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Abstract

&HOOLDQW�� IDEULF� FRQWDLQV� TXDUW]�� VLOLFRQ� R[LGH� DQG� WLWDQLXP� R[LGH� SDUWLFOHV� HPEHGGHG� LQWR� SRO\PHU� ¿EHUV��
Garments woven with Celliant™ yarns can be activated by body heat (conduction, convection and radiation) and 
UHPLW�WKH�HQHUJ\�DV�IDU�LQIUDUHG�UDGLDWLRQ��),5��EDFN�LQWR�WKH�ERG\��:HDULQJ�&HOOLDQW�JDUPHQWV�KDV�EHHQ�VKRZQ�WR�
LQFUHDVH�EORRG�ÀRZ�DQG�R[\JHQ�OHYHOV�LQ�WKH�VNLQ��,Q�WKH�SUHVHQW�VWXG\�ZH�UHFUXLWHG�WZHQW\�IRXU�KHDOWK\�YROXQWHHUV�
�������\HDUV�RI�DJH��WR�ZHDU�D�SODFHER�VKLUW�IRU����PLQXWHV��DQG�DIWHU�D����PLQXWH�EUHDN��WR�ZHDU�D�UHDO�&HOOLDQW�
VKLUW�IRU����PLQXWHV��7KH�PHDQ�WUDQVFXWDQHRXV�R[\JHQ��WF322) measured over two sites (biceps and abdomen) was 
VLJQL¿FDQWO\�LQFUHDVHG�DW���WLPH�SRLQWV����������DQG����PLQXWHV��E\�EHWZHHQ�������3�������LQ�&HOOLDQW�YV��SODFHER��
7KH�PHDQ�JULS�VWUHQJWK�LQ�WKH�GRPLQDQW�KDQG�PHDVXUHG�DW����PLQXWHV�ZDV��������KLJKHU�DIWHU�ZHDULQJ�&HOOLDQW�YV��
DIWHU�SODFHER��S ���������7KHUH�ZDV�D�VPDOO�EXW�VLJQL¿FDQW�LQFUHDVH�LQ�V\VWROLF�EORRG�SUHVVXUH���������YV����������
S ������EXW�QR�VWDWLVWLFDOO\�VLJQL¿FDQW�FKDQJHV�LQ�GLDVWROLF�RU�PHDQ�EORRG�SUHVVXUH��KHDUW�UDWH��RU�VNLQ�WHPSHUDWXUH��
7KHVH�GDWD�SURYLGH�PRUH�HYLGHQFH�RI�WKH�SK\VLRORJLFDO�HIIHFWV�RI�),5�HPLWWLQJ�JDUPHQWV�DQG�VXJJHVW�WKH\�FRXOG�EH�
XVHG�IRU�DWKOHWLF�WUDLQLQJ�DQG�UHFRYHU\�
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Introduction 
Far infrared emitting fabrics and garments are becoming 

increasingly popular both for general health and wellness, and for the 
treatment of various medical conditions. Far-infrared radiation (FIR) 
therapy has long been used for the treatment of a wide range of diseases 
and conditions [1-3], including pain [4-6], wound healing [7], recovery 
from exercise [8], heart failure [9], and disturbed sleep [10]. !e FIR 
is o"en delivered by an electrically-powered device such as an infrared 
heat lamp, an infrared sauna, or a tourmaline and/or jade heating pad.

However, an alternative way to deliver FIR to the body employs 
clothing, bandages, or patches constructed from #bers embedded 
with ceramic particles that emit FIR when powered by the body heat 
of the wearer [3]. !ese fabrics consist of a variety of di$erent mineral 
particles incorporated into the polymer #bers, which are then woven 
into garments or patches. !e mechanism of action involves natural heat 
from the body (radiation, conduction and radiation) being absorbed 
by the fabric, which then re-emits the energy back into the body in the 
form of FIR as a broad peak with a wavelength centered about 10 µm 
according to the Stefan-Boltzmann law.

!e e$ective power density emitted by these fabrics is low (<1 mW/
cm2) compared to that emitted by externally-powered devices (>10 
mW/cm2). Nevertheless, garments, bed sheets, bandages, and patches 
can be worn for much longer times, many hours or even continuously, 
allowing a physiologically relevant amount of FIR to be delivered to 
the body. At a molecular level the mechanism is thought to involve 
the absorption of the FIR by “nanostructured water” which forms at 
hydrophobic/hydrophilic interfaces at cellular membranes including 
the mitochondrial membrane. !e stimulation of mitochondria along 
with the release of nitric oxide, can increase cutaneous blood %ow, 
tissue oxygenation, and produce bene#cial e$ects such as reducing pain, 
in%ammation, and stimulating wound healing and muscle recovery.

We previously showed [11] that the wearing of a Celliant shirt for 90 
minutes could signi#cantly increase the mean tcPO2 by 6.7% compared 
to a placebo shirt (p <0.0003) and also produce a small but signi#cant 
increase in the arterial oxygen saturation (p=0.0002). Moreover these 
e$ects were independent of the sequence in which the two shirts were 
worn, thus eliminating a possible source of bias.

!e present study was designed to con#rm the previous #ndings 
of increased tcPO2 a"er wearing a Celliant shirt, and also to test the 
novel hypothesis that these physiological changes could result in 
improvement in an indicator of real-life muscular performance, namely 
the grip strength of the dominant hand.

Material and Methods
Celliant™ technology is a patented process for adding micron sized 

optically active quartz, silicon oxide and titanium oxide particles to 
polyethylene terephalate (PET) #bers. !e resulting Celliant™ yarns 
are woven into golf-shirts containing either 42% Celliant (active) or 
zero Celliant (placebo). !e two shirts are shown in Figure 1.

Transcutaneous oxygen measurements were recorded using 
Radiometer TCM 30 Module supplied by Radiometer America, Inc. 
(Brea, CA), and modi#ed Clarke Electrodes supplied by Radiometer 
America, Inc. Data was acquired using Periso" Version 2.10 supplied 
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Measurements of tcPO2 were taken every two minutes during the 
90-minute placebo and 90-minute active study periods. Blood pressure, 
heart rate and body temperature were recorded before and a"er each 
period. !e entire study involved an acclimatization period (5 minutes) 
with vital sign measurement, placebo probe equilibration (10 minutes), 
placebo shirt period (90 minutes), break (15 minutes), active probe 
equilibration (10 minutes), active-shirt period (90 minutes). During 
the break (a"er the placebo period) subjects were encouraged to 
walk about, relieve themselves if necessary, and consume water and/
or a small snack. A"er the break, the electrodes were reattached and 
equilibrated; subjects donned the second shirt and resumed quietly 
sitting.

!e grip strength of the dominant hand was measured as follows. 
For each test of grip strength, the subject was seated with shoulder 
adducted and neutrally rotated, elbow %exed at 90°, forearm in neutral 
position, and wrist between 0° and 30° dorsi%exion and between 0° and 
15° ulnar deviation.

During the preliminary acclimatization process, the subject 
was asked to squeeze the dynamometer initially at less than full 
strength simply to experience holding and using the device. !e #rst 
measurement was taken a"er the 90-minute period of wearing the 
placebo garment. !is served as the baseline or control measurement. 
!e second measurement was taken following the 90-minute period 
a"er the Celliant™ garment was worn.

Statistics
Grip strength was compared using a paired t-test. Time trends in 

tcPO2 were estimated using mixed-model regression with subject as a 
random e$ect. Data were smoothed as necessary using cubic regression 
splines. !e data were analyzed using R [12].

Results and Discussion
!ere was a small but signi#cant increase in systolic blood pressure 

(113.71 vs. 109.38; p=0.02), but no statistically signi#cant changes in 
diastolic or mean blood pressure, heart rate, or skin temperature as 
shown in Table 2. !e mean transcutaneous oxygen (tcPO2) measured 
over two sites (biceps and abdomen) was signi#cantly increased at 
3 time points (30, 60, and 90 minutes) by between 6-10% (p <0.05) 
in Celliant vs. placebo as shown in Table 3. When the two di$erent 
sites (biceps and abdomen) were compared, it could be seen that the 
increase in the tcPO2 measured at the biceps site was higher than that 
measured for the abdomen site and the corresponding p values were 
lower. !is is probably because the biceps site was covered by the shirt 
while the abdomen was not.

!e mean grip strength in the dominant hand measured at 90 
minutes was 95.92 ± 26.36 a"er wearing the placebo shirt, and 105.20 
± 23.82 a"er wearing the Celliant shirt. !is represents an increase 
of 12.44% (p=0.0002). !ere was an increase in grip strength for 19 
subjects, no measurable di$erence in strength for four subjects, and a 
decrease for one subject as shown in Figure 2. For seven subjects with 
TCPO2 measurements at one-minute intervals, and also for a second 

by Perimed America, Inc. (North Royalton, OH). !e grip strength was 
tested using the dominant hand using the Baseline Hydraulic Hand 
Dynamometer manufactured by Fabrication Enterprises Inc. (White 
Plains, NY).

Clinical trial
Twenty-four healthy subjects (males and females between the ages 

of 18-60 years) were recruited under a protocol approved by the IRB 
via an on-line advertisement for subjects that paid $25. !e trial was 
registered at clinicaltrials.gov NCT02798640 (https://clinicaltrials.
gov/ct2/show/NCT02798640). !e protocol was in accordance 
with the Declaration of Helsinki and verbal informed consent was 
obtained. Exclusion criteria included cardiovascular disease, smoking, 
pregnancy, recreational drug use within 6 months, or consumption 
of alcohol within 48 hours or ca$eine within 3 hours of testing. !e 
demographics of the subjects are given in Table 1.

Procedures
!e subjects underwent preparation as follows. !e hair was 

shaved from the test sites (biceps of the dominant hand and center of 
abdominal wall); the skin surface was then abraded with a #ne abrasive 
material; the stratum corneum was then removed by the use of light-
weight adhesive tape; and #nally, the probe site was wiped with an 
alcohol preparation swab.

