 
with specific lenses, untreated sleep apnea, restless 
leg syndrome, or the presence of another brain dis
ease accounting for their cognitive status. Those 
with histories of severe epilepsy, photosensitivity 
dermatitis, progressive retinal disease, or perman
ently dilated pupils were also excluded. Validated 
Spanish versions of the MoCA and PSQI were 
available. However, all participants in the final sam
ple completed the English versions, as English was 
their primary language for communication. Conse
quently, language was not included as a covariate 
in subsequent analyses.

Table 1. Demographics of the study participants.
Outcome Quantity

Age (Mean [SD]) 64.4 (5.6)
Sex (N)

Male 7
Female 9

Race/Ethnicity (N)
White 12
African American 2
Asian 1
White/Hispanic 1

Education level (N)
12þ years 15
Not reported 1
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Light intervention

The light intervention employed in the study 
delivered a robust light–dark pattern specified for 
stimulating the human circadian system based on 
the mathematical model of circadian phototrans
duction proposed by Rea and colleagues.16–18

According to the model, circadian stimulus (CS) 
is calculated from circadian-effective light 
(CLA),19 which is a biophysical construct relating 
the spectral sensitivity of the human retina to 
optical radiation for stimulation of the master 
biological clock in the suprachiasmatic nuclei.16,20

Above the modeled threshold (CS ¼ 0.1) of the 
circadian system, CLA values are transformed 
into CS values until they reach a point of satur
ation (CS ¼ 0.7), beyond which greater CLA val
ues do not incrementally affect CS. Previous 
research among people with Alzheimer’s disease 
has shown that exposure to CS >0.3 during the 
day and <0.1 during the evening improved sleep, 
mood, and behavior in that population.21–23

Although originally validated in Alzheimer’s pop
ulations, the CS threshold of >0.3 was used here 
given the growing evidence of circadian disrup
tion in MCI as a prodromal stage of neurodegen
eration.6 Additionally, prior studies conducted in 
office workers and other healthy adults have 
demonstrated that a CS threshold of >0.3 is 
appropriate for the general population.24–26

Although previous studies in Alzheimer’s pop
ulations employed custom-built table and floor 
lamps designed for use in residential settings, the 
present study eased participant burden by provid
ing a portable intervention using the commer
cially available light therapy glasses (Re-Timer, 
Londsdale SA, AU) shown in Figure 1. 
Participants wore the glasses during their usual 
morning routines (e.g., breakfast, reading, 
hygiene), and no significant disruptions to daily 
activities were reported. The light glasses’ four 
light-emitting diodes (LEDs), positioned two on 
each side of the device frame’s lower wings and 
directed up toward the eyes (see Figure 1), are 
specified by the manufacturer to provide 500-nm 
“green-blue” light at an “illuminance” level of 
506 lx on the “high lux” setting, which was con
firmed by readings directly facing the LED source 
taken by our laboratory. However, because CS is 

measured at the cornea and the device’s nose
piece (and, therefore, the LEDs’ position relative 
to the cornea) is adjustable by about 10 to 20 mm 
both vertically and horizontally, the experiment
ers conservatively evaluated its output at a stand
ardized eye position to ensure the criterion CS 
value >0.3 would be achieved in the field. 
Measurements were taken 14 mm behind the 
LEDs (in the direction of the cornea) at the loca
tions depicted in Figure 1 via spectrometer (Jaz, 
Ocean Optics, Dunedin, FL, USA) and CS was 
calculated using the Light and Health Research 
Center’s CS Calculator (2.0).27 According to the 
CS calculator, the glasses provided a CS of 0.36 
( peak ¼ 501 nm, mean vertical illuminance ¼
179.5 lx) at each eye on the high lux setting, 
which comfortably exceeded the CS level speci
fied in the experimental design. The light therapy 
glasses were worn 1 h per day, beginning within 
1 h of the participants’ habitual wake time, for a 
duration of 12 wks. Participants were instructed 
on the operation of the glasses and told to ener
gize them on the high lux setting during use.

Study outcomes

Sleep quality
Pre- and post-intervention sleep quality was sub
jectively assessed using the PSQI questionnaire, 
which is a well-established instrument for evaluat
ing sleep quality in clinical populations. The ques
tionnaire consists of 19 self-rated items that 
generate seven component scores related to sleep 
quality, sleep latency, sleep duration, habitual sleep 
efficiency, sleep disturbances, use of sleep medica
tion, and daytime dysfunction.14 The sum of these 
component scores yields a global PSQI score rang
ing from 0 to 21. A global score >5 indicates poor 
sleep quality, while scores �10 place individuals in 
the worst tertile or quartile of the sleep quality dis
tribution in most clinical studies.

