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Abstract

Far-infrared radiation (FIR) has been investigated for reduction of pain and improve-
ment of dermal blood flow. The FIRTECH patch is a medical device designed to re-
emit FIR radiated by the body. This phase 1 study was conducted to evaluate the local
effects of the FIRTECH patch on local skin perfusion, microcirculation and oxygena-
tion. This prospective, randomized, open-label, parallel designed study admitted 20
healthy participants to a medical research facility for treatment for 31 h on three ana-
tomical locations. During treatment, imaging assessments consisting of laser speckle
contrast imaging, near-infrared spectroscopy, side-stream dark-field microscopy,
multispectral imaging and thermography were conducted regularly on patch-treated
skin and contralateral non-treated skin. The primary endpoint was baseline perfusion
increase during treatment on the upper back. Secondary endpoints included change
in baseline perfusion, oxygen consumption and temperature of treated versus un-
treated areas. The primary endpoint was not statistically significantly different be-
tween treated and non-treated areas. The secondary endpoints baseline perfusion
on the forearm (least square means [LSMs] difference 2.63 PU, 95% Cl: 0.97, 4.28),
oxygen consumption (LSMs difference: 0.42 arbitrary units [AUs], 95% Cl: 0.04, 0.81)
and skin temperature (LSMs difference 0.35°C, 95% CI: 0.16, 0.6) were statistically
significantly higher in treated areas. Adverse events observed during the study were
mild and transient. The vascular response to the FIRTECH patch was short-lived sug-
gesting a non-thermal vasodilatory effect of the patch. The FIRTECH patch was well
tolerated, with mild and transient adverse events observed during the study. These

results support the therapeutic potential of FIR in future investigations.
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1 | INTRODUCTION

Far-infrared radiation (FIR) is radiation in the electromagnetic spec-
trum ranging between 3000nm and 100pum. This type of radiation
has been the subject of investigation for its therapeutic benefits
when delivered through various powered or non-powered modali-
ties such as FIR-emitting bioceramics and belts, lamps and saunas.!
Clinical and preclinical evidence point to FIR therapy exerting bene-
ficial effects on cardiovascular and endothelial function by improv-
ing vascular endothelial function, increasing endothelial nitric oxide
synthase (NOS) activity and by increasing exercise tolerance,?* and
it has been also found to have therapeutic benefits in acute and
chronic pain conditions such as musculoskeletal pain.*” The mech-
anism of action of FIR is not yet fully known but vascular effects of
FIR may be mediated through an increase in nitric oxide (NO) bio-
availability and reduction in oxidative stress,®! and improvement
of mitochondrial function by FIR has also been shown ex vivo.'?*?
Some effects of FIR may be due to heat associated with the absorp-
tion of the radiation; however, it induces the nuclear translocation
of promyelocytic leukaemia zinc finger protein in the cells, which
affects microcirculation independently from thermal effects. Few
studies have highlighted a significant and quickened wound healing
process upon exposure to non-thermal FIR therapy that do not heat
the skin but still seem to have therapeutic benefits.

The FIRTECH patch* is a non-medicated thin medical device con-
taining titanium dioxide dispersed in an adhesive layer. The FIRTECH
patch is designed to absorb emitted body heat and re-emit this en-
ergy in the form of FIR. This mode of delivery of FIR is hypothesized
to not heat the skin while exerting beneficial effects on local skin
microcirculation, oxygenation, and mitochondrial function. Since
studies with other FIR-emitting therapeutic modalities have shown

561415 the intended mode of action of

promise in treatment of pain,
the FIRTECH patch is to alleviate acute pain across various parts of
the body such as joints, tendons, bones and muscles (articular and
musculoskeletal pain) by improving local microcirculation. Preclinical
testing of the FIRTECH patch conducted in rabbits and guinea pigs
showed the device to be safe and non-irritating. The present first-
on-human clinical study aimed to elucidate the possible mechanisms
of action of FIR re-emitted by the FIRTECH patch by evaluating the
local effects of this patch on local perfusion, skin temperature and

tissue oxygen consumption.

2 | METHODS

This study was conducted at the medical research facility in ac-
cordance with the principles of the Declaration of Helsinki, the
International Conference on Harmonization Good Clinical Practice
(ICH GCP) and ethical principles as referenced in EU Directive
2001/20/EC. The protocol was submitted and approved in

*Suppliers: Sanofi-Aventis Recherche & Developpement to Sanofi, Recherche &
Developpement.

accordance with European Union Medical Device Regulation, article
82. All volunteers provided written informed consent prior to any
study-related activity. The trial was prospectively registered in toet-
singonline.nl (NL77899.100.21, ABR number 77899).

