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Abstract
Raynaud’s phenomenon (RP) is a condition that causes decreased blood flow to areas perfused by small blood vessels 
(e.g., fingers, toes). In severe cases, ulceration, gangrene, and loss of fingers may occur. Most treatments focus on inducing 
vasorelaxation in affected areas by the way of pharmaceuticals. Recently, animal studies have shown that vasorelaxation 
can be induced by non-coherent blue light (wavelength ~ 430–460 nm) through the actions of melanopsin, a photoreceptive 
opsin protein encoded by the OPN4 gene. To study this effect in humans, a reliable phototherapy device (PTD) is needed. 
We outline the construction of a PTD to be used in studying blue light effects on Raynaud’s patients. Our design addresses 
user safety, calibration, electromagnetic compatibility/interference (EMC/EMI), and techniques for measuring physiological 
responses (temperature sensors, laser Doppler flow sensors, infrared thermal imaging of the hands). We tested our device 
to ensure (1) safe operating conditions, (2) predictable, user-controlled irradiance output levels, (3) an ability for measuring 
physiological responses, and (4) features necessary to enable a double-blinded crossover study for a clinical trial. We also 
include in the Methods an approved research protocol utilizing our device that may serve as a starting point for clinical study. 
We introduced a reliable PTD for studying the effects of blue light therapy for patients suffering from Raynaud’s phenomenon 
and showed that our device is safe and reliable and includes the required measurement vectors for tracking treatment effects 
throughout the duration of a clinical study.
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Introduction

Raynaud’s Phenomenon

Raynaud’s phenomenon (RP) is a vasospastic disorder that 
affects approximately 5% of the population [1, 2] and results 
in vasoconstriction in the extremities, typically exacerbated 
by exposure to cold temperatures and/or stress [1–5]. Digi-
tal extremities are mostly affected by RP; however, other 
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vascular beds can also be disrupted. RP is classified into 
two different subcategories—primary and secondary RP [6]. 
Primary RP occurs independently and is thought to have a 
genetic component. Secondary RP results from underlying 
conditions, such as an autoimmune disorder [7], other vas-
cular disorders, drug therapies [8, 9], or external repeated 
trauma such as vibration white finger [10]. In the traditional 
clinical picture, RP attacks are triphasic, with each phase 
being distinguishable by skin color of the affected extremi-
ties [11]. The initial pallor is the ischemic phase, followed 
by deoxygenation which causes the skin to turn blue/purple. 
The final stage is hyperemia and results in red skin color. RP 
attacks can be severely painful and have associated paresthe-
sia as well [8]. Quality of life can be significantly impacted 
by RP, and a survey conducted with 443 subjects from vary-
ing countries found that 71% of primary RP patients and 
87% of secondary RP patients cited a decreased quality of 
life [12]. Additionally, RP episodes can result in lasting dam-
age to the affected tissues. Complications from RP include 
digital ulceration [13], digital ischemia, and digital gan-
grene, and in severe cases, it can result in digit loss [3, 14].

Quantifying Symptoms

To determine the severity of RP in individual patients, it is 
common to use a Raynaud's Condition Score (RCS) [15, 
16]. This is a questionnaire which asks patients to rank the 
severity of discomfort on a numerical scale. New quanti-
tative metrics such as infrared thermography [17–19] and 
finger skin thermometry [20] have also been used to verify 
the presence of RP. Additionally, laser Doppler flowmetry 
(LDF) has been used to analyze vasodilation in RP patients 
receiving novel RP treatments [21, 22]. Capillaroscopy, 
which allows a semi-quantitative assessment of the vascular 
abnormalities of RP, has been increasingly used to study and 
understand the differences in vasculopathy between primary 
and secondary RP and has the potential to measure vascular 
changes as a consequence of treatment [17, 23, 24].