Activity–rest
Wrist actigraphy has been validated in older adults 
and those with cognitive impairment, correlating 
strongly with polysomnography and sleep logs.28,29

Participants were instructed to wear an actigraph 
(Actiwatch 2, Philips Respironics, Murraysville, 
PA, USA, or wGT3X-BT, ActiGraph, Pensacola, 
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FL, USA) on their non-dominant wrist to record 
pre- and post-intervention rest–activity data. 
Actigraphy outcomes for sleep included sleep dur
ation (elapsed time from bedtime to waking at the 
end of the sleep period, in minutes); sleep effi
ciency (the percentage of sleep duration scored by 
the actigraphy software as asleep); sleep onset 
latency (the time required to transition from bed
time to the start of sleep, in minutes); and wake 
after sleep onset (WASO, the total time scored by 
the actigraphy software as awake during the sleep 
period, in minutes). The actigraphy data were also 
used to assess circadian rhythm regularity and sta
bility30,31 via the calculation of interdaily stability 
(IS), a measure of the consistency of the sleep- 
wake pattern across 24-h periods, and intradaily 
variability (IV), which quantifies the fragmentation 
of activity-rest cycles within a 24-h period. Both 
are unitless measures represented by decimal ratios 
ranging from zero to 1, with higher IS ratios indi
cating better interdaily stability and higher IV 
ratios indicating greater intradaily variability.

Cognition
Participants’ pre- and post-intervention cognitive 
function was assessed using the MoCA, which eval
uates various cognitive domains including short- 
term memory, visuospatial abilities, executive func
tions, attention, concentration, working memory, 

language, and orientation.15,32 Although a validated 
Spanish-language version of the MoCA was avail
able, it was not used in this study, as all participants 
had English as their primary language. Therefore, 
the English version of the MoCA was administered 
to the entire sample. Three cognitive performance 
tasks were also employed to evaluate pre- and post- 
intervention differences in specific cognitive 
domains, including sustained attention, short-term 
memory, and interference control with a high 
degree of sensitivity and specificity (67%–99%). 
Sustained attention and response inhibition were 
evaluated using the go/no-go (GNG) task, 33 in 
which participants responded to the word “go” by 
pressing a designated key within 2 s and refrained 
from responding when presented with “no go.” 
Outcomes for the GNG task included accuracy (a 
decimal ratio representing the proportion of correct 
responses out of the total number of trials reported 
as a numeric value ranging from 0 to 1) and reac
tion time (RT, in milliseconds). The digit span 
task34 was used to assess short-term memory cap
acity by presenting participants with a sequence of 
numbers that increased in length and were asked to 
repeat them in order. The longest correctly recalled 
sequence determined participants’ digit span scores. 
The Stroop task35 was used to measure interference 
control and cognitive flexibility by presenting par
ticipants with a series of color names (e.g., “red”) 

Figure 1. Front view of the light therapy glasses used in the experiment showing EV and CS calculations for each eye and the 
locations of the LEDs, spectroradiometer measurement locations (indicated by crosshairs), and adjustable nosepiece (indicated by 
dashed line). The measurements were taken in the measured center of each side of the glasses, 14 mm behind (i.e., toward the 
cornea) the LEDs and facing directly forward. The measurement locations assume an exceptionally broad pupillary distance of 
90 mm. The device measurements represent the inner dimensions of the frame. Ev: vertical illuminance.
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displayed in font colors that differed from the 
name’s referent (e.g., “red” displayed in a blue font). 
Participants were asked to identify the color of the 
displayed word by pressing corresponding keys 
(e.g., “B” for “blue”). Outcomes for the Stroop task 
included total accuracy, as well as accuracy (a deci
mal ratio representing the proportion of correct 
responses out of the total number of trials reported 
as a numeric value ranging from 0 to 1) and RT (in 
milliseconds [ms]) for congruent (e.g., “red” dis
played in a red font) and incongruent (e.g., “red” 
displayed in a blue font) stimuli, as well as the 
Stroop effect, calculated as the time difference (in 
milliseconds) between the mean RT to incongruent 
stimuli and the mean RT to congruent stimuli.

