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BACKGROUND: Many people in modern society have insufficient exposure to ultraviolet B (UVB) sunlight, which may lead to
vitamin D deficiency. We aimed to investigate the effect of a proto-type wearable light-emitting diode (LED) device emitting UVB
light on serum 25-hydroxyvitamin D levels.

METHODS: A total of 136 healthy adults were randomly assigned to receive either an active device emitting UVB light with a peak
wavelength of 285 nm (n = 64) or a sham device emitting visible light (n = 72). All participants wore the device for a total of two
minutes, one minute on each forearm, every day for 4 weeks. Serum 25-hydroxyvitamin D levels were assessed at baseline, 2, and
4 weeks of intervention, and 2 weeks after the end of the intervention.

RESULTS: A significant difference was found between the experimental and control groups in changes in serum 25-hydroxyvitamin
D levels from baseline after two (0.25 +3.10 ng/mL vs. —1.07 + 2.68 ng/mL, p = 0.009) and 4 weeks of intervention (0.75 + 3.98 ng/
mL vs. —1.75 £ 3.04 ng/mL, p < 0.001). In the experimental group, the dropout rate due to mild, self-limiting adverse skin reactions
was 11.8% (9/76). The mean total 25-hydroxyvitamin D production after UVB exposure was estimated at 0.031 ng/mL per 1 cm? of
skin area.

CONCLUSIONS: A prototype wearable LED UVB device was effective for improving 25-hydroxyvitamin D status. The development
of a safer wearable LED device for phototherapy may provide a novel daily, at-home option for vitamin D supplementation.

European Journal of Clinical Nutrition (2023) 77:342-347; https://doi.org/10.1038/541430-022-01241-z

INTRODUCTION
Vitamin D is a nutrient responsible for many physiological
functions, and inadequate vitamin D nutritional status is associated
with various chronic diseases [1]. In humans, vitamin D can be
synthesized in the skin via exposure to ultraviolet B (UVB:
280-320 nm wavelength) in sunlight [2], and cutaneous production
is the primary natural source of vitamin D [3]. However, in modern
society, many people have insufficient exposure to UVB radiation
from sunlight due to the widespread use of sunscreen [4], aging
[5], season and latitude [6], and indoor-oriented lifestyles [7],
leading to worldwide inadequate vitamin D nutritional status [8].
A number of previous studies reported a meaningful improve-
ment of vitamin D nutritional status after UVB light therapy for
skin disorders without serious adverse reactions [9-11]. However,
these currently used in-hospital phototherapies may not be
suitable for the treatment of vitamin D deficiency due to high cost

and inconvenience. Therefore, there is a need to develop a more
convenient and efficient UVB light-emitting device for home
phototherapy to improve vitamin D nutritional status.

A light-emitting diode (LED) is a semiconductor light-emitting
source widely used in various industries, including in the field of
medical devices [12]. LEDs have many advantages over other
electronic light-emitting components such as energy efficiency,
robustness, long lifetime, and, most of all, smaller size, which
enables the fabrication of compact illuminating systems [13].
These features of LEDs also make them suitable for the production
of relatively small and light, wearable light-emitting devices for
daily use at home.

An animal study showed that the exposure conditions with
ultraviolet UVB LEDs can achieve optimal vitamin D bio-
fortification in pig skin [14]. However, data regarding the effect
of UVB-emitting LED devices in producing vitamin D in the human
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skin are limited. A recent study reported that LED light was 2.4
times more efficient than sunlight in cutaneous vitamin D
production [15]. Another study also showed that UVB-LED was
effective in generating vitamin D in human skin [16]. However,
these studies were based on in vitro experiments with ampules or
human skin samples. To our knowledge, there has been no
randomized controlled study to prove the effect of LED
phototherapy devices on vitamin D nutritional status.

In this work, we aimed to examine the effect of a proto-type
wearable LED UVB light-emitting device on vitamin D nutritional
status of healthy adults. We conducted a randomized, single-blind,
sham-controlled clinical trial with a relatively large study
sample size.