2.1 | Subjects

Adult (age 218 and <55 years) male and female participants were in-
cluded if no clinically significant abnormal findings were found in the
medical history, physical examination, 12-lead electrocardiogram
(ECG), alcohol breathalyser and clinical laboratory tests (i.e. serum
chemistry, haematology, coagulation, urine drug screen and urinaly-
sis). Pregnant and nursing women were excluded from participation,
as well as subjects using any type of medication (exception paraceta-
mol/acetaminophen up to 4 g/day) and subjects with body modifica-
tions or impediments for imaging on the locations where treatment
with the study patch was planned.

2.2 | Study design

This was a prospective, randomized, open-label, parallel designed
study in which contralateral non-treated areas served as control
for treated areas in the same subject. One cohort of 20 subjects
received treatment with three FIRTECH patches for 31h, one lo-
cated on the inner surface of the lower forearm on glabrous skin,
one vertically placed on the lower back and one vertically placed
on the upper back. Subjects were body-site randomized to receive
the FIRTECH patch (target treatment group) placed on either the
left or right side of the aforementioned areas, and the same area
on the opposite side was used as control. Study assessments were
performed through a 1 x 1 cm ‘window’ cut in the patch which was
folded up for assessing underlying skin and attached to the skin in
between measurements.

2.3 | Study assessments
2.3.1 | Safety

Safety assessments included monitoring of adverse events and con-
comitant medication use and measurement of vital signs. Adverse
events were coded using Medical Dictionary for Regulatory
Activities (MedDRA) version 24.0 (March 2021). Vital signs were
measured before treatment administration and at 1h, 2h, 4h, éh,
8h, 24h, 27h and 30h after treatment administration.

2.3.2 | Pharmacodynamic assessments

Imaging assessments of local skin microcirculation were conducted

at regular intervals on treated and contralateral non-treated sites,
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Forearm:

* LSCI PORH: perfusion

* NIRS with venous & arterial occlusion:
perfusion and oxygenation
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Upper back:
* LSCI LTH: perfusion

Lower back:

* Thermography: skin temperature
* SDFM: microcirculation

* MSI: skin colour
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FIGURE 1 Overview of measurements performed during study conduct and their locations. LSCI, laser speckle contrast imaging; LTH,
local thermal hyperaemia; MSI, multispectral imaging; NIRS, near infrared spectroscopy; PORH, post-occlusive reactive hyperaemia; SDFM,

side-stream dark field microscopy.

before treatment administration and at 1h, 2h, 4h éh, 8h, 24h,
27h and 30h after start of treatment. Imaging assessments were
conducted on several locations with patches placed, as shown in
Figure 1. Measurements were conducted in temperature-controlled
rooms (20-24°C) at the medical research facility. Study assessments
conducted to evaluate microvascular function were laser speckle
contrast imaging (LSCI), side-stream dark-field microscopy (SDFM),
near-infrared spectroscopy (NIRS) multispectral imaging (MSI) and
thermography.

LSCI is a non-invasive imaging method that uses changes in the
speckle pattern reflection when illuminating an imaged object with
laser light. Changes in the speckle pattern signify movement on or in-
side the imaged object. When imaging human tissue, the movement of
blood cells causes changes in the speckle pattern which can be used to
derive an estimation of blood flow in the imaged tissue.'® LSCl imaging
was performed as a baseline measurement of blood flow in treated
and non-treated areas as well as in combination with two challenges
(temporary occlusion and local hyperthermia) to assess microvascu-
lar responses in the imaged area. Post-occlusive reactive hyperaemia
(PORH) was assessed in treated and non-treated areas on the arm.
During this procedure, blood flow is temporarily occluded with a
blood pressure cuff placed around the upper arm and then released.
The subsequent increase in flow can be used as a measure of vascular
reactivity to shear stress caused by the sudden influx of blood into
the arm.r”~% Additionally, LSCI was combined with the local thermal
hyperaemia (LTH) challenge, in which skin is heated to approximately
43°C while continuously measuring blood flow. The skin blood flow re-
sponse to heating can be used to assess neuronal and NO-dependent
vascular reactivity.m’22

SDFM is a technique used to visualize blood vessels in vivo using
light with a wavelength absorbed by red blood cells. Assessment of

blood vessels in the skin was done after removing the top layer of
the epidermis through tape stripping to allow penetration of light up
to 0.5mm into the skin. SDFM imaging can provide information on
blood vessel density and perfusion.?®