Circadian-effective light exposure
Participants’ circadian-effective light exposures 
were measured using a personal light monitor 
called a Daysimeter36 worn as a pendant (i.e., 
approximately at chest level) from waketime to 
bedtime during the pre- and post-intervention 
data collection periods. Calibrated in terms of 
photopic illuminance (lux) and the CS metric (see 
Light intervention), the Daysimeter when worn as 
a pendant yields light exposure measurements that 
closely correspond to those recorded at the eye.37

In addition to CS exposures calculated from Day
simeter data for the entire day after waking, we 
also separately calculated participants’ CS expo
sures during the 2-h period after waking com
bined with the 1-h CS dose delivered by the light 
glasses during that time. This latter calculation 
was performed because the Daysimeter worn as a 
pendant is incapable of capturing the localized 
stimulus provided by the intervention.

Protocol

The 14-week study employed a single-arm, pre-post 
design. The study began with a pre-intervention (or 
baseline) assessment period during which partici
pants wore the actigraph and Daysimeter for 
1 week. This period concluded with the completion 
of the questionnaires and cognitive performance 
tasks. The participants were then asked to wear the 
energized light therapy glasses for 1 h per day 
within the first 2 h of their habitual wake time 
for 12 wks. During the final week of the light 

intervention and the end of the study, the partici
pants were once again instructed to wear the acti
graph and Daysimeter. On the last day of that 
post-intervention assessment week, the participants 
once again completed the questionnaires and cogni
tive performance tasks.

The study devices (i.e., light therapy glasses, 
actigraph, Daysimeter) were either shipped or 
hand-delivered to the participants by a Mount 
Sinai clinical research coordinator, according to 
the individual participant’s preference. Instruc
tional manuals and personal guidance on the 
operation of all devices were provided in person 
or virtually via teleconferencing. If additional par
ticipant support was required, caregivers were 
instructed to work with the study’s clinical 
research coordinators to ensure the protocol was 
followed and the devices were being used properly. 
The clinical research coordinators promptly 
addressed problems with the study devices and 
any deviations from the study’s protocol.

Statistical analysis

The study’s primary outcomes were the PSQI, 
MoCA, GNG task, digit span task, and Stroop 
task; the secondary outcomes were the sleep dur
ation, sleep efficiency, sleep onset latency, 
WASO, IS and IV measures. To evaluate the 
effectiveness of the light intervention, pre- and 
post-intervention data for the primary and sec
ondary outcomes were compared using one-tailed 
paired t-tests or Wilcoxon signed-rank tests, 
depending on the data distribution. Additionally, 
Spearman’s correlation was used to assess the 
relationship between CS exposures and primary 
outcomes. Given the small sample size and 
single-arm design, additional estimation-based 
methods were used to enhance interpretability. 
These included: (1) histograms of individual 
change scores (post-pre) to visualize score distri
butions and identify variability (Supplementary 
Figure 1); (2) participant-level trajectory plots to 
illustrate within-subject pre-to-post changes 
across outcomes (Supplementary Figure 2); and 
(3) Cohen’s d effect sizes to describe the magni
tude of change without reliance on statistical sig
nificance testing (Supplementary Table 2). 
Cohen’s d was calculated as the mean change 
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divided by the standard deviation of the change 
scores—to describe the magnitude of change, 
with 0.2, 0.5, and 0.8 conventionally interpreted 
as small, medium, and large effects, respectively. 
All analyses were conducted using R v4.1.3 (R 
Foundation for Statistical Computing, Vienna, 
Austria). Apart from the seven participants who 
withdrew from the study, complete post- 
intervention data were not available for two par
ticipants in the subjective sleep (PSQI) analysis, 
three participants in the actigraphic sleep analyses 
(sleep duration, sleep efficiency, sleep onset 
latency, and WASO), two participants in the cir
cadian rhythm regularity and stability (IS and 
IV) analyses, and two participants in the cogni
tive function (MoCA) analysis. Data from all 16 
participants were available for cognitive perform
ance (GNG, digit span, and Stroop task) analyses. 
Data was not available for two participants in the 
CS measure. The analyses for each outcome 
included only those participants for whom both 
pre- and post-intervention data were available. 
Statistical significance for comparisons was 
defined as p< 0.05. However, given the pilot 
nature of the study and small sample size, find
ings are interpreted as preliminary estimates 
rather than definitive tests of efficacy. The goal of 
these analyses was to explore potential signals of 

change and estimate effect sizes to inform future, 
adequately powered trials, rather than to draw 
definitive conclusions about efficacy.