MATERIALS AND METHODS

Study population

This study was conducted at the sleep clinic of Seoul National University
Bundang Hospital (SNUBH), Seongnam, Korea. Healthy adults, aged 20-65
years, were recruited by advertisements in the local community from
August 2020 to August 2021. The enrolled participants underwent
screening tests at the first visit, which was within a week prior to the
initiation of intervention. Those who experienced adverse skin reactions in
the screening test were excluded. We also excluded those who met the
following criteria: (1) history of light therapy or vitamin D supplementation
within two months prior to study entry; (2) skin diseases including skin
cancers and photosensitivity; (3) medical illnesses such as malignancy,
respiratory diseases, infectious diseases, hepatic or renal impairment, and
head trauma; and (4) psychiatric disorders including mood disorders,
anxiety disorders, sleep disorders, and psychotic disorders. Written
informed consent was obtained from all participants before the initiation
of the study. This study was approved by the Institutional Review Board of
SNUBH (B-2002-597-003) and was registered with the Clinical Research
Information Service (CRIS), Republic of Korea (registration number
KCT0007033).

Intervention

We used two different types of proto-type wearable light-emitting devices
(the active and sham device), which were custom-designed at the School
of Electrical Engineering, Korea Advanced Institute of Science and
Technology, Daejeon, Republic of Korea. The active device was composed
of 48 LEDs (QD Jason, China, Model J35ABA285P09A) that emitted UVB
light at a peak wavelength of 285 nm with the full width at a half-maxima
of 11 nm. LEDs were arranged on a flexible printed circuit board (FPCB) in a
6 x 8 matrix format with an interval of 13 mm between adjacent LEDs.
Then, the FPCB with these 48 UVB LEDs was placed in a 3-D printed
housing that could be wrapped around the lower or upper arm. The
distance between an LED and the surface of the skin under illumination
was maintained at ~5 mm to ensure that light from the LEDs could spread
over the skin. Furthermore, a clear elastomer of polydimethylsiloxane
(PDMS) was placed between the LEDs and the surface of the skin to ensure
that the skin-to-LED distance remained constant. One side of the PDMS
layer was micro-structured to further enhance the spread of the LED light.
The overall illuminated area was ~80cm?. The light-diffusing structure
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could sustain a dose of ~7.8mJ/cm® per one-min exposure. The sham
devices had an identical construction except that the LEDs emitted blue
light with a peak wavelength of 465 nm instead of UVB light (Fig. 1).

At the first visit, a screening test was conducted using a testing device
made of a single LED, which emitted UVB light with the same wavelength
and intensity as the active device, onto a 3-cm? area of forearm skin.
Thereafter, the eligible participants were randomly assigned at a 1:1 ratio
to either the experimental or control group and were blinded to the
intervention assignment. The random assignment was performed by a
third party, via the stratified permuted block randomization method. At the
second visit, which was within a week after the first visit, the participants
received either the active or sham device depending upon their
randomized group assignment. They were instructed to wear the device
for a total of 2min, 1 min on each forearm every day for 4 weeks. One
minute of UV exposure on each arm was controlled by the controller unit
of the devices. Accordingly, the daily dose per unit area of UVB radiation by
the active device was determined as approximately 7.8 mJ/cm?, and the
effective area of exposure was ~80 cm? for each forearm, making the total
daily dose of 1.25J (=7.8 mJ/cm? x80cm?x 2). For the safety of the
participants, we monitored the occurrence of any adverse events and
compliance with device use at the third and four visits, which took place 2
and 4 weeks after the initiation of the intervention, respectively. If any
suspicious adverse skin reactions including erythema or rash occurred after
the intervention, the use of the device was immediately discontinued, and
the participant was withdrawn from the trial.