NIRS was used to measure fractions of oxygenated and deoxy-
genated haemoglobin in treated and non-treated areas on the arm
up to 3-4cm deep. In combination with a venous and arterial oc-
clusion challenge, NIRS allowed the quantification of tissue oxygen
consumption, blood flow and vascular response to influx of blood in
the arm.24%°

MSI was used to measure skin colour and erythema. Colour
was defined in the CIELAB colour space L* a*, b*, in which L* rep-
resent lightness, a* represents the green-red colour axis and b*
represents the blue-yellow axis. Lastly, thermography was used
to assess changes in skin temperature on treated and non-treated

sites.

2.4 | Statistical analysis

All statistical analyses were conducted according to a statistical

analysis plan written before unblinding of the database.

2.5 | Safety data

All subjects who received 21 FIRTECH patch treatment were in-
cluded in the safety analyses. Treatment emergent adverse events
(TEAEs) were summarized, and percentages calculated by treat-
ment, System Organ Class, preferred term, severity and study drug
relatedness. Vital signs were summarized similarly, and number and
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percentage of out-of-range values calculated by treatment and time
point. Treatment exposure was calculated in minutes using patch ap-
plication as start time and patch removal as end time and summa-
rized with mean, standard deviation (SD), minimum, maximum and

median treatment duration.

2.6 | Pharmacodynamic data

All subjects who received 21 FIRTECH patch treatment and un-
derwent at least one physiological assessment after patch admin-
istration were included in the pharmacodynamic (PD) analyses. All
repeatedly measured PD endpoints were summarized (n, mean, SD,
standard error of mean [SEM], median, min and max values) by treat-
ment and time. To establish whether significant treatment effects
could be detected on the repeatedly measured PD endpoints, each
endpoint was analysed with a mixed model analysis of covariance
(ANCOVA) with treatment, time, treatment side and treatment by
time as fixed factors, subject, subject by treatment and subject by
time as random factors and the baseline measurement as covariate.
Three contrasts were made in the model, namely patch versus no-
patch over 2days and at Day 1 only and at Day 2 only. Adjustment
for multiple testing was done by using the following procedure:

e The p-value associated with the second primary endpoints (LSCI:
absolute blood flow measurements during post occlusive reactive
hyperaemia challenges over 2 days) was interpreted in a confirma-
tory way only if the first primary endpoint (LSCI: absolute blood
flow measurements during LTH challenges over 2 days) was statis-
tically significant.

e The p-values associated with the main secondary endpoint (NIRS)
were interpreted in a confirmatory way only if the primary ob-
jective was met and if the preceding endpoint as defined in the
statistical analysis plan was met.

e The multiplicity of other secondary endpoints was handled using
Benjamini-Hochberg controlling procedure in False Discovery
Rate (FDR) approach, assuming FDR=10%, in case the primary

and main secondary endpoint were met.

3 | RESULTS
3.1 | Subject disposition

A total of 20 subjects received the study treatment and completed
the study period and follow up, 10 on the right side of the body and
10 on the left. The median (min, max) of study treatment exposure
was 1874.5min on the left side (1863, 1886 min) and 1875 min on the
right side (1819, 1886 min). One subject lost one treatment patch on
the back during the night from Study Day 1 to Day 2. A new patch
was applied upon arrival of the subject on the study site on Study
Day 2. Since the subject was without patch for a maximum of 8h,
treatment exposure was at least 25/33h or 75% for this subject.

3.2 | Baseline characteristics

Baseline characteristics of treatment groups are presented in
Table 1. All participants were healthy male (70%) or female (30%)
volunteers of predominantly white ethnicity (80%).

3.3 | Safetydata

Data from 20 subjects were used for safety evaluation. No serious
adverse events nor treatment discontinuations occurred. Observed
TEAEs were mild, transient and unlikely to be related to study treat-
ment except one possibly related adverse event with MedDRA v24.0
preferred term ‘Eczema’, which resolved spontaneously within 1 day.
Vital signs evaluation showed no notable out-of-range values or

changes during study treatment.