Results

The results for the sleep quality, activity–rest, and 
cognition outcomes are summarized in Table 2
and described by outcome below.

Sleep quality

Participants showed a significant post- 
intervention improvement in subjective sleep 
quality, with a nearly 2-point reduction in mean 
PSQI score (Figure 2 and Table 2). While a 
change of more than 3 points is often cited as 
clinically meaningful,38,39 our observed improve
ment—supported by a medium effect size (d ¼
−0.52, Supplementary Table 2)—is notable given 
the relatively short 12-week intervention period. 
Downward pre-to-post trajectories for most par
ticipants further support this trend (Supplemen
tary Figure 1 and Supplementary Figure 2).

Activity–rest

Although changes in activity–rest outcomes were 
not statistically significant, several post-intervention 

Table 2. Results of the analyses conducted for the study’s sleep quality, activity–rest, and cognition outcomes.

Outcome Na

Intervention

p valueb TrendPre-(mean [SD]) Post-(mean [SD])

Sleep quality
PSQI (score) 14 10.21 (1.81) 8.29 (2.97) 0.036 Better

Activity–rest
Sleep duration (min) 13 424.05 (55.73) 395.99 (95.00) 0.183 Worse
Sleep efficiency (percentage) 13 83.89 (6.50) 85.55 (6.35) 0.068 Better
Sleep onset latency (min) 13 8.02 (7.19) 7.73 (8.10) 0.867 Better
Wake after sleep onset (min) 13 59.69 (23.80) 45.54 (21.71) 0.117 Better
Interdaily stability (decimal ratio) 14 0.45 (0.18) 0.42 (0.16) 0.615 Worse
Intradaily variability (decimal ratio) 14 0.83 (0.18) 0.81 (0.27) 0.729 Better

Cognition
Cognitive function (MoCA) 16 23.29 (1.54) 24.06 (2.36) 0.119 Better
Go/no-go (GNG) task

Accuracy (decimal ratio) 16 0.95 (0.08) 0.97 (0.04) 0.222 Better
Reaction time (ms) 16 1050.10 (207.23) 934.52 (125.92) 0.015 Better

Digit span task (score) 16 6.13 (1.15) 6.44 (1.36) 0.145 Better
Stroop task

Total accuracy (decimal ratio) 16 0.87 (0.16) 0.90 (0.09) 0.366 Better
Accuracy, congruent (decimal ratio) 16 0.94 (0.20) 0.96 (0.11) 0.486 Better
Accuracy, incongruent (ms) 16 0.84 (0.17) 0.88 (0.10) 0.122 Better
Reaction time, congruent (ms) 16 1155.16 (190.09) 1129.81 (187.10) 0.299 Better
Reaction time, incongruent (ms) 16 1334.46 (164.28) 1263.35 (155.53) 0.039 Better
Stroop effect (ms) 16 179.30 (118.68) 133.54 (101.30) 0.125 Better

Notes: (a) Represents number of participants with available pre- and post-intervention data for each outcome. (b) Statistically signifi
cant (p< 0.05) values are shown in bold.
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trends emerged, with notable individual variability 
in change scores (Supplementary Figure 1) and tra
jectories (Supplementary Figure 2). Participants 
exhibited slight decreases in mean sleep duration, 
sleep onset latency, and WASO, alongside a modest 
increase in sleep efficiency. Cohen’s d effect sizes 
indicated small to medium effect sizes in sleep 
onset latency (d ¼ −0.05), WASO (d ¼ −0.47), 
sleep duration (d¼−0.39), and efficiency 
(d¼ 0.25), suggesting a trend toward more consoli
dated and efficient sleep (Supplementary Table 2). 
In terms of circadian rhythm metrics, both IS and 
IV had small effect sizes (d ¼ −0.06 and d ¼
−0.01, respectively). These patterns provide useful 
estimates of variability that can inform the design 
of future controlled studies (see Table 2).