Serum 25-hydroxyvitamin D measurement

We adopted serum 25-hydroxyvitamin D [25(0OH)D] concentrations as the
indicator of serum vitamin D nutritional status since it is widely used for
the measurement of serum vitamin D nutritional status [17]. Serum 25(0OH)
D concentrations were measured using a high-performance liquid-
chromatography-tandem-mass-spectrometry method. Vitamin D is meta-
bolized through the liver and kidneys and its metabolism is related to
serum calcium and phosphate [18]. Therefore, the serum levels of calcium,
phosphate, alanine transaminase, aspartate aminotransferase, alkaline
phosphatase, gamma-glutamyl transpeptidase, total bilirubin, creatinine,
and blood urea nitrogen were also assessed simultaneously with the serum
25(OH)D measurements. Blood tests were conducted four times, at the first
(baseline), third (week 2), fourth (week 4), and final visits. The final visit was
conducted two weeks after the end of the intervention (week 6). All the
blood samples were collected during the daytime (from 9:30 AM. to
4:00 P.M.), in the non-fasting state, and were properly processed and
transported to the testing institute (Seoul Clinical Laboratories, Seoul,
Republic of Korea). All the blood tests were performed at the same time of
the day for each participant. In addition, the season during which the
participants were enrolled in the study was considered as a confounding
factor due to seasonal variation of serum 25(OH)D levels in Korean adult
population [19]. Our study participants were categorized into four groups
according to the season of study enrollment: spring (March to May),
summer (June to August), autumn (September to November), and winter
(December to February) group.

Demographic characteristics
Demographic information, including age, sex, body mass index, marital
status, education level, current smoking status, drinking habits, and

Photographs of the proto-type wearable devices. a Photograph of the proposed ultraviolet B wearable device with a custom-made

controller. b Photograph of the ultraviolet B wearable device worn on the forearm.
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physical activity level, was obtained at the first visit. As for drinking habits,
the participants were grouped as positive if they had consumed any
alcohol at least once in the past month. With regard to the physical activity
level, those who performed any kind of exercise for at least 30 min each,
three times a week were classified as positive.

Nutrition and outdoor activities

Serum 25(OH)D levels can be affected by the skin production of vitamin D
via sunlight exposure or dietary supplementation. Therefore, we examined
the daily amount of dietary vitamin D intake and time spent on any
outdoor activities at 2 and 4 weeks of intervention and 2 weeks after the
end of the intervention. All participants were instructed to keep a daily
diary of their diet and outdoor activity levels during the entire 4 weeks of
the intervention period and the additional 2 weeks after the end of the
intervention. We also calculated the average daily amount of dietary
vitamin D intake and time spent on outdoor activities from the start of
intervention to each assessment.

Statistical analysis

We calculated the minimal required sample size as 128 subjects (64 for
each group), using G*Power software at a confidence level of 95%, an
effect size of 0.5, and statistical power of 0.8. Effect size of 0.5 was adopted
as it represents “medium” effect size. Considering the drop-out rate of
15%, we decided to enroll no fewer than 150 subjects (75 in each group).
In the current study, a per-protocol (PP) analysis was performed after
excluding the data from those who had dropped out.

Baseline demographic characteristics were compared using the
independent t-test or Mann Whitney U test for continuous variables
and the chi-squared test for categorical variables between the
experimental and control groups. With regard to changes from baseline
at each serum 25(0OH)D level assessment, paired t-test and independent
t-test (or Mann Whitney U test) were adopted to evaluate intra-group
differences and inter-group differences, respectively. An analysis of
covariance was also conducted to compare the changes in serum
25(0OH)D levels after controlling for possible confounding factors. As a
sub-analysis of the experimental group, we used independent t-test
and ANCOVA to compare the changes of serum 25(0OH)D levels after
4 weeks of intervention between those with and without vitamin D
deficiency at the baseline assessment. Vitamin D deficiency was defined
as serum 25(0OH)D levels <20 ng/ml [20]. All statistical analyses were
performed using SPSS version 25.0 for Windows (SPSS, Chicago, IL, USA)

and a two-tailed p value of less than 0.05 was considered statistically
significant.

RESULTS

Eligibility and baseline demographic characteristics

Among 160 healthy adults enrolled in the current study, one
participant did not meet the inclusion criteria and three declined
to participate. Six participants were excluded due to adverse skin
reactions after using the test device at the screening visit. The
remaining 150 participants were randomly assigned (1:1 ratio) to
the experimental and control groups. During the study period,
nine participants dropped out due to adverse skin reactions, and
five were excluded for study protocol deviations. Finally, the data
from 136 participants (64 in the experimental group and 72 in the
control group) were included in the PP analysis (Fig. 2). Table 1
compares the baseline demographic factors between the experi-
mental and control groups. There were no significant differences
in the baseline demographic characteristics and season of study
enrollment between the two study groups.