Current Treatment

Previous approaches to treat RP have been primarily 
focused on symptom management. There have been recent 
studies on pharmaceutical approaches such as calcium 
channel blockers, angiotensin-converting enzyme (ACE) 
inhibitors, alpha blockers, prostaglandin/prostacyclin ana-
logues, thromboxane synthase inhibitors, selective seroto-
nin reuptake inhibitors, nitrate derivatives, and phospho-
diesterase inhibitors, but their success is limited [25–27]. 
As pharmacologic treatments are systemic, the affected 
tissues are not solely targeted. These options can have side 
effects including headaches, ankle swelling, dizziness, 
palpitations, and flushing. Between the high variability 

in efficacy and side effects, the clinical utility of these 
approaches is quite limited. There are other options that 
offer symptomatic care to the Raynaud’s affected tissues. 
However, these typically operate by applying heat [28, 29] 
which can be difficult to reliably localize and regulate the 
applied temperature. There are also techniques which seek 
to treat the resulting digital ulcers after formation but do 
not serve as a preventative measure to protect against ulcer 
formation [13]. Recently, there have been studies which 
look to analyze the effectiveness of iloprost infusion in 
patients by evaluating blood flow using LDF [21, 24]. This 
study showed increased blood flow following 3 days of 
infusions, but flow benefits faded shortly after treatment.

Motivating Work

Sikka et al. described achieving photorelaxation by the 
application of blue light (455 nm) to the mice tail artery 
[30]. They reported the presence of melanopsin (opsin4; 
Opn4) in blood vessels and its ability to mediate wave-
length-specific light-dependent vascular relaxation. Their 
group subsequently demonstrated that Opsin3 and Opsin4 
mediate photorelaxation through G protein-coupled recep-
tor kinase2 (GRK2) and that GRK2 inhibition could 
amplify blue light-mediated photorelaxation and prevent 
physiological desensitization to repeated blue light expo-
sure [31]. Opsins are photoreceptor molecules originally 
identified in the retinal cells. These proteins can change 
their conformation from a resting state to a signaling state 
upon light activation. In so doing, they activate G pro-
tein-coupled receptors (GPCR) in the cellular membrane, 
thereby converting an extracellular signal into an intracel-
lular response.

Light therapy has been under investigation and in clini-
cal use for a variety of conditions [32–37]; blue light expo-
sure has shown promise in other settings such as decreas-
ing systolic blood pressure and arterial stiffness [33] and 
also treating neonatal jaundice [34]. Recent studies have 
investigated the efficacy of low levels of light therapy for 
systemic sclerosis digital ulcers. In an open-label trial 
using light-emitting diodes of wavelengths of 850 nm, 
660 nm, and 405 nm delivered simultaneously, the pain 
visual analogue score (VAS) of patients’ painful ulcers 
showed significant improvement post-treatment [22]. It 
is important to note that this device delivered localized 
light therapy to digits with ischemic ulcers, rather than 
delivering light therapy to the entire hand. Additionally, 
the study was not done to measure a response to RP per se 
and did not incorporate blue light at the frequency inves-
tigated here in an attempt to harness Opsin4-mediated 
photorelaxation.
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Materials and Methods

Considerations for Experimental PTD

When building an experimental PTD, there are several 
important considerations which must be addressed. Firstly, 
there must be a guarantee of safe operating conditions for 
both the subject and any device operator (i.e., electrical 
safety, hygiene standards, etc.). Next, to properly admin-
ister set treatment levels, there must be predictable, user-
controlled irradiance output settings that can be reliably 
maintained during device operation. Additionally, there 
should be an ability to measure physiological responses 
to treatment through a diverse set of measurement tech-
niques. Finally, it is necessary to include device features 

which enable a double-blinded crossover study for clinical 
trials.

Device Overview

The PTD is composed of an outer enclosure, optical stack, 
circuit board, and a rear panel containing power inputs 
and cooling fans. The fully assembled PTD and exploded 
views of the assembly are shown in Fig. 1. The patient 
only makes contact with the removable hand compart-
ments (HC) made of acrylic. This isolates the user from 
the inner workings of the unit (Fig. 2). One compartment 
is clear to allow blue light to pass from above and below 
(treatment), and the other is opaque with reflective mylar 
that blocks all blue light incident on its surface (sham). 
Blue light generated by the two LED panels passes through 