Cognition

Statistically significant improvements were observed 
in some cognitive outcomes following the interven
tion. Mean reaction time (RT) on the go/no-go 
(GNG) task significantly decreased post- 
intervention (p< 0.05), indicating faster response 
times (Figure 3A, Table 2). Similarly, Stroop incon
gruent RT showed a significant reduction 
(p< 0.05), suggesting improved cognitive control 
and processing speed (Figure 3B, Table 2). Medium 
effect sizes were observed for GNG RT (d ¼
−0.60), Stroop incongruent RT (d ¼ −0.47) (Sup
plementary Table 2). Other cognitive outcomes 
showed non-significant trends in cognitive 
improvement, with small effect sizes observed. 
MoCA (d¼ 0.33), GNG accuracy (d¼ 0.25), Stroop 
incongruent accuracy (d¼ 0.30), Stroop congruent 
accuracy (d¼ 0.09), and digit span (d¼ 0.27) all 
increased with small effect sizes. Similarly, Stroop 
congruent RT (d ¼ −0.13), and Stroop effect (d ¼
−0.30) decreased with small effect sizes. Visual 
inspection of participant trajectories and histograms 
in Supplementary Figures 1 and 2 highlight hetero
geneity in cognitive responses.

Circadian-effective light exposure

During the intervention period, participants 
received an average circadian stimulus (CS) of 
0.44 (SD ¼ 0.17) within the first two hours of 
waking, and 0.31 (SD ¼ 0.11) throughout the 
day. A significant positive correlation was 
observed between CS exposure—both in the 2-h 
post-wake window (q¼ 0.55, p¼ 0.043) and 
across the day (q¼ 0.59, p¼ 0.024)—and Stroop 

Figure 2. The significant post-intervention improvement in 
subjective sleep quality, indicated by lower PSQI scores. It 
should be noted that the post-intervention score still indicates 
sleep disturbance (i.e., PSQI >5).

Figure 3. The significant post-intervention improvement in the GNG task (A) and Stroop incongruent task (B), as indicated by a 
reduction in RT (ms).
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congruent task accuracy. These associations sug
gest that higher daytime light exposure may be 
related to better cognitive performance on select
ive attention tasks (Figure 4).

Discussion

This pilot study explored the feasibility and pre
liminary effects of a wearable, circadian-effective 
light therapy intervention in a cohort of WTC 
RRWV with MCI and comorbid sleep disturban
ces. Preliminary signals suggest that morning 
light exposure via portable light therapy glasses 
may be a practical and acceptable intervention in 
this high-risk population, with participants 
reporting modest improvements in subjective 
sleep quality and select cognitive outcomes. 
These findings align with prior studies showing 
that light interventions can improve sleep-related 
symptoms in PTSD and aging populations,23,40

and enhance attention and executive function in 
both clinical and healthy cohorts.41,42

Significant pre–post improvements were 
observed in PSQI scores and in reaction time per
formance on go/no-go and Stroop tasks, though 
the use of simple change scores as the primary 
analytic approach warrants caution. It is well- 
established that change scores can have reduced 
reliability due to the additive nature of measure
ment error from pre- and post-intervention assess
ments.43,44 In small samples, this compounded 
error variance can obscure genuine treatment 
effects and inflate Type II error rates. To mitigate 

this, we supplemented our analyses with effect size 
estimates (Cohen’s d) and visualized participant- 
level changes to better characterize variability in 
response.

This study offers valuable feasibility data. 
Participants demonstrated high protocol adherence, 
with wearable device readings confirming that partic
ipants consistently wore the monitoring sensors dur
ing the required times. Although the light therapy 
glasses did not have embedded adherence tracking, 
self-reported data indicated high compliance, with 
participants reporting use on intervention days. 
Additionally, no adverse effects were reported, and 
individual-level outcomes showed heterogeneity— 
suggesting that certain subgroups may benefit more 
than others, possibly due to variation in baseline cir
cadian disruption, PTSD severity, or other 
comorbidities.11,45

The improvement in PSQI scores shown in 
this study is consistent with our previous 
research demonstrating that high circadian- 
effective light exposures (CS � 0.3) during the 
day improved subjective sleep (i.e., PSQI and 
Sleep Disorder Inventory scores) in people living 
with Alzheimer’s disease and related dementias. 
Also, like our previous work, improvements in 
objective sleep measures were observed, but not 
all of them reached statistical significance. There 
were no significant changes in objective measures 
of circadian robustness (i.e., interdaily stability 
and intradaily variability). Interdaily stability 
decreased slightly post-intervention (mean IS ¼
0.42 to 0.39), though this was a non-significant 

Figure 4. Association between CS values and Stroop congruent accuracy 2 h after waking, including the intervention, (A) and dur
ing the daytime (B). The shaded area in each panel represents the 95% confidence interval of the linear regression line. Stroop 
congruent accuracy is reported as a decimal ratio.
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change that does not support improved circadian 
regularity (see Table 2). This lack of statistical 
significance may be due to the study’s small sam
ple size as well as to the short intervention dur
ation. Our previous work shows that a longer 
intervention period will result in stronger 
improvement in sleep outcomes. 22 These prelim
inary findings suggest that a circadian-effective 
light intervention may be used as a viable non- 
pharmacological treatment for mitigating circa
dian misalignment and improving sleep quality— 
thereby possibly avoiding well-documented health 
risks associated with CRD—in the WTC RRWV 
cohort.