Subjects were then situated in a seated position on a comfortable 
chair. !e room temperature was maintained at a constant temperature 
over the duration of the study. Blood pressure, heart rate and body 
temperature were recorded at three intervals: before the test was 
administered, a"er the 90 minute placebo garment period and #nally 
a"er the 90 minute Celliant™ garment period.

!e transcutaneous oxygen electrodes were heated to 45°C and 
allowed to equilibrate on the skin for 10 minutes (until stable values 
were achieved). !e resultant tcPO2 values were measured in mmHg.

Two self-adhesive #xation rings were a&xed (biceps of dominant 
arm and abdomen) and the probes attached thereto. A bu$er (KCl) 
solution was added (3 drops to each #xation ring). Each probe was 
calibrated to an assumed atmospheric pressure of 159 mmHg, 20.9% of 
the standard atmospheric pressure of 760 mmHg. Each subject therefore 
had the same baseline atmospheric pressure, thus compensating for 
any pressure changes due to weather variations during the periods of 
testing.

Figure 1:�3KRWRJUDSKV�RI�JROI�VKLUWV�FRQWDLQLQJ��$������&HOOLDQW��DFWLYH��RU�
�%�����&HOOLDQW��SODFHER��

7RWDO�VXEMHFWV ��
Males ��

Females 8
Age (years) �������������
:HLJKW��OEV� ������������

Body mass index (BMI) ����������

Table 1:�'HPRJUDSKLFV�RI�VXEMHFWV��PHDQ���6'��
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e&cient of Celliant #bers in the infrared spectrum was higher than the 
absorption co-e&cient of pure PET #bers. In other words, the PET 
#bers were semi-transparent to infrared radiation, while the Celliant 
particles were opaque. A follow-up study from the same group [13] 
examined in more detail the in%uence of Celliant particles on the 
infrared re%ectance of the PET fabric, and measured the transmission, 
and absorption. !e #ndings con#rmed that the addition of ceramic 
particles to PET fabric led to increased incidence of infrared radiation 

group of eight subjects with measurements at two-minute intervals, 
the average values as functions of time are lower for Celliant shirts as 
shown in Figure 3. For eight subjects with TCPO2 measurements from 
four time points at each of three probe locations, the average values 
for the Celliant shirts are lower than the corresponding values for the 
Placebo shirt, for each location and measurement time as shown in 
Figure 4.

!is study con#rmed the previously reported increase in tcPO2 
produced by wearing a Celliant shirt for 90 minutes [11]. However it 
also produced a somewhat surprising and impressive #nding, namely 
that the grip strength in the dominant hand was signi#cantly increased 
by wearing the Celliant shirt compared to the placebo shirt. !ere was 
a small increase in systolic blood pressure, but this is probably too small 
to represent any signi#cant health hazard.

A previous study at Exponent Consulting compared the emissivity 
of PET fabric with or without Celliant particles using sophisticated 
optical spectroscopic techniques. !e intensity of infrared emission 
between 7.5 to 14 µm was 2.1% higher when fabric containing 1.22% 
w/w Celliant, was compared to fabric without ceramic particles [12]. 
!is #nding was consistent with the #nding that the absorption co-

Figure 2:� 3ORW� RI� JULS� VWUHQJWK� PHDVXUHG� LQ� ��� VXEMHFWV� DIWHU� ZHDULQJ�
SODFHER�VKLUW��FRQWURO��DQG�DFWLYH�VKLUW��&HOOLDQW���7KH�GLDJRQDO�OLQH�LQGLFDWHV�
HTXDOLW\��SRLQWV�EHORZ�WKH�OLQH�FRUUHVSRQG�WR�VXEMHFWV�ZKR�KDG�KLJKHU�JULS�
VWUHQJWK�DIWHU�ZHDULQJ�WKH�&HOOLDQW�VKLUW��7KH�3�YDOXH�LV�IURP�D�SDLUHG�W�WHVW�

Figure 3:� $YHUDJH� WF322 as functions of time for seven subjects with 
PHDVXUHPHQWV�DW�RQH�PLQXWH�LQWHUYDOV��EURNHQ�OLQHV���DQG�IRU�HLJKW�VXEMHFWV�
ZLWK�PHDVXUHPHQWV�DW�WZR�PLQXWH�LQWHUYDOV��VROLG�OLQHV���IURP�D�VLQJOH�SUREH�
ORFDWLRQ��IRU�&HOOLDQW��UHG��DQG�3ODFHER��EOXH��VKLUWV��7KH�YDOXHV�ZHUH�¿UVW�
smoothed using cubic regression splines with four degrees of freedom and 
HTXDOO\�VSDFHG�NQRWV��WKHQ�DYHUDJHG�RYHU�VXEMHFWV�

Figure 4:� $YHUDJH� WF322 as functions of time for eight subjects with 
PHDVXUHPHQWV�DW������������DQG����PLQXWHV��IURP�SUREHV�DW�WKUHH�ORFDWLRQV��
Letters (A, B, C) and colors (red, blue) distinguish probe location and shirt, 
UHVSHFWLYHO\�

Placebo Celliant P value

6\VWROLF�%3�PP+J �������������� ������������� ������
'LDVWROLF�%3�PP+J� ������������ ������������� ������
0HDQ�%3�PP+J ������������� ������������� ������
3XOVH�5DWH� ������������� ������������� ������
6NLQ�7HPSHUDWXUH��)� ������������ ������������ ������

Table 2:�3K\VLRORJLFDO�YDULDEOHV��PHDQ���6'��

Placebo Celliant % increase P value

0HDQ����PLQ ������������ ������������ ���� ������
0HDQ����PLQ� ������������� ������������� ���� ������
0HDQ����PLQ ������������� ������������� ���� ������

Table 3:�0HDQ� WF322 GDWD� UHFRUGHG�DW� WKH�ELFHSV�DQG�DEGRPLQDO�VLWHV� �PHDQ���
6'��
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a randomised placebo controlled study in 60 patients who su$ered 
from Raynard’s syndrome, and reported signi#cant improvements in 
subjective measures of pain and discomfort and in objective measures 
of temperature, grip and dexterity. Another study looked at pain 
reduction in #bromyalgia using a bioceramic shirt [17]. !e study 
recruited 39 female patients (20 active and 19 placebo) who wore the 
shirts 8 hours/day for 60 days. !e women in the active group showed 
a signi#cant reduction in pain in the VAS (p<0.001), fewer tender 
points (p<0.001), improvement in the algometer score (p<0.001), 
and a signi#cant reduction in FM symptoms and daily tablet intake 
(p<0.001). No signi#cant changes in the placebo group were found.

A study employed socks made from PET #bers incorporating 
Celliant particles, designed to treat chronic foot pain resulting from 
diabetic neuropathy or other foot disorders [18]. A double-blind, 
randomized trial recruited 55 subjects (38 men, 17 women, average 
age 59.7 ± 11.9 years), 26 with diabetic neuropathy and 29 with other 
pain etiologies. Subjects were provided 3 pairs of socks (Celliant or 
placebo) in a closed container, and asked to wear them exclusively for 
the next two weeks. One and two weeks a"er the end of the period they 
#lled out the same panel of questions. Greater reduction in pain was 
reported by Celliant subjects for 8 of the 9 pain questions employed, 
with a signi#cant (p=0.043) di$erence between controls and Celliant 
for McGill question III. In neuropathic subjects, Celliant caused greater 
pain reduction in 6 of the 9 questions, but not signi#cantly. In non-
neuropathic subjects 8 of 9 questions showed greater pain reduction 
with the Celliant socks.

!e increase in tcPO2 observed in the present study is likely to be 
a consequence of increased oxygen availability in the tissue receiving 
FIR, possibly through a vasodilatory e$ect in the dermal circulation or, 
alternatively, e$ects on oxygen binding to hemoglobin. !e increase 
in grip strength a"er only 90 minutes of wearing the shirt, is probably 
also due to increased oxygen availability and improved blood %ow to 
the muscles of the dominant hand. Although our understanding of the 
mechanisms responsible for the e$ect of ceramic polyester composites 
on human physiology is still incomplete, our data con#rm that it is a real 
scienti#c phenomenon. Even without completely understanding the 
e$ect, it may be possible to design ceramic polyester composite garments 
that can improve strength and performance in athletic training, and 
improve muscle recovery a"er exercise. !e recent decision by the US 
FDA that Celliant garments will be regulated as medical devices and 
as general wellness products (http://www.medicaldevices-business-
review.com/news/fda-determines-celliant-products-meet-criteria-
as-medical-devices-260717-5882229) encourages clinical testing in 
multiple disease indications.

Conclusion
!e data from this study suggests that wearing Celliant� fabric 

shirts for only 90 minutes can increase tissue oxygenation in the skin, 
and increase grip strength in the dominant hand.
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upon the skin at wavelengths longer than 4 µm, with a maximum 
e$ect at approximately 9.4 µm. !e e$ect was attributed to increased 
absorption of infrared radiation at shorter wavelengths and reemission 
at longer wavelengths.

!e emission of FIR from ceramic particle-embedded #bers 
can interact with molecular and cellular structures by increasing the 
vibrational energy stored in chemical bonds, particularly in water 
clusters in cell membranes and cellular organelles. Pertubation of 
the vibrational energy of water clusters could a$ect the tertiary 
conformation of protein molecules tightly associated with this 
“nanostructured” water [14,15]. Low intensity FIR lamps and topically 
applied (non-powered) FIR-emitting ceramic materials have been 
shown to induce cellular changes in vitro, and produce physiologic 
changes in both preclinical animal models and clinical studies. In none 
of these studies were the e$ects shown to be associated with signi#cant 
changes in temperature, consistent with the low power from both FIR 
lamps and non-powered ceramics in thermal equilibrium with skin (on 
the order of 0.1-1 mW/cm2) [3].