Safety and compliance

Of those who experienced adverse skin reactions during the
study period, seven exhibited mild erythema without any other
skin symptoms, which subsided spontaneously without treat-
ment. The other two complained of mild erythema with swelling
or itching and received topical treatment with ointment. All of
these adverse reactions improved within 2 weeks after the onset
of symptoms. In contrast, we did not find any adverse skin
reaction in the control group, resulting in a significant between-
group difference in adverse event rate after chi-square test
(14.1% vs. 0%, p =0.001).

Compliance with the device use was more than 95% in both
groups at both assessment points after excluding those who
dropped out due to adverse skin reactions. No meaningful
between-group difference was found in compliance after 2 weeks
of intervention (98.77% vs. 97.72%, Mann-Whitney U= 2166.5,
p=0340). However, significantly higher compliance was

Enroliment

Assessed for eligibility (N = 160)

Excluded (N = 10)
* Not meeting inclusion criteria (n = 1)

* Declined to participate (n = 3)
¢ Adverse skin reactions (n = 6)

Randomized (N = 150)

Allocated to experimental group (N = 76) Allocation Allocated control group (N = 74)
Follow-Up
Dropped out (N =12) . Dropped out (N = 2)
¢ Adverse skin reaction (n =9) _—
o e Study protocol deviation (n = 2)
e Study protocol deviation (n = 3)
Analyzed (N = 64) Analysis Analyzed (N =72)

Fig. 2 Flow chart of study participants. Flow diagram of participant recruitment, exclusion, allocation, and analysis.
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Table 1. Comparison of baseline demographic characteristics and
season of study enrollment between the experimental and control
groups.

Characteristics Experimental Control p value
group (n = 64) group

(n=172)
Sex, male 9 (14.1) 16 (22.2) 0.220
Age, years 48.05+11.21 46.44 £ 12.98 0.445
Body mass 23.28 +£3.25 23.02+2.93 0.622
index, kg/m?
Marital status, 47 (73.4) 46 (63.9) 0.232
married
Education, 40 (62.5) 45 (62.5) 1.000
college
graduates
Current smoking 1(1.6) 6 (8.3) 0.120
Current drinking 15 (23.4) 21 (29.2) 0.450
Physical activity 33 (51.6) 27 (37.5) 0.099
Season of study 0.855
enrollment
Spring 14 (21.9) 15 (20.8)
Summer 17 (26.6) 15 (20.8)
Autumn 10 (15.6) 13 (18.1)
Winter 23 (35.9) 29 (40.3)

Data are presented as mean + standard deviation for numerical data and
number (percentage) for categorized data. The independent t-test was
performed for numerical variables and the chi-squared test or Fisher’s
exact test was performed for categorical variables.

Table 2. Comparison of the average daily amount of vitamin D intake
and outdoor activities between the experimental and control groups.
Characteristics Experimental Control p value

group (n = 64) group

(n=172)

Mean + SD Mean + SD
Dietary vitamin D intake (ug/d)
Week 2 6.46 +3.63 6.30+£3.24 0.784
Week 4 6.34+3.15 5.75+2.76 0.245
Week 6 6.23 £3.21 5.54+2.76 0.187
Time spent on outdoor activities (h/d)
Week 2 1.16+1.16 0.96 +0.85 0.260
Week 4 1.13£1.13 0.99 £ 0.90 0.432
Week 6 1.12£1.11 0.99 £ 0.87 0.462

The independent t-test was performed and the data are presented as
mean + standard deviation.

Values refer to the total cumulative amount up to each assessment
time point.

observed in those with an active device after 4 weeks of
intervention (97.88% vs. 95.59%, Mann-Whitney U= 1825.0,
p=0.017).

Nutrition and outdoor activities

Table 2 presents data regarding vitamin D nutrition and the
outdoor activities of the study participants. No significant
between-group difference was found in the average daily amount
of dietary vitamin D intake and time in spent outdoor activities at
each assessment.