Fig. 1  a PTD rendered in Solidworks Photorealistic View. CAD was 
supplemented with ray-tracing of the blue light from both LED panels 
to understand the distribution of light within the inner hand compart-
ment (HC), including internal reflections and stray light. (The con-
sole operation is explained later.) Light passes from the LED panels, 
through the light diffuser, through the clear hand compartment and 
illuminates the hands from above and below. Stray light and reflec-
tions are minimized by black vertical surfaces. b The PTD enclosure 
is a powder-coated, all-steel unit with ventilated top and bottom sec-
tions; an optical stack, custom circuit boards, carry handle, hood & 
front bezel, cushioned forearm rest, and fans on the back panel. c The 

removable optical stack is also a ventilated enclosure fabricated from 
acrylic and PLA, with side-wall channels for inserting the LED pan-
els, diffusers and HC. Shown are the fixed & vented cover (1), upper 
blue LED panel (2) , upper microbead light diffuser (3), lower dif-
fuser (4), lower LED panel (5), fixed bottom (6), HC (7) that slides 
into place and is illuminated from above and below by the two LED 
panels, fixed rear thermocouple probe (8) that automatically enters 
the HC upon insertion, and side (9) and back walls (10) that hold the 
stack together and allow the other panels to be easily slid into place. 
The optical stack is only removed from the cabinet for servicing.
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diffusers (Acrylite microbead acrylic Satinize Light Dif-
fuser, 0D010 DF) then to the HC. For safety, the inside 
surface of each of HC can be easily disinfected with 
 Clorox® wipes by simply removing the HC from the larger 
assembly. A front bezel with hood, along with blue-block-
ing eyewear (Uvex S0360X), protects the participant and 
research assistant (RA) from any long-term effects of blue 
light [38].

To reduce heating, muffin fans are placed behind the PTD 
to gently pull air into and through the entire unit, exiting in 
the rear. Air movement is not sensed by the study partici-
pant. The electronics are also ventilated. The HC rear panels 
have offset ventilation holes (to minimize stray light), and 
a single port for a temperature sensor holder (larger hole in 
center). The reflective mylar prevents unwanted heating of 
the opaque HC. (This was determined experimentally and 
verified by thermal imaging of the inside surface of the HC). 
The notch visible on the rear-edge (Fig. 2c) is sensed by 
a microswitch inside the PTD to determine which HC is 
present. An automatic shutoff prevents operation of the unit 
when no hand compartment is present (a second microswitch 
confirms the presence of at least one of the HC). The HC 
temperature sensor hole is shown in Fig. 1c. Finger skin 
and ambient room temperatures are displayed and recorded 
(Omega Temperature Data Logger). The temperature within 
the PTD itself (aside from the HC) may be monitored by the 
research assistant on a digital display located on the console 
on the right side of the PTD.

When a double-blinded crossover protocol is performed 
in a clinical study, neither the participant nor RA conduct-
ing the study is aware which HC is being used. Unblinded 
personnel configure the PTD for the given session by tem-
porarily removing the PTD front bezel and changing HCs.

LED Panels

The phototherapy device contains two separate blue LED 
panels (Yescom, 225 LEDs, wavelength 453 nm). These are 
positioned above and below the hand compartment and are 
separated by a diffuser as shown in Fig. 1c. The operational 
wavelength of the panels is within the prescribed range sug-
gested by the previous work [30, 31] and their irradiance 
levels ensure diffusion of light through skin [35, 39–41]. 
Both LED panels and the diffusers reside in a larger assem-
bly called the optical stack. The optical stack is a stable and 
removable subassembly which allows for easy insertion and 
removal of the hand compartment through the front of the 
PTD (Fig. 1c).

Light Energy and Limits of Exposure

The limit for skin exposure at a wavelength of 453 nm, 
which considers the duration of the exposure [42], is the 
following energy density:

Fig. 2  a Photograph of the optical stack with hand compartment (HC) 
partially extended. Shown are the, fixed & vented cover (1), LED 
panel slid into place (2), microbead diffuser slid into place (3), reflec-
tive Mylar surface on sham (opaque) HC (4), and sham (opaque) 
HC front opening for insertion of participant hands (slid forward for 
better viewing) (5). b Rear-view of the clear acrylic HC. Shown is 

a large hole for automatic insertion of the thermocouple temperature 
probe as the hand compartment is slid into place (6), and c Rear-view 
of the sham HC showing reflective surface (4), temperature probe 
hole (6) and rear notch (7) for sensing and determining which hand 
compartment is inserted. If no hand compartment is detected, power 
is shut-off to the entire system for safety.
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Each PTD LED panel generates the following energy flux 
(Fig. 7c):

and given

then for a duration of, e.g., 30 minutes, or 1800 seconds, the 
following is the energy density:

which is well below the limit.
The exposure duration is set by an electronic timer on 

the console and is programmed in advance. Recalibration 
requires placing the machine in calibration mode and uses 
of a physical key to access.