Ting-Kai Leung and colleagues in Taiwan have studied the e$ect 
of FIR-emitting ceramic powders in a range of non-clinical biological 
studies. In one report [16], they cultured murine myoblast cells (C2C12) 
with bags of ceramic powder placed under the culture plates and found 
that FIR irradiation improved cell viability and prevented lactate 
dehydrogenase release when hydrogen peroxide was added, and also 
increased the intracellular levels of nitric oxide and calmodulin. !ey 
also employed electro-stimulation of amphibian skeletal muscle, and 
found that FIR emitting ceramics delayed the onset of fatigue, induced 
by muscle contraction. !ey went on to show [13] that ceramic-emitted 
FIR (cFIR) could increase the generation of intracellular nitric oxide 
in breast cancer cells and inhibit growth of murine melanoma cells. 
Similarly, they found [14] that cFIR increased calmodulin and nitric 
oxide production in RAW 264.7 macrophages. cFIR also increased the 
viability of murine macrophages with di$erent concentrations of H202. 
In the same study, it was also shown that cFlR blocked ROS-mediated 
cytotoxicity (shown by measurements of cytochrome c and the ratio 
of NADP+/NADPH). !e Leung group went on to study [15] a rabbit 
model of rheumatoid arthritis in which rabbits received intra-articular 
injections of lipopolysaccharide (LPS) to induce in%ammation that 
mimics rheumatoid arthritis. FDG-PET scans were used to monitor the 
in%ammation 16 hours and 7 days a"er the LPS injection. Rabbits were 
treated with cFIR in a cage surrounded by paper sheets impregnated 
with a thin layer of the ceramic powder, while the control group were 
surrounded by the same sheets without the material. Comparison of 
the #nal and initial uptakes of FDG in the LPS-injected le" knee-joints 
of the rabbits indicated decreases in the cFlR exposed group compared 
to the control group indicating that FIR reduced in%ammation.

With regard to clinical studies, FIR-emitting ceramics and fabrics 
have been employed both as ceramic discs held next to the body, and as 
garments or patches manufactured from FIR emitting ceramic material 
and subsequently applied to the human body.

For instance, a blanket containing discs was reported to improve 
quality of sleep [2]. 542 users of far-infrared emitting disks embedded in 
bedclothes revealed that the majority of the users reported a subjective 
improvement in their health, by completing a questionnaire. !ese 
improvements included the disappearance or reduction of feeling cold, 
sti$ness of muscles in the shoulders, loins and legs, and improved sleep.

Gloves constructed from FIR emitting fabrics have been reported 
to treat arthritis of the hands and Raynaud’s syndrome [16]. !is was 

http://www.medicaldevices-business-review.com/news/fda-determines-celliant-products-meet-criteria-as-medical-devices-260717-5882229)
http://www.medicaldevices-business-review.com/news/fda-determines-celliant-products-meet-criteria-as-medical-devices-260717-5882229)
http://www.medicaldevices-business-review.com/news/fda-determines-celliant-products-meet-criteria-as-medical-devices-260717-5882229)


Citation: Gordon IL, Casden S, Vangel M, Hamblin MR (2019) Effect of Shirts with 42% Celliant� Fiber on tcPO2 Levels and Grip Strength in Healthy 
Subjects: A Placebo-controlled Clinical Trial. J Textile Sci Eng 9: 403. 

Page 5 of 5

Volume 9 • Issue 4 • 1000403J Textile Sci Eng, an open access journal
ISSN: 2165-8064 

Inc, Poulsbo, WA; Vielight, Toronto, Canada; Bright Photomedicine, 
Sao Paulo, Brazil; Quantum Dynamics LLC, Cambridge, MA; 
Global Photon Inc, Bee Cave, TX; Medical Coherence, Boston MA; 
Neuro!era, Newark DE; JOOVV Inc, Minneapolis-St. Paul MN; 
AIRx Medical, Pleasanton CA; FIR Industries, Inc. Ramsey, NJ; UVLRx 
!erapeutics, Oldsmar, FL; Ultralux UV Inc, Lansing MI; Illumiheal & 
Petthera, Shoreline, WA; MB Lasertherapy, Houston, TX; ARRC LED, 
San Clemente, CA; Varuna Biomedical Corp. Incline Village, NV; 
Niraxx Light !erapeutics, Inc, Boston, MA. Consulting; Lexington 
Int, Boca Raton, FL; USHIO Corp, Japan; Merck KGaA, Darmstadt, 
Germany; Philips Electronics Nederland B.V. Eindhoven, Netherlands; 
Johnson & Johnson Inc, Philadelphia, PA; Sano#-Aventis Deutschland 
GmbH, Frankfurt am Main, Germany. Stockholdings: Global Photon 
Inc, Bee Cave, TX; Mitonix, Newark, DE.

Authors' contributions
ILG participated in the conception and design of the study, carried 

out subject recruitment and data collection, took part in the statistical 
analysis, and helped dra" the manuscript. SC participated in the 
conception and design of the study, provided materials and funding, 
and helped dra" the manuscript. MV carried out the majority of the 
statistical analysis and helped dra" the manuscript. MRH wrote the 
manuscript and critically reviewed the data. All authors read and 
approved the #nal manuscript.
References

��� 7VDL� 65�� +DPEOLQ�05� ������� %LRORJLFDO� HIIHFWV� DQG�PHGLFDO� DSSOLFDWLRQV� RI�
LQIUDUHG�UDGLDWLRQ��-�3KRWRFKHP�3KRWRELRO�%��������������

��� ,QRXH�6��.DED\D�0��������%LRORJLFDO�DFWLYLWLHV�FDXVHG�E\�IDU�LQIUDUHG�UDGLDWLRQ��
,QW�-�%LRPHWHRURO������������

��� 9DWDQVHYHU�)��+DPEOLQ�05� �������)DU� LQIUDUHG� UDGLDWLRQ� �),5��� LWV�ELRORJLFDO�
HIIHFWV�DQG�PHGLFDO�DSSOLFDWLRQV��3KRWRQLFV�/DVHUV�0HG������������

��� /DL� &+� ������� (IIHFWV� RI� IDU�LQIUDUHG� LUUDGLDWLRQ� RQ� P\RIDVFLDO� QHFN� SDLQ�� D�
UDQGRPL]HG��GRXEOH�EOLQG��SODFHER�FRQWUROOHG�SLORW�VWXG\��-�$OWHUQ�&RPSOHPHQW�
0HG�������������

��� /DL�<7��������)DU�LQIUDUHG�UD\�SDWFKHV�UHOLHYH�SDLQ�DQG�LPSURYH�VNLQ�VHQVLWLYLW\�
LQ� P\RIDVFLDO� SDLQ� V\QGURPH�� $� GRXEOH�EOLQG� UDQGRPL]HG� FRQWUROOHG� VWXG\��
&RPSOHPHQW�7KHU�0HG�������������

��� /HH� &+� ������� $� PXOWLFHQWHU�� UDQGRPL]HG�� GRXEOH�EOLQG�� SODFHER�FRQWUROOHG�
WULDO�HYDOXDWLQJ�WKH�HI¿FDF\�DQG�VDIHW\�RI�D�IDU�LQIUDUHG�HPLWWLQJ�VHULFLWH�EHOW�LQ�
SDWLHQWV�ZLWK�SULPDU\�G\VPHQRUUKHD��&RPSOHPHQW�7KHU�0HG������������

��� 7R\RNDZD�+��������3URPRWLYH�HIIHFWV�RI�IDU�LQIUDUHG�UD\�RQ�IXOO�WKLFNQHVV�VNLQ�
ZRXQG�KHDOLQJ�LQ�UDWV��([S�%LRO�0HG��������������

��� ,ULQHX� /�� &HVDU� &&$�� )DELR� <1�� 6RODQJH� GH� 35�� 5RQDOGR� .,� HW� DO�� �������
(IIHFWV� RI� IDU� LQIUDUHG� UD\V� HPLWWLQJ� FORWKLQJ� RQ� UHFRYHU\� DIWHU� DQ� LQWHQVH�
SO\RPHWULF�H[HUFLVH�ERXW�DSSOLHG�WR�HOLWH�VRFFHU�SOD\HUV��D�UDQGRPL]HG�GRXEOH�
EOLQG�SODFHER�FRQWUROOHG�WULDO��%LRO�6SRUW�������������

��� 0DUFHOR�9/��0DUFHOR�(2���.HOO\�19��$LUWRQ�6��-XOLDQR�1&,�HW�DO���������7KHUPDO�
vasodilation using a portable infrared thermal blanket in decompensated heart 
IDLOXUH��,QW�+HDUW�-�������������

����+RQGD�.�� ,QRXH�6��������6OHHS�HQKDQFLQJ�HIIHFWV�RI� IDU�LQIUDUHG� UDGLDWLRQ� LQ�
UDWV��,QW�-�%LRPHWHRUR�����������

����:DVKLQJWRQ� .��:DVRQ� -�� 7KHLQ�06�� /DYHU\� /$�� +DPEOLQ�05,� HW� DO�� �������
5DQGRPL]HG� FRQWUROOHG� WULDO� FRPSDULQJ� WKH� HIIHFWV� RI� )DU�,QIUDUHG� HPLWWLQJ�
FHUDPLF�IDEULF�VKLUWV�DQG�FRQWURO�SRO\HVWHU�VKLUWV�RQ�WUDQVFXWDQHRXV�322��-�7H[W�
6FL�(QJ���

����5B&RUHB7HDP��5�� $� ODQJXDJH� DQG� HQYLURQPHQW� IRU� VWDWLVWLFDO� FRPSXWLQJ�� 5�
)RXQGDWLRQ�IRU�6WDWLVWLFDO�&RPSXWLQJ��9LHQQD��$XVWULD�

����7LQJ�.DL�/��&KLQ�)HQJ�&��3LQJ�6KDQ�/��&KLK�+XL�<��&KLD�<HQ�+,�HW�DO���������
Inhibitory effects of Far lnfrared irradiation generated by ceramic material on 
PXULQH�PHODQRPD�FHOO�JURZWK��OQW�-�3KRWRHQHUJ\���������

����7LQJ�.DL� /�<XQJ�6KHQJ� /��&KL�0LQJ� /�� <HQ�&&��+XH\�)6� �������'LUHFW� DQG�
indirect effects of ceramic far lnfrared radiation on the hydrogen peroxide  
VFDYHQJLQJ� FDSDFLW\� DQG� RQ�PXULQH�PDFURSKDJHV� XQGHU� R[LGDWLYH� VWUHVV�� -�
0HG�%LRO�(QJ�������������

����/HXQJ� 7.� ������� %RQH� DQG� MRLQW� SURWHFWLRQ� DELOLW\� RI� FHUDPLF� PDWHULDO� ZLWK�
ELRORJLFDO�HIIHFWV��&KLQ�-�3K\VLRO�����������

����.R�*'��%HUEUD\HU�'��������(IIHFW�RI�FHUDPLF�LPSUHJQDWHG��WKHUPRÀRZ��JORYHV�
RQ�SDWLHQWV�ZLWK�5D\QDXG
V�V\QGURPH��UDQGRPL]HG��SODFHER�FRQWUROOHG�VWXG\��
$OWHUQ�0HG�5HY�����������

����6DQWRV�(&0$��*DUFLD�3LQLOORV�)��/DWRUUH�5RPDQ�3$��������5HGXFWLRQ�LQ�SDLQ�
DIWHU�XVH�RI�ELRFHUDPLF�XQGHUVKLUW� IRU�SDWLHQWV�ZLWK�)LEURP\DOJLD��$OWHUQ�7KHU�
+HDOWK�0HG�����������

����<RUN� 50�� *RUGRQ� ,/� ������� (IIHFW� RI� RSWLFDOO\� PRGL¿HG� SRO\HWK\OHQH�
WHUHSKWKDODWH�¿EHU�VRFNV�RQ�FKURQLF�IRRW�SDLQ��%0&�&RPSOHPHQW�$OWHUQ�0HG�
������

https://www.sciencedirect.com/science/article/pii/S1011134416311691?via=ihub
https://www.sciencedirect.com/science/article/pii/S1011134416311691?via=ihub
https://link.springer.com/article/10.1007/BF01084598
https://link.springer.com/article/10.1007/BF01084598
https://www.degruyter.com/view/j/plm.2012.1.issue-4/plm-2012-0034/plm-2012-0034.xml
https://www.degruyter.com/view/j/plm.2012.1.issue-4/plm-2012-0034/plm-2012-0034.xml
https://www.liebertpub.com/doi/abs/10.1089/acm.2013.0122
https://www.liebertpub.com/doi/abs/10.1089/acm.2013.0122
https://www.liebertpub.com/doi/abs/10.1089/acm.2013.0122
https://read.qxmd.com/read/29154057/far-infrared-ray-patches-relieve-pain-and-improve-skin-sensitivity-in-myofascial-pain-syndrome-a-double-blind-randomized-controlled-study
https://read.qxmd.com/read/29154057/far-infrared-ray-patches-relieve-pain-and-improve-skin-sensitivity-in-myofascial-pain-syndrome-a-double-blind-randomized-controlled-study
https://read.qxmd.com/read/29154057/far-infrared-ray-patches-relieve-pain-and-improve-skin-sensitivity-in-myofascial-pain-syndrome-a-double-blind-randomized-controlled-study
https://koreauniv.pure.elsevier.com/en/publications/a-multicenter-randomized-double-blind-placebo-controlled-trial-ev
https://koreauniv.pure.elsevier.com/en/publications/a-multicenter-randomized-double-blind-placebo-controlled-trial-ev
https://koreauniv.pure.elsevier.com/en/publications/a-multicenter-randomized-double-blind-placebo-controlled-trial-ev
https://journals.sagepub.com/doi/10.1177/153537020322800612
https://journals.sagepub.com/doi/10.1177/153537020322800612
http://183.indexcopernicus.com/abstracted.php?level=5&ICID=1208479
http://183.indexcopernicus.com/abstracted.php?level=5&ICID=1208479
http://183.indexcopernicus.com/abstracted.php?level=5&ICID=1208479
http://183.indexcopernicus.com/abstracted.php?level=5&ICID=1208479
https://www.jstage.jst.go.jp/article/ihj/advpub/0/advpub_14-096/_pdf
https://www.jstage.jst.go.jp/article/ihj/advpub/0/advpub_14-096/_pdf
https://www.jstage.jst.go.jp/article/ihj/advpub/0/advpub_14-096/_pdf
https://link.springer.com/article/10.1007/BF01044900
https://link.springer.com/article/10.1007/BF01044900
https://www.omicsonline.org/open-access/randomized-controlled-trial-comparing-the-effects-of-farinfrared-emitting-ceramic-fabric-shirts-and-control-polyester-shirts-on-tr-2165-8064-1000349-100245.html
https://www.omicsonline.org/open-access/randomized-controlled-trial-comparing-the-effects-of-farinfrared-emitting-ceramic-fabric-shirts-and-control-polyester-shirts-on-tr-2165-8064-1000349-100245.html
https://www.omicsonline.org/open-access/randomized-controlled-trial-comparing-the-effects-of-farinfrared-emitting-ceramic-fabric-shirts-and-control-polyester-shirts-on-tr-2165-8064-1000349-100245.html
https://www.omicsonline.org/open-access/randomized-controlled-trial-comparing-the-effects-of-farinfrared-emitting-ceramic-fabric-shirts-and-control-polyester-shirts-on-tr-2165-8064-1000349-100245.html
https://www.hindawi.com/journals/ijp/2012/646845/
https://www.hindawi.com/journals/ijp/2012/646845/
https://www.hindawi.com/journals/ijp/2012/646845/
http://www.jmbe.org.tw/files/553/public/553-2679-2-PB.pdf
http://www.jmbe.org.tw/files/553/public/553-2679-2-PB.pdf
http://www.jmbe.org.tw/files/553/public/553-2679-2-PB.pdf
http://www.jmbe.org.tw/files/553/public/553-2679-2-PB.pdf
https://www.tripdatabase.com/doc/1533161-Effect-of-ceramic-impregnated--thermoflow--gloves-on-patients-with-Raynaud-s-syndrome--randomized--placebo%23content
https://www.tripdatabase.com/doc/1533161-Effect-of-ceramic-impregnated--thermoflow--gloves-on-patients-with-Raynaud-s-syndrome--randomized--placebo%23content
https://www.tripdatabase.com/doc/1533161-Effect-of-ceramic-impregnated--thermoflow--gloves-on-patients-with-Raynaud-s-syndrome--randomized--placebo%23content
https://web.a.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=10786791&AN=125745830&h=5e4zzwE3cix+cbgx2O4Ndu/odh+Vf9rtki16WVSFe9Do6epYuh4ILQKniIJklDAGcoJECncEERGfmEVzudJNWw==&crl=f&resultNs=AdminWebAuth&resultLocal=ErrCrlNotAuth&crlhashurl=login.aspx?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=10786791&AN=125745830
https://web.a.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=10786791&AN=125745830&h=5e4zzwE3cix+cbgx2O4Ndu/odh+Vf9rtki16WVSFe9Do6epYuh4ILQKniIJklDAGcoJECncEERGfmEVzudJNWw==&crl=f&resultNs=AdminWebAuth&resultLocal=ErrCrlNotAuth&crlhashurl=login.aspx?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=10786791&AN=125745830
https://web.a.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=10786791&AN=125745830&h=5e4zzwE3cix+cbgx2O4Ndu/odh+Vf9rtki16WVSFe9Do6epYuh4ILQKniIJklDAGcoJECncEERGfmEVzudJNWw==&crl=f&resultNs=AdminWebAuth&resultLocal=ErrCrlNotAuth&crlhashurl=login.aspx?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=10786791&AN=125745830
https://bmccomplementalternmed.biomedcentral.com/articles/10.1186/1472-6882-9-10
https://bmccomplementalternmed.biomedcentral.com/articles/10.1186/1472-6882-9-10
https://bmccomplementalternmed.biomedcentral.com/articles/10.1186/1472-6882-9-10


Randomized Controlled Trial Comparing the Effects 
of Far-Infrared Emitting Ceramic Fabric Shirts and 
Control Polyester Shirts on Transcutaneous PO2

Dr. Ian Gordon, James Wason, Dr. Lawrence Lavery, Dr. Michael R Hamblin and MS Thein



Volume 8 • Issue 2 • 1000349J Textile Sci Eng, an open access journal
ISSN: 2165-8064 

Research Article Open Access

Washington et al., J Textile Sci Eng 2018, 8:2
DOI: 10.4172/2165-8064.1000349

Research Article Open Access

Journal of Textile Science & Engineering
Jo

ur
na

l o
f T

ex
tile Science & Engineering

ISSN: 2165-8064

Keywords: FIR-emitting garments; Randomized controlled trial; 
Ceramic-embedded fabric; Ceramic-embedded clothing; Far-infrared 
radiation; Tissue oxygenation; Transcutaneous PO2; Donning sequence