European Journal of Clinical Nutrition (2023) 77:342 - 347
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Serum 25(OH)D levels

Table 3 describes the results of the serum 25(0H)D measurements.
There was no significant difference in the baseline serum
concentrations of 25(0OH)D between the two groups. In the
experimental group, although not statistically significant, a
continuous, increasing trend was found in serum 25(0OH)D levels.
In contrast, the control group exhibited a significant decrease after
2 and 4 weeks of intervention. Of note, we observed a significant
difference in changes in serum 25(0OH)D levels between the two
groups from baseline after 2 (0.25+3.10ng/mL vs.
—1.07+2.68ng/mL, p=0.009) and 4 weeks of intervention
(0.75+3.98 ng/ml vs. —1.75+3.04 ng/ml, p <0.001). This signifi-
cant difference remained after adjusting for possible confounders
such as age, sex, time spent on outdoor activities, dietary vitamin
D intake, compliance with the device use, season of study
enrollment, and baseline serum 25(0OH)D levels. A follow-up
assessment performed 2 weeks after the end of the intervention
(week 6) revealed an additional increase in serum 25(OH)D levels
in those with active devices, resulting in a significant between-
group difference in the improvement of serum 25(0OH)D status
from baseline (0.99+4.97ng/mL vs. —1.70+3.64ng/mL,
p=0.001). Also, no significant between-group difference was
found in other blood parameters that might be related to vitamin
D metabolism (data not shown). After a sub-analysis of the
experimental group, we found that those with vitamin D
deficiency showed significantly higher increase of serum 25(OH)
levels after 4 weeks of intervention, compared to those without
vitamin D deficiency (2.18 £3.06 ng/mL vs. —0.78 +4.32 ng/mlL,
p = 0.002).

DISCUSSION

The present study demonstrated that two minutes of the daily use
of a proto-type wearable LED UVB light-emitting device for
4 weeks was effective in inducing the skin production of vitamin D
in healthy adults. A significant difference was found in the change
in serum 25(0OH)D levels between the two groups after 2 and
4 weeks of intervention, supporting the efficacy of a proto-type
wearable LED UVB device in improving serum 25(0OH)D status.

A substantial decrease in serum 25(OH)D concentrations was
observed in those with the sham device. In contrast, we found a
trend toward increasing serum 25(0OH)D levels in those with active
devices, although it was not statistically significant. The possible
explanation for this relatively small increase in serum 25(0OH)D in
the experimental group could be that the seasonal cycle of 25(0H)
D status may have offset the effects of the active device on serum
25(0OH)D status. In a large population-based study on serum
25(0OH)D levels among healthy Korean adults, the authors
observed the lowest and highest serum 25(0OH)D levels in late
winter (February) and early autumn (September), respectively [19].
Among our participants, 52 were enrolled during winter (from
December to February) and 32 were enrolled during summer
(from June to August). This seasonal difference in enroliment may
have led to the declining tendency of serum 25(0OH)D levels in the
entire study cohort during the intervention period.

In addition, a decrease in outdoor activities due to the
Coronavirus Disease 2019 pandemic may also have contributed
to a further decline in serum 25(0OH)D levels in both groups. In
Korea, gatherings of many people were prohibited, and tele-
commuting was more popular than ever during the pandemic.
These social distancing measures resulted in a significant increase
in the time spent indoors. Notably, considering the reasons
mentioned above, our data suggest that using a proto-type
wearable LED UVB device could be helpful for the maintenance of
adequate serum 25(0OH)D status during periods of decreased
serum 25(OH)D levels.

The most efficient UVB wavelength of LEDs for vitamin D
production has not been clearly established yet. Several previous
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Table 3.

25-hydroxyvitamin D (ng/ml) Experimental group (n = 64)

Mean + SD

Baseline 21.15+£10.19
Week 2 21.40+9.85
A 0.25+3.10

p value® 0.523

Week 4 21.90+9.58
A 0.75+3.98
p-value® 0.139

Week 6 22.14+9.53
A 0.99 +4.97

p value© 0.117

Data are presented as mean + standard deviation.

A represents a change from baseline.

SD standard deviation.

®Independent t-test was performed to examine between-group differences.

Comparison of the changes in serum 25-hydroxyvitamin D levels between the experimental and control groups.