3.4 | Pharmacodynamic analyses
3.4.1 | LSCI

Baseline blood flow on the upper back measured with LSCI be-
fore initiating LTH was not statistically different between treated
and non-treated areas (LSMs difference: -3.06 PU, 95% Cl: -6.55,
0.44) (Figure 2). Due to the application of the hierarchical proce-
dure, p-values of all other endpoints were therefore interpreted
exploratively. Due to the effects of the LTH technique, baseline
flow was already increased before start of LTH challenges when
compared to PORH measurements. Plateau and peak flow dur-
ing heating was higher in the non-treated areas compared to the
treated areas (LSMs: -4.02 vs. -14.18, LSMs difference -10.16,
95% Cl: -15.72, -4.59).

Baseline blood flow on the forearm measured before initiating
PORH was overall higher in treated areas when compared to non-
treated areas (LSMs difference: 2.05, 95% Cl: 0.54, 3.56) (Figure 3),
owing to an approximately 50% higher perfusion in the treated
areas (44.62 AU, SD: 17.31) versus non-treated areas (30.33 AU, SD:
5.12) at the first measurement post treatment administration, that
is, 30min after starting treatment. Figure 4 shows an example of
increased blood flow underneath the patch in two subjects. Peak
blood flow after PORH was not significantly different between
treated and non-treated areas (LSMs: 6.61 vs. 5.66, LSMs difference:
0.94, 95% ClI: -1.42, 3.30).

TABLE 1 Baseline subject characteristics.

Mean (SD) Median Min Max
Age (years) 25.2(7.3) 24 18 49
Height (cm) 180.48 (7.77) 181.3 163.0 194.5
Weight (kg) 73.64 (7.83) 76.28 54.20 85.45
BMI (kg/m?) 22.64(2.57) 22.5 18.4 28.9

Abbreviations: Max, maximum, Min, minimum, SD, standard deviation.
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FIGURE 2 LSMs of absolute baseline
blood flow on the upper back before

LTH challenges, measured using LSCI.
Differences between treated and non-
treated areas LSMs were not statistically
significant. Cl, confidence interval;

hrs, hours; LSCI, laser speckle contrast
imaging; LSMs, least squares means; LTH,
local thermal hyperaemia; PU, perfusion
units.

FIGURE 3 LSMs of absolute baseline
blood flow on the forearm before PORH
challenges, measured using LSCI. Increase
in flow was observed higher in treated
areas versus non-treated areas. Cl,
confidence interval; hrs, hours; LSCI, laser
speckle contrast imaging; LSMs, least
squares means; PORH, post-occlusive
reactive hyperaemia; PU, perfusion units.

FIGURE 4 Representative LSCl images
of baseline flow before and after patch
application on the forearm for Subject

4 (A, B)and 6 (C, D). The window in the
patch through which measurements were
performed is shown in picture B and D
(area marked with ‘1" in picture B). LSCI,
laser speckle contrast imaging.
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34.2 | NIRS

Oxygen consumption was higher in treated areas on the forearm
when compared to non-treated areas (LSMs difference 0.42 AU, 95%
Cl: 0.04, 0.81) (Figure 5). Other evaluated NIRS endpoints, including
blood flow, duration of PORH and percent increase in blood flow
after arterial occlusion did not differ significantly between treated

and non-treated areas.

343 | SDFM

There were no clinically or statistically significant effects of the

patch on SDFM readouts on the lower back.

344 | MSI

There were no clinically relevant differences between treated

and non-treated areas as measured with MSI on the lower back.
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Specifically, no statistically significant differences in redness (LSMs
difference 0.01, 95% Cl: -0.27, 0.28) or haemoglobin content (LSMs
difference -0.32, 95% Cl: -1.13, 0.49) of the skin were found.

3.4.5 | Thermography

Skin temperature was higher in treated areas on the lower back com-
pared to non-treated areas (LSMs: +1.11°C vs. +0.76°C, LSMs differ-
ence 0.35, 95% Cl: 0.15, 0.56) (Figure 6).

4 | DISCUSSION

In the present first-on-human study, FIRTECH patch application
was associated with a local increase in dermal blood flow, increased
oxygen consumption and increased skin temperature, although the
primary endpoint was not met. Dermal blood flow improved ap-
proximately 30 min post administration of treatment and returned to

baseline after 2h, while oxygen consumption and skin temperature

©® Target
m Non-target

FIGURE 5 LSMs of CFB in oxygen
consumption on the forearm, measured
with NIRS as desaturation slope during
arterial occlusion. Increase in oxygen
consumption was observed higher in
treated areas versus non-treated areas on
Day 1. This difference was not significant
on Day 2. AU, arbitrary units; CFB, change

from baseline; Cl, confidence interval; hrs,

0 hours; LSMs, least squares means; NIRS,
Time (hrs) near infrared spectroscopy.
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in treated areas remained elevated during the entire patch adminis-
tration. In addition, the FIRTECH patch showed an excellent safety
and tolerability profile. The FIRTECH patch thus has the potential to
non-invasively modulate local microvascular function.