Background
Far-infrared radiation (FIR) therapy has been used for the treatment 

of a variety of diseases and conditions [1-3], including pain [4-6], wound 
healing [7], recovery from exercise [8], heart failure [9], and disturbed 
sleep [10]. O!en the FIR is delivered from an electrically-powered 
device such as an infrared heat lamp, an infrared sauna or a tourmaline/
jade heating pad. However, there is an alternative way to deliver FIR to 
the body, which is by the wearing of clothing constructed from ceramic 
particle-embedded "bers that emit FIR when powered by the wearer’s 
own body heat [3]. Celliant® (CEL, Hologenix LLC, Santa Monica, CA) 
yarn for clothing is constructed from standard polyester (polyethylene 
terephthalate --PET) extruded molten from a two-barrel machine with a 
proprietary mixture of ceramic particles added to produce a bicompatible 
"ber, with the center-load containing approximately 1 micron diameter 
particles [11]. CEL has been designed to capture heat from the body 
and re-emit radiant far-infrared energy to induce health bene"ts, and 
is thought to improve sleep and speed recovery from exercise. In one 
randomized clinical trial CEL socks were found to decrease chronic foot 
pain [12]. #ree previous unpublished studies examined the e$ects of 
CEL garments on transcutaneous partial pressure of oxygen (tcPO2) 
using Clark electrodes placed on the skin underneath either control 
PET garments or active CEL garments (http://www.pureenergysleep.ca/
clinical-studies/). Lavery in 2003 studied 20 subjects with diabetes and 

Abstract
2XU� DLP�ZDV� WR� FRQ¿UP� HDUOLHU� VWXGLHV� VKRZLQJ� WF322� WR� EH� KLJKHU� XQGHU� FORWKLQJ�PDGH�ZLWK� SRO\HWK\OHQH�

WHUHSKDODWH��3(7��IDEULF�FRQWDLQLQJ�FHUDPLF�SDUWLFOHV��&(/��FRPSDUHG�WR�VWDQGDUG�3(7�IDEULF��,Q�SUHYLRXV�VWXGLHV�
3(7�JDUPHQWV�ZHUH�GRQQHG�¿UVW�WR�DYRLG�SRVVLEOH�SHUVLVWHQW�HIIHFWV�IURP�FHUDPLF�SDUWLFOHV��7KLV�VWXG\�UDQGRPL]HG�
GRQQLQJ�VHTXHQFH�WR�DYRLG�ELDV�

Methods: 6XEMHFWV�ZHUH� UDQGRPL]HG� WR� GRQ� HLWKHU�3(7� VKLUWV� ¿UVW� �3(7)�Q ���� RU�&(/� ¿UVW� �&(/)�Q �����
VZLWFKLQJ�JDUPHQWV�DIWHU����PLQXWHV��6NLQ� WHPSHUDWXUH� �67���DUWHULDO�R[\JHQ�VDWXUDWLRQ� �22VDW���DQG� WF322�ZHUH�
PHDVXUHG�HYHU\����PLQXWHV�

Results: %DVHOLQH�67�DQG�22�VDW�ZHUH�QHDUO\�LGHQWLFDO�LQ�WKH�WZR�JURXSV��%DVHOLQH�WF322�ZDV�PRGHVWO\�KLJKHU�LQ�
WKH�&(/)�JURXS�WKDQ�ZLWK�3(7)��������������YV��������������PP+J��Q�V���,QGHSHQGHQW�RI�GRQQLQJ�VHTXHQFH��WF322 
PHDVXUHPHQWV����PLQXWHV�DIWHU�ZHDULQJ�&(/�ZHUH������KLJKHU� WKDQ�DIWHU����PLQXWHV�ZHDULQJ�3(7��S����������
6HTXHQFH�DQDO\VLV�IRXQG�WF322�LQ�3(7)�VXEMHFWV�WR�JUDGXDOO\�ULVH�EHIRUH�DQG�DIWHU�VZLWFKLQJ�JDUPHQWV��EXW�WF322�IHOO�
LPPHGLDWHO\�DIWHU�VZLWFKLQJ�JDUPHQWV�LQ�&(/)�VXEMHFWV��3(7)�EDVHOLQH�22VDW�RI������������LQFUHDVHG�LQVLJQL¿FDQWO\�
DIWHU� ���PLQXWHV�� DQG� WKHQ� LQFUHDVHG� IXUWKHU� WR� ����� ������ DIWHU�ZHDULQJ�&(/�QLQHW\�PLQXWHV� �S ���������&(/)�
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peripheral vascular disease wearing socks and gloves made from PET 
or CEL while resting quietly. With PET socks, foot tcPO2 levels fell on 
average 2.6% from baseline over 60 minutes, compared to an increase of 
4.7% a!er 60 minutes wearing CEL socks. Hand tcPO2 increased 15.4% 
while wearing PET gloves for 60 minutes, compared to a signi"cantly 
greater increase (30.8%) wearing CEL. A study in 13 normal subjects 
(McClue and Lavery, 2005, unpublished) compared tcPO2 values of the 
hands and feet a!er wearing either PET or CEL garments. One hour of 
wearing CEL gloves induced mean tcPO2 values in the hand to be 25.0% 
higher than those found with PET. Foot tcPO2 was 10.2% higher under 
CEL socks than under PET socks; both hand and foot di$erences were 
signi"cant.

Gordon in 2009 measured tcPO2 in 24 healthy volunteers wearing 
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either PET or CEL shirts. A!er one hour the tcPO2 was 7.1% higher 
under CEL shirts compared to PET shirts (p<0.05). No signi"cant 
di$erences in mean blood pressure, heart rate, or temperature were 
found comparing measurements obtained while wearing CEL or PET. 
Due to a possible concern that the e$ects of CEL might persist a!er 
switching from active CEL garments to PET control garments, in these 
studies the PET garments were always worn "rst, before switching to 
CEL garments. #is protocol could induce bias if, for example, tcPO2 
steadily rises in resting subjects independent of fabric type. #e current 
study compared measurements of skin temperature (ST), arterial 
oxygen saturation (O2sat) and tcPO2 obtained while subjects wore PET 
shirts or CEL shirts. In one group PET shirts were worn "rst and in the 
second CEL garments were worn "rst, with the order sequence being 
randomized. Our goal was to con"rm earlier "ndings without risk of 
bias from in%uences of the sequence of wearing.

Methods
Between October 2013 and January 2014, healthy volunteers 

aged 18 to 60 were recruited for an IRB approved protocol via on-line 
advertisement for subjects that paid $25. #e trial was registered at 
clinicaltrials.gov NCT02798640 (https://clinicaltrials.gov/ct2/show/
NCT02798640). #e protocol was in accordance with the Declaration 
of Helsinki and informed consent was obtained. Exclusion criteria 
included cardiovascular disease, smoking, recreational drug use within 
6 months, pregnancy, or consumption of alcohol within 48 hours or 
ca$eine within 4 hours of enrolment. #e garments employed were 
short sleeved shirts. PET and CEL garments were constructed at the 
same mill using either standard PET "ber or CEL "ber containing 1.25 
% (mass ratio) proprietary ceramic particles. CEL and PET shirts were 
of identical fabrication and dernier di$ering only in color: PET was 
white and CEL was a light grey color (Figure 1).

Subjects were blinded to shirt composition and donning sequence. 
Assignment to either donning CEL shirts "rst (CELF) or control PET 
shirts "rst (PETF) was based 1:1 on a random allocation table. Studies 
were performed at the same constant temperature (24.0 ± 0.88°C), in 
a constant humidity (37.1 ± 5.0%) room with overhead %uorescent 
lighting. Prior to donning the "rst shirt, if necessary the anterior right 
shoulder skin was shaved, followed by gentle application of a "ne 
abrasive and cleaning with tape and isopropyl alcohol. A probe with an 
electrolyte %uid ring, Clark electrode and a heating element set to heat 
the skin to 44°C was applied attached to a Peri%ux System 5000 monitor 
(Perimed, Kings Park, New York) with continuous monitoring so!ware 
(Periso! v2.55) as previously described [12]. Le! forearm volar skin 
temperature (ST) was determined with an infrared thermometer. 
Fingertip pulse oximeter probes (CMS50DL, Crucial Medical Systems, 
and Atlanta, Georgia) monitored arterial oxygen saturation (O2sat). 
A!er preparation, subjects donned the "rst shirt, and sat quietly. 

Subjects were allowed to read or play video games but not sleep or 
converse.

Recordings of ST, O2sat, and tcPO2 began to be collected once 
tcPO2 measurements were deemed stable, which generally required 
10 to 15 minutes. #e tcPO2 signal representing mean ± s.d. was 
sampled at 32 Hz over 5 minutes. If s.d. was > 2 mmHg, the data was 
rejected as unstable. Cases in which the electrode membrane had to be 
replaced during measurements were also rejected. In 23 subjects data 
was excluded for one of these two problems, but all 23 returned on a 
later day to successfully repeat the entire protocol. No other data was 
excluded and all enrolled subjects completed the protocol.

Once the initial tcPO2 signal stabilized, baseline measurements 
were obtained followed by recordings 30, 60, and 90 minutes a!er 
baseline (A30, A60. A90). A!er the A90 measurement, subjects were 
encouraged to walk about, relieve themselves if necessary, and consume 
water and/or a small snack. #e break interval was approximately 15 
minutes. A!er the break, subjects donned the second shirt and resumed 
quiet sitting. A second set of measurements was obtained 30, 60, and 
90 minutes a!er tcPO2 stabilized (B30, B60 and B90). Sample size was 
based on measurement of the variance in tcPO2 in 45 subjects with 
power analysis indicating that a minimum of 147 subjects would be 
required to achieve a 95% con"dence level and power of 80%. Statistical 
analyses were performed only a!er all data had been acquired with 
subgroup analysis based only on gender and donning sequence.

Results
Table 1 shows the demographics of the study population. #e 

subjects were 54.3% male; 62.5% of the CELF sequence and 45.2% of 
the ConF sequence subjects were male (p=0.047, chi square test with 
Yates’ correction). #e age, height, weight, and BMI distribution were 
similar in the CELF and ConF subjects with no signi"cant di$erences. 
Overall 52% of the subjects were Caucasian, 22% African-American, 
16% Hispanic, 8% Asian, and 1% other – the ethnic distributions were 
comparable in the active and control sequences (53, 18, 20, 9, and 1% 
versus 52, 26, 20, 9, and 1%) (Table 1).