Control group (n =72) p value® p value®
Mean = SD
22.04+10.42
20.97£10.13
—1.07 £ 2.68
0.001

20.28 £10.07
—1.75+3.04
<0.001
20.33+9.69
—1.70+3.64

<0.001

0.618

0.009 0.018

<0.001

<0.001

0.001 0.002

PAnalysis of covariance adjusted for age, sex, time spent on outdoor activities, dietary vitamin D intake, compliance with device use, season of study
enrollment, and baseline serum 25-hydroxyvitamin D levels, was performed to examine between-group differences.
“Paired t-test was performed to examine within-group differences in changes from baseline serum vitamin D levels.

studies reported inconsistent results. A study by Hollick et al.
found that the optimal wavelength range was between 293 and
298 nm [15]. In contrast, another study reported that a 285 nm
LED was the most efficient in producing cutaneous vitamin D
within five minutes of irradiation [21]. In this study, a 285 nm LED
was chosen as the light source for the active devices due to its
high efficiency within a short use time of fewer than five minutes.

In this study, the daily dose of UVB exposure by the active
device was set as 15.6 mJ/cm? for the safety of our participants.
This dose was much less than the average minimal erythema dose,
a minimal dose of UVB radiation that produces erythema in
Koreans [22, 23]. We also performed UVB phototherapy on a
relatively small skin area compared to other existing studies. For
these reasons, although some adverse skin reactions such as mild
erythema were observed in the experimental group, all of these
adverse reactions were mild and reversible. Most of them were
self-limited and only a few required additional treatment. The
further improvement of proto-type wearable UVB devices may
reduce the possibility of adverse effects, facilitating the clinical
application of an advanced wearable device for vitamin D
supplementation in the future.

Diet can be another source of vitamin D. However, oral
preparations are ineffective for those with malabsorption syn-
dromes [24]. Also, there are concerns about toxic effects such as
confusion, vomiting, and abdominal pain by the excessive dietary
intake of vitamin D [25]. In contrast, UVB phototherapy delivered
via a wearable device has no risk of vitamin D intoxication since
the human body can regulate the quantity of cutaneous vitamin D
produced from UVB radiation [26].

The strengths of this study include a large study population
consisting of healthy adults without medical and psychiatric
comorbidities. In addition, we obtained information on the
amount of sunlight exposure, dietary intake of vitamin D, and
blood parameters related to vitamin D metabolism, all of which
can affect serum 25(0OH)D levels significantly. Moreover, our study
was the first randomized controlled trial providing some evidence
for the clinical application of a proto-type wearable LED UVB light-
emitting device for vitamin D production in the general
population.

This study also had several limitations to be considered. First,
we performed PP analysis instead of intention-to-treat analysis,
which may have led to selection bias. However, we found a low

SPRINGER NATURE

drop-out rate after excluding dropouts due to adverse skin
reactions, and our data also found good compliance in both study
groups, which could mitigate the possibility of selection bias.
Second, the adverse skin reaction rate was 11.8% and this rate
could be a considerable obstacle for clinical application of
wearable devices for UVB phototherapy. However, all the adverse
reactions had subsided without dermatological treatment. We also
used the test device before intervention, to exclude participants
with high risk of adverse skin reactions. In addition, we are
developing a safer and more efficient device compared to the
proto-type device used in this study. Third, we could not collect
information on the Fitzpatrick skin type of each participant.
Melanin pigment, the principal determinant of the Fitzpatrick skin
type, might compromise vitamin D photosynthesis [27]. However,
a recent study revealed that the inhibitory effects of melanin were
limited [28]. Last, the study protocol was registered in the clinical
trials registry after the initiation of the study. Although the CRIS, a
Korean clinical trials registry platform, allows retrospective
registration, we should have registered the study protocol in
advance to meet international research standards.

In conclusion, the two-minute daily use of a proto-type
wearable LED UVB device for 4 weeks was effective in improving
serum 25(0OH)D status. UVB phototherapy using a proto-type
wearable device could be a novel and alternative option for
vitamin D supplementation. Although we found only a modest
increase of serum 25(0OH)D, this study could be an introductory
exploration for providing a possibility for clinical application of
wearable devices. Furthermore, the clinical effects of a wearable
device might be more remarkable when applied to a larger skin
area over a longer period of time. Further research on the efficacy
of wearable UVB LED devices of different wavelengths, such as
293 nm or 295 nm, is also needed to develop a more efficient
wearable device. Given the considerable influence of inadequate
vitamin D nutritional status on health, future longitudinal and
methodologically robust studies are required to clarify the
beneficial effects and safety of a wearable LED UVB device.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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