Previous literature has already reported the positive effects of
FIR on the microvasculature, believed to be primarily mediated by
the induction of local NOS expression and stimulation of this en-

92627 increasing local NO bioavailability and thereby local

zyme
vasodilation. However, NO also exerts other beneficial effects, in-
cluding anti-inflammatory and anti-analgesic. It is noteworthy that
the vascular response that was observed in this study was generally
short-lived as opposed to the longer-lasting increase in skin tem-
perature, suggesting a non-thermal effect of the FIRTECH patch
immediately post application. Hypothetically, the short-lived nature
of the effect might be caused by the induction of buffering mecha-
nisms in the skin. In this case, local NO production is still increased,
and non-vascular beneficial effects might extend beyond the vas-
cular effects. This is supported by the observation that the NO-
dependent plateau flow during LTH showed a decrease over time in
treated areas, possibly owing to the increased local NO production
creating a ceiling for the increase of blood flow by heating.

Increased resting oxygen consumption as measured with NIRS?%2?
on the forearm was observed in this study throughout the patch ap-
plication duration. To date, evidence of the effects of FIR on oxygen
consumption have been mixed, with some studies showing reduced
oxygen uptake during exercise and others showing increases or no
changes in oxygen consumption or concentration.®°=3 In vitro and
in vivo evidence however points towards FIR promoting mitochon-
drial function, thereby possibly leading to increased aerobic metab-
olism and oxygen consumption.}?!3343% The findings in this study
indicate that the FIRTECH patch can increase oxygen consumption,
hypothetically through increasing mitochondrial activity. Notably, re-
sults from LSCI analysis showed a hypothetical lasting increase in NO
availability, which is associated with decreased mitochondrial respira-
tion.¢ The FIR effect increasing mitochondrial respiration was appar-
ently greater than the possible negative effect of NO.

In our study, we also observed an effect of the FIRTECH patch
on the local skin temperature. Potentially, this is caused by the FIR
being reflected onto the skin, or the prevention of heat loss from the
underlying skin by the fabric of the patch itself. This temperature
increase possibly contributes to the measured increase in oxygen
consumption, as well as an increase in flow.>” Whether increasing
the local skin temperature has beneficial effects on pain perception
is not known, as this may be dependent on pain type.

For logistical reasons as well as to reduce subject burden, the
imaging assessments in this study were performed on different
locations, that is, forearm, upper and lower back. Although mea-
surements were compared to the same location on the other side
of the body, it is possible that characteristics of skin on the various
measurement sites influenced the ability of the imaging techniques
to detect effects of the FIRTECH patch. However, epidermal thick-

k,38

ness is comparable on the volar forearm and bac as are stratum

corneum thickness and skin roughness,” indicating comparability of
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skin characteristics. This increases the likelihood that the observed
differences are due to either intra-individual variation, or that dis-
tinct physiological aspects of microcirculation were assessed by the
employed imaging techniques and differed between the measure-
ment sites.

Both improved blood flow*® as well as improved mitochondrial
function*! could be promising mechanisms in the treatment of vari-
ous types of pain such as acute musculoskeletal pain since both mito-
chondrial dysfunction and reduced blood flow have been implicated
in the development of various pain syndromes.*?*4 Previous studies
with IR therapy have shown promise for its application in relieving

61545-47 3nd the present study further

a variety of pain conditions,
supports the physiological effects of treatment with FIR which could

potentially be used in the treatment of pain.

4.1 | Study Limitations

In this study, treatment with the FIRTECH patch was not compared
to a placebo or mock patch, thereby introducing the possibility of a
placebo effect as well as lack of blinding. However, the assessments
used provide objective information on blood circulation and oxy-
genation on a microscopic level and are therefore not likely to have
been affected by placebo effects. As all materials re-emit infrared
(IR) to various degrees, the effects of the FIRTECH patch may not be
limited to the ceramic particles, but also a result of the other compo-
nents of the patch. As it is not possible to manufacture a patch that is
entirely IR inert, comparison to non-treated sites can be considered
the most objective evaluation of IR effects.

5 | CONCLUSION

The present study shows that the FIRTECH patch is a safe treatment
with beneficial effects on both skin microcirculation and oxygen
consumption which warrant further investigation of its efficacy.
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