As shown in Table 2 is the baseline physiologic parameters. Mean 
baseline skin temperatures were nearly identical in the CELF and 
PETF groups 33.1 ± 0.9°C for CELF and 33.2 ± 1.1°C for PETF, as were 
baseline tcPO2 and O2sat. #ere were gender di$erences in baseline 
physiologic parameters: men had higher ST, lower O2sat, and lower 
tcPO2 then women. Mean baseline tcPO2 was 2.5 mmHg higher in the 
CELF group compared to the PETF group, (66.4 ± 18.9 versus 63.9 ± 
18.8 mmHg) but not signi"cantly (p=0.424 unpaired t test) (Table 2).

Table 3 shows ST and O2sat measurements. #e mean baseline ST 
for all subjects was 33.1 ± 1.0˚C, signi"cantly higher (p<0.0001, paired 
t test) than mean 32.7± 1.1°C ST for all combined B90 measurements 
(the last measurements in each groups (data not shown). #e di$erence 
between baseline and "nal B90 ST was signi"cant in the CELF group 
(p<0.0001, paired t test) but not in the PETF group.

 In contrast to the fall in ST observed from beginning to end of 

Figure 1:�$SSHDUDQFH�RI�&(/�DQG�3(7�VKLUWV�
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$OO��Q ���� ���� ����������� ���������� ������������ ����������
&(/)��Q ���� ����a ����������� ���������� ������������ ����������
3(7)��Q ��� ����a ����������� ���������� ������������ ����������

aS �������FKL�VTXDUH�

Table 1:�6XEMHFW�GHPRJUDSKLFV�



Citation: Washington K, Wason J, Thein MS, Lavery LA, Hamblin MR, et al. (2018) Randomized Controlled Trial Comparing the Effects of Far-
Infrared Emitting Ceramic Fabric Shirts and Control Polyester Shirts on Transcutaneous PO2. J Textile Sci Eng 8: 349. doi: 10.4172/2165-
8064.1000349

Page 3 of 6

Volume 8 • Issue 2 • 1000349J Textile Sci Eng, an open access journal
ISSN: 2165-8064 

testing, O2sat increased from beginning to end. Combining all subjects, 
the mean baseline O2sat was 98.0 ± 1.3 compared to a mean value of 
98.4 ± 0.9 for all B90 measurements (data not shown, p<0.0001, paired 
t test). Mean O2sat for all subjects a!er wearing CEL 90 minutes was 
signi"cantly higher than O2sat for all subjects wearing PET 90 minutes 
(98.5 ± 0.8 vs. 98.2 ± 1.0, p<0.0001, paired t test). In PETF subjects, mean 
O2sat was 98.1 ± 1.3 at baseline and increased insigni"cantly (p=0.30 
paired t test) to 98.2 ± 1.2 a!er ninety minutes, and then increased 
further to 98.6 ± 0.8 a!er wearing CEL shirts for ninety minutes 
(p=0.0001, paired t test). In the CELF group, however, mean baseline 
O2sat of 97.9±1.7 increased signi"cantly to 98.5  ± 1.1 (p=0.0002, paired 
t test) a!er wearing CEL 90 minutes, then fell to 98.3 ± 1.0 a!er wearing 
PET 90 minutes (p=0.0033, paired t test) (Table 3).

Figure 2 shows tcPO2 for all the subjects combined, independent of 
donning sequence. Plotted are mean tcPO2 30, 60, and 90 minutes a!er 
donning each garment-the baseline value is the mean for all subjects. At 
each interval tcPO2 is signi"cantly higher for CEL compared to controls 
(p ≤ 0.0003, paired t tests). At 30 minutes, the di$erence between CEL 
and PET tcPO2 levels was 3.42 ± 11.29 mmHg (5.5%); at 60 minutes 
4.30 ± 10.16 mmHg (6.4%); and at 90 minutes 4.44 ± 9.51 mmHg 
(6.7%). Each point represents the combined mean ± s.e.m tcPO2 for all 
subjects at the speci"ed time interval a!er establishment of stable tcPO2 
measurements a!er donning PET or CEL shirts (Figure 2). 

Figure 3 shows the same analysis performed comparing female 
and male subjects’ responses to PET and CEL-the same pattern was 
observed, but the di$erences in tcPO2 levels based on garment worn 
were more pronounced in women. Each point represents mean values 
± s.e.m combining data from one gender at the speci"ed time interval 
a!er establishment of stable tcPO2 measurements (Figure 3). 

Figure 4 shows the results of separating tcPO2 measurements 
based on donning sequence. #e CELF and PETF baseline values 
are di$erent. Mean tcPO2 is plotted in the temporal sequence with 

which it was measured. #e PETF plot shows 30, 60, and 90 minute 
measurements obtained under PET shirts followed by 30, 60, and 90 
minute measurements under CEL shirts. #e plot for CELF subjects 
has the temporal sequence reversed: measurements obtained under 
CEL shirts are plotted before PET measurements. In the PETF group 
tcPO2 rose from baseline through A90 and continued to increase 
a!er switching garments. In contrast, tcPO2 levels in the CELF group 
increased through the A90 measurement but then fell a!er switching 
to PET. When the di$erences between tcPO2 measurements at each 
time interval are separately compared within sequence groups, i.e., 30 
minute tcPO2 values for PET versus CEL in the CELF group, without 
inclusion of data from the PETF group and vice versa, two separate 
trends emerge. In the PETF group, di$erences between tcPO2 levels 
under PET vs. CEL are highly signi"cant (p<0.0001) for each 30-minute 
interval by paired t testing. In contrast, in the CELF group, di$erences 
in tcPO2 between CEL and PET garments at 30 and 60 minutes are not 
signi"cant, but approach signi"cance at 90 minutes (p=0.051). Data 
from male and female subjects were combined and depicted in the 
sequence with which they were obtained (Figure 4).

When the same sequence analysis was applied to each gender, 
the same patterns were seen: tcPO2 levels fell in both CELF male and 
female subjects a!er switching from CEL to PET shirts, but continued 
to increase in both male and female PETF subjects a!er switching from 
PET to CEL (data not shown).
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Discussion
#is study measured changes in tcPO2 at 30 minute intervals up 

to 90 minutes using Clark electrodes placed under either PET and 
CEL shirts which di$ered only by the presence or absence of ceramic 
particles in otherwise identical PET "bers. Subjects were randomized 
to wear either PET or CEL garments "rst. In general, tcPO2 levels 
tended to increase while wearing either garment from baseline to end 
of the complete protocol. When tcPO2 measurements were combined 
without reference to the sequence with which garments were worn, 
measurements under CEL garments were 5.5% higher at 30 minutes 
and 6.7% higher at 90 minutes (p<0.05). A di$erent pattern of tcPO2 
measurements emerges, however, when tcPO2 is plotted based on 
donning sequence (Figure 4). In subjects who wore CEL "rst, tcPO2 fell 
immediately a!er switching to control PET garments, but the opposite 
result was seen in subjects who donned PET "rst--tcPO2 continued to 
rise a!er switching to CEL. #e sequence data support the conclusion 
that wearing CEL is associated with greater increases in tcPO2 than 
PET, independent of donning sequence. Interestingly, the di$erences 
in tcPO2 measured at each interval between garments (e.g., mean A60 
and mean B60 values) within the PETF group were signi"cant, but not 
in the CELF group. #is "nding, in conjunction with the sequence 
pattern suggests that CEL e$ects might persist long enough to in%uence 
measurements taken a!er switching to PET. #e 9.7% di$erence in 
mean tcPO2 levels between PET and CEL in the PETF group at 90 
minutes (68.2 mmHg versus 74.9 mmHg) is comparable to results of 
the previous studies which employed that sequence.

CELF subjects had a mean baseline tcPO2 that was 2.5 mmHg 
higher than mean for PETF baseline, but this alone should not skew 
this analysis as most comparisons are based on paired measurements 
of the same individual, as, for example, the results shown in Figure 2. 
As baseline measurements were obtained a!er subjects donned the "rst 
garment, the higher baseline in CELF subjects conceivably resulted 
from ceramic particles in%uencing tcPO2 during the interval required 
to achieve stable measurements.

Another factor, the greater proportion of males to females in the 
CELF group versus PETF (62.5% vs. 45.2%) could have skewed the data 
analysis to show more of e$ects by CEL than is indeed the case, but 
as the men had lower baseline tcPO2 levels, and showed a moderately 
lower response to CEL than women, this seems unlikely.

If ST or core temperatures were higher under CEL than PET, then 
di$erences in tcPO2 might be due to heat induced vasodilation of the 
dermal microcirculation. Our study did not directly measure either core 

temperature or ST directly under the shirts, but the ST measurements 
from the subject’s uncovered forearm make this explanation seem 
unlikely-ST generally fell throughout the protocol while tcPO2 
generally rose. If temperature were the dominant factor in%uencing 
tcPO2, the later should have fallen in parallel with ST. Further, tcPO2 
measurements entail heating skin to 44 °C, which should minimize the 
impact of variations in core or surface temperatures.

O2sat measurements di$ered when data from both sequence 
groups were combined. Ninety minutes a!er wearing CEL, mean O2sat 
was 98.5% for all subjects, signi"cantly higher than the mean O2sat of 
98.2% measured 90 minutes a!er donning PET. #e pattern of change 
in O2sat with time in each group paralleled that observed with tcPO2. In 
PETF subjects, baseline O2sat rose slightly a!er 90 minutes of wearing 
PET, and then rose signi"cantly more a!er 90 minutes wearing CEL 
With CELF subjects, baseline O2sat increased signi"cantly over 90 
minutes while wearing CEL, and a!er switching garments decreased 
signi"cantly over 90 minutes while wearing PET. #e modest similarity 
in the kinetic patterns observed with O2sat and tcPO2 measurements 
suggests they might be the result of the same ceramic particle in%uence. 
#is raises the question of what is the underlying mechanism for the 
tcPO2 changes observed. Ceramic particles absorb heat (whether that 
be radiant, converted or conducted) emitted from the body, and then 
re-emit the thermal energy as IR (with a peak at 9.4 µm) back into the 
body. Re-emission occurs near the same wavelength as absorption, but 
may be at slightly a longer wavelength due to di$erences in temperature 
between the body and the fabric. #is is not an energy neutral 
phenomenon, as the ceramics decrease the loss of infrared energy away 
from the body, those otherwise escapes through normal clothing.