Operation

The research assistant operates the PTD from the console on 
the right side of the PTD. Blue light treatment duration and 
the irradiance level are set as specified by the clinical study 
protocol (Fig. 3). The temperature is set to room temperature 
to provide a stable hand compartment temperature. Integra-
tion of the console and electronic subsystems is described 
in the Appendix, Fig. 8.
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EMC/EMI

Electromagnetic compatibility (EMC) and electromagnetic 
interference (EMI) were considered during the design and 
testing of the PTD. EMC is the ability of the PTD to func-
tion acceptably in the proposed electromagnetic environ-
ment. EMI is unwanted noise or interference to the electri-
cal paths or circuits caused by an outside source.

As an experimental and not commercial device, our 
attention turned to assuring the device did not emit elec-
tromagnetic interference that would affect its operation, 
including the sensors.

Sources of EMI include the displays, indicators and 
switches, circuit boards, electrical cabling, LED pan-
els, and interconnecting leads to sensors and recording 
equipment. EMI was tested by using a spectrum analyzer 
and near-field probes. Suspected emission sources were 
shielded as best as possible with grounded aluminum or 
steel enclosures. Aluminum works for electrical fields, 
and steel is necessary for magnetic fields (e.g., fields radi-
ated by inductors). Magnetic waves cannot be grounded or 
blocked but can be redirected by high permeability metals 
such as steel or mu-metal.

We initially observed instability of the thermocouple 
baseline readings which were due to EMI from the LED 
panels. Thus, we switched to RTD sensors which have 
better immunity to EMI, and this alteration resolved the 
problem. (Guidance for assessing EMC in a commercial 
product can be obtained from the US Food and Drug 
Administration (FDA) which regulates medical devices 
and the US Federal Communications Commission (FCC).)

Fig. 3  The PTD console is located on the PTD’s right side and is 
not visible to a study participant. Irradiance (mW/m2) and duration 
of exposure are set based on a study protocol. Irradiance (as a per-
cent PWM) is determined in advance from the power level calibration 

chart for the installed LED panels. The hand compartment tempera-
ture, and operating parameters are also displayed to verify the system 
is operating within specifications. The opaque compartment indicator 
light is inactivated in a double-blinded study.
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Assessing Microcirculation

Symptoms reported by a study participant, quantified by the 
VAS, are the most important measure of the effectiveness of 
blue light therapy for RP patients (Sec. 1.2). However, meas-
uring physiologic parameters such as skin temperature and 
LDF during operation of the PTD, as well as thermal imag-
ing before and after a study session are potentially helpful. It 
is important to note that the latter are all affected by natural 
variations in vascular physiology from person to person and 
can be misleading so care must be taken when building con-
clusions upon their absolute values. Variables such as time 
of season, room temperature, physical conditioning, activity 
before testing, diet, acclimation time to the test room, medi-
cations, clothing, and age may affect both the baseline and 
test readings. All of these issues were encountered at some 
point in testing the PTD and need to be considered when 
designing a study protocol.

A U-shaped carrier for sensors to measure finger skin 
temperature and LDF was constructed, along with custom 
sensor holders (Fig. 4). This is conveniently placed into the 
HC where readings can be taken continuously throughout 
the treatment. The leads are fixed to the edges of the carrier 
minimizing contact with the hands.

Laser Doppler Flowmetry

Blood flow can be measured continuously in a single finger 
(Fig. 4) of the participant during a study using an LDF 
sensor (Kyocera Corp.). Data are captured on a computer 
for later analysis. LDF measures shifts in optical signals 
which occur when coherent light is transmitted into tis-
sue and photons are scattered by moving objects [43, 44]. 

The returning photon frequency will be modified if they 
encounter moving particles due to the Doppler effect [43]. 
The purpose is to look for changes in circulation and to 
compare between blue light exposure vs. sham therapy. 
LDF has been used to assess microcirculation before [45].