Similarly, statistically significant post-intervention 
improvements (i.e., decreases) in cognitive perform
ance were observed in RTs for the GNG task and 
Stroop incongruent outcomes, which may be a feas
ible reflection of an improvement in response inhib
ition, selective attention, and executive control. 
These results are consistent with studies linking light 
exposure to enhancements in higher-order cognitive 
processes such as attention, memory, and decision- 
making.46,47 The positive correlations between higher 
daytime CS exposures and Stroop congruent accur
acy (see Figure 4) warrant further studies on the role 
of light in modulating cognitive performance, per
haps through better sleep. Considered together, the 
study’s sleep and cognitive performance outcomes 
are consistent with previous studies showing the link 
between better sleep and better cognition.11,48–50

These preliminary findings highlight the feasi
bility and potential utility of circadian-effective 
light interventions for addressing sleep and cogni
tive disturbances in WTC RRWV with MCI. Given 
the high prevalence of disrupted sleep–wake cycles 
and executive dysfunction in this population, 
light-based strategies may represent a practical, 
non-pharmacological approach worth further 
investigation. While current results do not estab
lish clinical efficacy, they offer direction for future 
research aimed at optimizing light therapy proto
cols—including parameters such as dose, timing, 
and spectral composition—and evaluating their 
integration with other behavioral interventions 
like cognitive behavioral therapy. Longitudinal and 
controlled studies will be essential to determine 
whether such interventions yield sustained 
improvements in sleep and cognitive function and 

whether they can be adapted for broader use in 
occupational or training settings.

Despite encouraging findings, this study has 
several limitations. The absence of a control 
group leaves opens the possibility that observed 
changes could be attributed to nonspecific 
effects such as regression to the mean,51 practice 
effects, and expectancy bias, precluding causal 
inference. Indeed, cognitive reaction-time tasks 
like GNG and Stroop are susceptible to practice 
effects that can produce modest gains with 
repeated exposure, independent of interven
tion.52 External variables, including seasonal 
increases in ambient morning light (particularly 
in spring/summer months), may have also con
tributed to increased circadian-effective light 
exposure, thereby confounding the effects attri
buted to the intervention. Additionally, adher
ence was self-reported, and the Daysimeter 
could not capture the localized stimulus from 
the glasses, introducing uncertainty in actual 
dose delivery. Although adherence was moni
tored through self-report logs, the possibility of 
reporting inaccuracies or overestimation cannot 
be fully excluded, which may have introduced 
bias in estimating the actual exposure to the 
light intervention. Additionally, these results are 
specific to individuals with mild cognitive 
impairment and should not be generalized to 
those with Alzheimer’s disease or other demen
tias. Attrition (�30%) and missing data further 
constrain internal and external validity. Future 
studies should incorporate control conditions 
and consider mixed-effects or time-series models 
to better account for individual variability over 
time.

Nevertheless, these preliminary findings offer 
qualified support for the feasibility and acceptability 
of circadian-effective light interventions in the WTC 
RRWV population. Additional research, including 
follow-up on shorter-duration interventions such as 
those used by Zalta et al, may help determine 
whether light therapy can improve sleep outcomes 
in WTC RRWV specifically with PTSD.40

Conclusion

In summary, this pilot study demonstrates that 
delivering a tailored, circadian-effective light dose 
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via wearable glasses is feasible and well tolerated in 
WTC RRWV with MCI and sleep disturbances. 
Participants reported modest improvements in sub
jective sleep and cognitive processing speed. 
However, given the study’s uncontrolled design, 
small sample size, and potential for confounding, 
these findings should be interpreted as preliminary 
signals of promise, not evidence of efficacy. Rather 
than establishing effectiveness, this study provides 
important insights into protocol adherence, inter
vention tolerability, and outcome variability. These 
findings lay the groundwork for larger, randomized 
trials aimed at determining whether circadian-based 
light interventions can reliably improve sleep and 
cognitive health in aging and occupationally exposed 
populations.
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