#e likely net result is increased absorption of FIR energy into the 
skin and underlying tissues. A recent study by scientists at Exponent 
Consulting compared the emissivity of PET fabric with or without CEL 
particles using sophisticated optical spectroscopic techniques. #e 
intensity of infrared emission between 7.5 to 14 µm was 2.1% greater 
with fabric containing CEL particles (1.22% by weight) compared to 
fabric without ceramic particles [13]. #is "nding is consistent with 
the "nding that the absorption co-e'cient of the ceramic particles in 
the infrared spectrum was higher than the absorption co-e'cient of 
pure PET "bers. In other words, the PET "bers are semi-transparent 
to infrared radiation, while the CEL particles are opaque. A follow-up 
study from the same group examined in more detail the in%uence of 
the ceramic particles on the infrared re%ectance of the PET fabric, and 
measured the transmission, and absorption [14]. #is analysis modeled 
the e$ects of the particles on infrared radiation incident upon the skin, 
as a function of wavelength, skin temperature, and ambient temperature, 
proportion of ceramic particles, air velocity, and in%uence of sunlight. 
#e "ndings con"rmed that the addition of ceramic particles to PET 
fabric leads to increased incidence of infrared radiation upon the skin at 
wavelengths longer than 4 µm, with a maximum e$ect at approximately 
9.4 µm. #e e$ect was attributed to increased absorption of infrared 
radiation at shorter wavelengths and reemission at longer wavelengths.

Increased emission of infrared from PET "bers with ceramic 
particles has the potential to interact with molecular and cellular 
structures by increasing the vibrational energy stored in chemical 
bonds, particularly in water clusters in cell membranes and cellular 
organelles. Perturbation of the vibrational energy of water clusters could 
a$ect the tertiary conformation of protein molecules tightly associated 
with this “nanostructured” water [15,16]. Low intensity far infrared 
(FIR-wavelength >14 um) lamps and topically applied (non-powered) 
FIR-emitting ceramic materials have been shown to induce cellular 
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changes in vitro, and produce physiologic changes in both preclinical 
animal models and clinical studies. In none of these studies were the 
e$ects associated with signi"cant changes in temperature, consistent 
with the low power associated with both far infrared lamps and non-
powered ceramics in thermal equilibrium with skin (on the order of 
0.1-1 mW/cm2 [3]. In vitro studies have found infrared radiation to 
inhibit cellular proliferation and be associated with increased reactive 
oxygen species; decreased production of intracellular nitric oxide and 
heat shock protein; inhibition of prostaglandin E2 synthesis; inhibition 
of kinase dependent nuclear signalling; and decreased production of 
in%ammatory mediators and cell adhesion molecules [4,5,17-19].

Preclinical studies of infrared e$ects have shown inhibition of 
prostaglandin mediated in%ammation in a rabbit arthritis model and 
delayed onset of muscle contraction induced fatigue [20]. Particular 
relevant to our "ndings are two reports in rats, one showing that 
infrared increased skin blood %ow [21] and the other showed that 
infrared accelerated wound healing [7].

#ree clinical studies have reported that blood %ow was increased 
by infrared exposure from powered IR sources or non-powered 
ceramics [2,22,23] and one clinical study found alleviation of the 
symptoms of Raynaud’s syndrome with ceramic impregnated gloves 
[24]. Other clinical studies with topically applied ceramic materials 
have demonstrated changes in body measurements (fat loss) [25,26], 
reduced dysmenorrhea [27], and improved lactation [28].

#e increase in tcPO2 observed in this study likely is a consequence 
of increased oxygen availability in infrared illuminated tissue, possibly 
through a vasodilatory e$ect on the dermal circulation or, alternatively, 
e$ects on oxygen binding to hemoglobin. Although our understanding 
of the mechanism responsible for the e$ect of ceramic polyester 
composites on tcPO2 still incomplete, our data con"rm that it is a 
real scienti"c phenomenon. Even without completely understanding 
the e$ect, it may be possible to design ceramic polyester composite 
garments or dressings that could improve wound healing, which is both 
sensitive to tissue perfusion and a critical problem for patients with 
diabetes. #e recent decision by the US FDA that CEL garments will be 
regulated as medical devices and as general wellness products (http://
www.medicaldevices-business-review.com/news/fda-determines-
celliant-products-meet-criteria-as-medical-devices-260717-5882229) 
encourages clinical testing in multiple disease indications.

Conclusion
#e present study has added to the body of evidence that suggest 

that FIR-emitting garments can exert real measurable physiological 
e$ects, and deserve further study for medical indications. Especially 
the potential for ceramic-embedded fabrics to improve skin and wound 
perfusion has particular relevance to diabetes and warrants further 
study.
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�� ÊɕƍƉ  

1. The Purpose of the Test  

ȯȡÍɋ×ģŞ§ɀȕĪĴɂT�ęEƉâƀ Celliant®ĈĹƷǇſ,ƉǸ

ÁƣƑj�Í/AȚǙ³ÓȳǂƊśa|î�ȦǵɅĻ��Ǝ�ÍųƉ�áƓƢ�

ÍWĜ�/AÓȳôóźCƀȦǵeőƓƢ� 

To do the preliminary study of the effects of socks that use Celliant® technical 

fibers provided by Qingdao ReY.S International Co., Ltd. on local transcutaneous 

Oxygen Pressure on human the foot dorsum through the clinical research before and 

after the wearing of the socks in a randomized, double-blind, and controlled way and 

on improving human body’s local microcirculation.  

'�� ÊɕľĢ  

2. Materials of the Test 

âƀ Celliant®ĈĹƷǇƉǸÁ�ƭƞ��ȋǸ��ÍųǸ�Ú�įȯ�ĥI

NmǝǸ��vƀǜÜƪ� 

Socks with the application of Celliant® technical fibers (for short: subjects 

socks), control socks (regular socks sold in the market with no health care function), 

medical tapes, etc. 

��� Êɕ5£�Ȉ´  

3. Instruments and Equipment of the Test 

yȯȱǂƊśa|�'śsƘa|ţÉ5�PF5040 TcpO2/pCO2��ÛŽvÄ

ƝĈ�t-�ĴɂT��®��PeriFlux 5000.  

Single-channel transcutaneous oxygen/ carbon dioxide partial pressure tester, 

(PF5040 TcpO2/pCO2) , Perimed China LTD., Model: PeriFlux 5000. 

¤�� ŋţ}ż  

4. Principle of the Detection 
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ǂƊśa|/'śsƘa

|� TcpO2/pCO2)�ţÉ5

}ż�ĸĈĹȷƀRĎRƂ

Ł�ȯȡɒȈƂűȐǩ£�

ÏŨäIď© 37-45��©

45�ħ�řǀǴƮǴŢoǟ

s�Ɗǔnű��řǀǴƮ

ćè�śƛİƼ�Ɵ�àO

ȆśŚ1ƊǔćĞȦSĖȀ

Ŧ�nű�4ŪǿŒ*Ɖ�ƊǞȔÔ�Ĝ�ŚAȭȡƊǔƉéĞù�ÙȯȡƊǔ

ƉśŚŪǿ©ǿɄŦ��Ų�Ɂ?g�ţȹƉŚŢȹ�ȎŚŢȹƪ(Ɗǔũ`Ɖ

śȹ�¥Ő�ţȹĖȀŦ�Ɖśa|�Ɛë(ƂŁâƀ(Ɗǔ 10-15aȺ�Ɗ�

ƿǁ�Ɖśa|� 

The principle of the transcutaneous oxygen/carbon dioxide partial pressure� 

TcpO2/pCO2)�tester: Through the preinstalled electric regulator, this technology uses 

Clark electrode to control the temperature at the 37 to 45�. At 45�, the blood flow of 

the capillary is arterialized. When the skin temperature rises, capillary expands and 

the oxygen dissociation curve moves towards the right side and the spread of oxygen 

from the skin into the contact liquid begins. Heating can dissolve the dead skins of 

epithelial lipid layer, and improve the dispersing of gas into skin. The passed oxygen 

dissolves into the contact liquid and then decreases the amount of measurable gas. 

The amount of the decreased gas equals the amount of oxygen that passes through the 

skin. Therefore, to test the oxygen partial pressure in contact liquid is to measure the 

oxygen partial pressure in subcutaneous tissue after using the Clark electrode to heat 

skin for ten to fifteen minutes. 
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ǔȦǵnű�1ǐDƿǁ�řǀǴƮƉǴŢȹ²n�W�ȢȠƉ O2/pCO2Ïȭȡ

ƊǔǷɏǹ;Ā£Ėě�XAƙÿǼ¨ 1� 

The heating parts in the measuring sensors will heat the skin under the sensors, 
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which will increase the blood flow in capillary in the tissue and the passed O2/pCO2 

through the skin will be absorbed by the sensors. Details are shown in Figure one. 

)�� ÊɕĤŠ  

5. Methods of the Test 

�
�Êɕ}c  

(1) The testing principles 

©~nĸƓƢj�ƓƢǏÏȍȼ�ȋǏƉƇ��NåŶ^ƪ�¾ĴɊǻ�Ɋ

ȦǵAŋ�ƐVƉÊɕËŋņ�¾ǴÝǽ�ÒÝǽ�Ǵſsŋņƪ��4ƕÉ�

ȋǏĬ�ȫ�~nĸƓƢ�ąĴNåŶøȐņǷ�}¿sɕyÏƁŋţĻłI

Ã� 

Before the test, the researchers will ask participants about their medical history, 

heath conditions and so on. And if necessary, they are asked to do medical check-ups 

and other tests related to the research (such as blood routine, urine routine and blood 

biochemical inspection, etc.) to find out whether the participants are fit to participate 

in this research. All the investigation forms on health conditions and the original test 

reports will be kept by the research institution. 