Continuous LDF readings were found to be margin-
ally useful because of inherent variability of the readings 
related to contact pressure (finger to sensor). Several tech-
niques were investigated to ensure proper contact pressure 
such as the use of a sensor clamshell finger holder. Unfor-
tunately, this proved to be no better than simply resting 
the finger in a custom holder. However, an added elastic 
band over the holder did improve the recordings and was 
adopted for all future readings. Another problem discov-
ered was heating of the sensor by its own electronics over 
time, giving a false reading of increased flow. To minimize 
this effect, the LDF sensor was mounted on a heatsink 
(Fig. 4c). There was no reliable method to calibrate read-
ings; therefore, only relative comparisons were possible. 
LDF sensors from other manufacturers may prove more 
useful. An alternative and perhaps preferable approach is 
to use LDF before and after a session, outside of the PTD 
[22].

Skin Temperature

Finger skin temperature is obtained by having the partici-
pant place their right middle finger in the holder shown in 
Fig. 4c,d. Skin, HC, and ambient room temperatures are all 
recorded simultaneously with RTD sensors and recorded 
(Omega Temperature Data Logger).

Fig. 4  Photographs of a removable sensor carrier, b closeup of a 
showing the laser doppler flowmeter (LDF) and thermocouple sen-
sors, and finger holders, c optional clamshell-style LDF sensor holder 

(the finger is slid under the spring-loaded cover), and d preferred 
RTD temperature sensor with elastic band. Variations of the carrier 
and finger holders were tested to improve the user experience.
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Thermal imaging

Thermal imaging with an infrared camera (Hti HT-A2) 
offered another assessment of circulation in the hands, 
subject to the limitations described in the introduction to 
this section. Fig. 5 shows the thermal imaging camera (Hti 
HT-A2) and representative baseline images.

Visual Analogue Score (VAS) and Clinical Study

Clinical study requires the use of the pain visual analogue 
score (VAS) for participants to score the severity of their 
symptoms before and after treatment, employing a cold 
room or cold-water immersion to provoke a vasospastic 
event, and using either blue light exposure or sham based on 
the procedural steps shown in Fig. 6. The procedural steps 
below are repeated several times in the course of a study 
participant session. The VAS is the means by which clinical 
investigators will be able to compare this treatment with 
traditional treatments.

For the study to be double-blinded, unblinded person-
nel configure the equipment in advance, and a blinded 
RA conducts the study in the presence of the blinded 

study participant. Both the participant and RA wear blue-
blocking eyewear. To complete the crossover, the study 
is repeated but with the hand compartments swapped 
between sessions (following a washout period to avoid 
carryover effects). The design choices present in our PTD 
enable a safe, easy, and repeatable implementation of such 
a protocol.

Results

Calibration of LED Panels

The LED panels have a fixed voltage requirement and com-
pliant current based on the irradiance setting. Irradiance 
(mW/m2) is adjusted by using pulse width pulse modula-
tion (PWM), a customary method for dimming LEDs. 
Measurements were obtained at five locations over the LED 
panel and averaged (Fig. 7a). Irradiance was plotted against 
a PWM setting (0-100% in 10% increments) and found to 
have a linear relationship (Fig. 7c). Calibration controls are 
accessed through a secure opening on the back of the PTD.

Fig. 5  a Testing session with contributor Sehgal (left), and authors 
Kerber and Wagner (foreground). b Thermal imaging camera (Hti 
HT-A2) and custom stand. Images are obtained of the dorsal and 
palmar surfaces of the hands while they are held above the base of 
the stand. (Resting the hands on the base would alter their tempera-
ture.) c Representative baseline images - palmar and dorsal surfaces, 
left and right hands. The thermal images show temperature as a false-
color gradient (a spectrum bar is visible on the right-hand side of the 

images), based on the minimum and maximum temperatures recorded 
and displayed at the bottom of the images. More useful for study pur-
poses is the ability to sample any point in the image using an adjust-
able cursor, allowing measurement to 0.1 °C over specific anatomical 
landmarks as specified by the clinical study protocol. This measure-
ment is shown in the upper left-hand corner of the image. Study par-
ticipant data based on use of the PTD is deferred to a future clinical 
study and will be the subject of another paper.
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Testing

Several practice sessions with the PTD were done to test 
functionality, EMI, sensor configuration, human machine 
interface, and suitability for study participants. The human 
machine interface refers to those features, such as the con-
sole, computer, software, and external temperature logger, 
that enable the personnel to control the machine. Some of 
the changes included the addition of an armrest cushion, 
added EMI shielding inside the PTD, and investigation of 
other sensor options.

Discussion

We have demonstrated that our device exhibits (1) safe oper-
ating conditions for a study participant, (2) predictable, user-
controlled irradiance output levels with a custom calibra-
tion-assist device, (3) an ability for measuring physiological 
responses (with limitations), and (4) features necessary to 
enable a double-blinded crossover study for a clinical trial. 
To show how our device can be used in a proper clinical 
study, we designed a double-blinded crossover protocol that 
has been approved for human subjects (University of Min-
nesota IRB) and will be the subject of a future paper.

In summary, when used in a safe manner, an effective 
means for studying the effect of blue light irradiance of 
the hands in patients with RP has been achieved with our 
device. The use of blue light therapy, either alone or in 
combination with pharmaceutical agents, delivered by sta-
tionary (derived from this PTD) or mobile medical devices 
(e.g., gloves with embedded light sources) may potentially 
improve the quality of life of patients who suffer from RP 
and similar vasospastic disorders.

Fig. 6  Proposed procedural steps for operating the PTD during a clinical study. The actual study protocol will require additional steps of 
repeated cold exposure, runs with the PTD (as above), and symptom severity surveys.
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As with any device used with human subjects, diligence 
with repeated calibration, monitoring of internal sys-
tems, assessing and recording of reported problems, and 
addressing matters of safety—including irradiance, auto-
matic power shutoff, and sanitation are paramount. Study 
protocols should incorporate a second research assistance 
for double-checking settings.

Appendix

Electronic Subsystems

See Fig. 8.

Fig. 7  a The custom calibration-assist device was constructed simi-
lar to the PTD optical stack (Fig 2b), but containing only one dif-
fuser, an acrylic plate representing the top or bottom of the HC, and 
two acrylic plates that position the spectroradiometer above the light 
source. The distance from the LED panel to the meter, and interven-
ing light absorbing materials, replicates the PTD optical stack. The 
test LED panel is inserted into an opening in front of the calibrator. 
b The spectroradiometer (UPRtek/ Gamma Scientific MK350N) is 
shown here (inverted for readability) plugged into a test port. A total 
of 55 samples were obtained for each panel − 11 readings for each 
sampling location. The spectral power distribution (graph of energy 
levels vs wavelength) is shown, and peak wavelength and irradiance 

are displayed numerically. Ordinarily calibration is performed in a 
dark room and removable plugs are placed into the open ports. The 
same device can be used to measure the light absorption of a specific 
material (e.g., the diffuser), by first characterizing the light source 
without any intervening material, then repeating with the material in 
place. c Calibration curves for one of two required LED panels. Irra-
diance (mW/m2) is plotted against the PWM setting. There is some 
variation in power level based on sampling location over the panel, 
and the five sampling locations are averaged. The standard devia-
tion between the spatial locations is also included as error bars on the 
plot. Additionally, current draw was found to be linear with changing 
PWM levels. Voltage is regulated (fixed).
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Fig. 8  a Integration of the PTD console, optical stack and electronic 
subsystems as viewed from the bottom. 12 VDC from the power 
monitor is distributed to the various units as shown (letter P). A step-
up converter brings the 12 VDC power supply to ~ 42 VDC for the 
LED panels. This voltage is adjustable and set at the time of calibra-
tion. b Bottom view. A custom PCB (1) was created for interconnect-
ing the various displays, indicator lights, fans, switches (1, 2), LED 

panels, power supply, and fuse. c Bottom view with optical stack and 
shielding removed for visibility. The HC detector microswitches (3), 
LED power connector (4), HC thermocouple (5) and fans (6) can 
be seen. The TC is fastened into a holder attached to the back of the 
optical stack, allowing it to extend into an inserted HC automatically 
(see Fig.  1c). The HC can then be changed for treatment vs. sham 
studies without needing to reconnect the thermocouple.
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