ǫ�ȋǏȯȡ%ƐVƉƫȬ�Ï©�ȋÊɕë¹afQ�ƣƑÍųǸ��ȋ

Ǹ�
ō�ŕō�șȡ 60aȺ��ħƋţ�FȚǙ³ÓȳǂƊśa|Ɖ�s� 

After the whole screening procedures, the participants will wear control socks 

and subjects socks once successively on the test day. The time for each is no more 

than 60 minutes and meanwhile the changes of local transcutaneous oxygen partial 

pressure at the right side of foot dorsum will be monitored. 

1. �ȋǏSȬŇ_  

1. The criteria for qualified participants 

ƃ¼� 50/	 

Fifty men and fifty women 

ßɚ© 18-25Ö	 

Ages are between eighteen and twenty-five 

AȸĐĠ�BMI�© 19-24�Ƚ�BMI�Aȸ�kg�/ȝɖ�m2�	 

Body Mass Index (BMI) is between nineteen and twenty-four. BMI = weight 
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(kg)/ height (m2) 

ĥõ�ǒ�Ǘ�ťsȱ�ƚǂƲǄ�ưƚæÝ�3ȑæÝƪƇ�	 

No medical history of heart, liver, kidney, alimentary canal, nerve system, 

mental disorder, and metabolic disorder, etc. 

ĥǭŵĄW2ŵȔȡĝ�	 

No drug or other substance allergy history 

AňŋņƙǴ|�õŸ���Ŷ^ŏÝ	 

Normal blood pressure, heart rate and breathing condition shown by the physical 

examinations. 

�ȋj
ß[ÊɕËŋņ�ǴÝǽ�ÒÝǽ�ǒǗmǝ°ĸŏÝ�Ǒȴ�Ò

ƴŜ�șȡŏÝ�ɂ�ALT�AST©ŏÝ�ɂ 1.5L4[�	 

The tests in the year before the research include: blood test and urine test. And 

the liver and kidney function is basically normal (creatinine and urea nitrogen does 

not exceed the normal limit and ALT and AST are within 1.5 times more than the 

normal limit). 

ĥ�ǧ!þ�¢½�ȋɕj���ȋɕĶȽķĵƀW2ǭŵ��Ĵȵư��

�¥ƉɔĢ	 

No bad habits or hobbies. And two weeks before the test and during the test, 

there is no taking of any drugs or drinks that contain alcohol or caffeine; 

ǣā~nȋɕàƬǌƒý�ÿ"� 

Voluntarily participate in the test and sign the informed consent form. 

2. �ȋǏĔɄŇ_  

2. The criteria for unqualified participants 

�ǻǠ£Ĵ£ȔùƇ��¾ǒ�Ǘ�õǴƮƆƇ�3ȑæÝ�ƚǂƲǄƆƇ

�WÅĂùƆƇ�	 

The main organs have organic diseases (such as liver, kidney, cardiovascular 

disease, metabolic disorder, nerve system disease, and other chronic disease); 

Ý`Ż»ƈ�»ĮǏ	 

Regular headache or dizziness 
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ěǉ|�130mmHg�/ĄǦè|�90mmHgǏ	 

Systolic pressure�130mmHg and/or diastolic pressure�90mmHg; 

Ĵ8BŵȔĄƊǔȡĝ�Ǐ	 

Persons allergic to substances or have skin allergies; 

Ĵ`ǴùƆƇĄĨĭƉ`ǴAȔǏ	 

Hemorrhagic disease or bleeding disorders; 

ǭŵŬƀǏ	 

Drug abuse; 

¢Ű�ȵǏ	 

Smoking or drinking alcohol; 

xß[Ĵ�ȸƆƇ�	 

Serious disease history within half a year; 

ȣ��ĳ[~nȡŷǴǏ	 

Donating blood within the last three months; 

ȣ��ĳ[~nȡW2ǭŵ�áȋɕǏ	 

Participating in clinical tests of other drugs within three months; 

�¹jǤȋɕĶȽĵƀȡW28BǭŵǏ	 

Persons who take any other drugs three days before and during the test; 

HBV�HCVĊ}ȾùǏ	 

Positive to antigen of HBV and HCV; 

HIVĊAȾùǏ	 

Positive to antibody of HIV; 

�'�XAÊɕȡƠ  

(2) Detailed Procedure of the Test 

ƨ�ƫȬŇ_Ɖ�ȋǏƒý�ÿ"�©ƬȂÇ�9ü 15-20min ðŶøơÉ

��ȦǵAŨ�Ǵ|�õŸƉţȹ�àȅì� 

After the qualified participants have signed the consent form, they will rest for a 

period of 15 to 20 minutes until they are calm. Their temperature, blood pressure and 

heart rate will be tested and the test results will be recorded. 
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�Ǝý^���ȋǏQ�ƣƑÍųǸ��ȋǸ�Ȧǵ�FȚǙȳÓȳǂƊś

a|ƉƋţ� 45aȺ���ǸÁ�ȽƉÊɕŋţȽɆ 15aȺ�ÍųǸƋţǃĿ

�ȦǵAŨ�Ǵ|�õŸƉ\ōŋţ�àȅì� 

On the double-blind test, the participants will wear control socks and subjects 

socks successively. The monitoring time for the local transcutaneous oxygen partial 

pressure at the right side of the foot dorsum is 45 minutes for each. The time between 

the monitoring of two kinds of socks should be 15 minutes. After the monitoring of 

control socks, the temperature, blood pressure, and heart rate of participants should be 

measured and recorded. 

ÍųǸ��ȋǸƋţÇŘ���ȋǏ9ü 15 aȺ��ȦǵĲ�
ōAŨ�

Ǵ|�õŸƉŋţ�àȅì� 

After the ending of the monitoring of the control socks and subjects socks, 

participants will rest 15 minutes and then their temperature, blood pressure and heart 

rate will be measured and recorded again. 

���Ġē³żĤŠ  

(3) Data processing methods 

�ȋǏafƣƑÍųǸĄ�ȋǸ��ȦǵȚǙ³�
ȳ>ÓȳǂƊśa|o

øƋţ�ƋţħȽ¬� 45 aȺ��ƜǸÁ¬Ȭ�ơÉŶø�ƉĠēÞ¬M�¨

2�C�ĠēaŃƀÓȳǂƊśa|M�y> mmHg��ȷƀy¥ƴĤØaŃÍĠ

ēȦǵǄȁaŃ�  

To monitor the dynamics of local transcutaneous oxygen partial pressure at the 

same spot of foot dorsum when the participants wear control socks and subjects socks 

respectively for 45 minutes, then the average of data under the stable state of both 

kinds of socks (Figure 2) will be used. Local transcutaneous oxygen partial pressure 

value (unit mmHg) will be used for analysis and data will be analyzed by using single 

factor variance analysis. 
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¨ 2 ÓȳǂƊśa|oøĠēȷɈƙÿ¨ 

Figure 2 The collecting of dynamic data of local transcutaneous oxygen partial 

pressure  

u¯ 1 �ÍųǸơøu¯�¨�ħȽů©jƉĴɓǨŇƙu¯��ĭƙĠM

�Őu¯ǂƊśa|oøĠMƉ¬M	u¯ 2��ȋǸơøu �̄¨�ħȽů©

�Ɖ�
ŔĴɓǨŇƙu¯��ĭƙĠM�Őu¯ǂƊśa|oøĠMƉ¬M� 

Area one is the stable section of the control socks test (In the figure, the time 

before the stable section is marked with color.). The shown figure is the average of 

the dynamic values of local transcutaneous oxygen partial pressure of this area. Area 

two is the stable section of subjects socks test (In the figure, the time after the stable 

section is marked with color).The shown figure is the average of the dynamic values 

of local transcutaneous oxygen partial pressure of this area. 

U�� Êɕǃń  

6. The Result of the Test 

�
��ȋǸ�WÍųǸÍ/AȚǙ³ÓȳǂƊśa|Ɖî�  

(1) The impacts of subjects socks and control socks on local transcutaneous 

oxygen partial pressure at foot dorsum 

�ȋǏƣƑ�ȋǸ��Ƌţ 45 aȺ�ȚǙ³ÓȳǂƊśa|�

(73.28±14.93)mmHg	�ȋǏƣƑÍųǸ��Ƌţ 45aȺ�ȚǙ³ÓȳǂƊśa

|��62.60±15.69�mmHg�Ƿ 1��ĤØəùŋɕƒ��ƜǸÁÍ/AȚǙ³Ó

ȳǂƊśa|ƉĤØəù�Ƿ 2��Ȧ
őĤØaŃǃńĭƙ��ȋǸ�ÍųǸ
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Ɛŗ��ȋǸÍ/AȚǙ³ÓȳǂƊśa|Ɖî�XĴŁĭǱØæ�P
0.01�

Ƿ 3���Ǽ�ȋǸ�ÍųǸƐŗ�©ƋţħȽƥ[��ı½Ɖęɖ/AȚǙ³

ǂƊśa|� 

The participants wear subjects socks and then researchers monitor the local 

transcutaneous oxygen partial pressure at foot dorsum for 45 minutes. The result is 

(73.28±14.93)mmHg. The participants wear control socks and then researchers 

monitor the local transcutaneous oxygen partial pressure at foot dorsum for 45 

minutes. The result is �62.60±15.69�mmHg (Table 1). Homogeneity of variance of 

local transcutaneous oxygen partial pressure at foot dorsum of two kinds of socks is 

shown (Table 2). Further variance analysis shows that compared with control socks, 

subjects socks’ impacts on local transcutaneous oxygen partial pressure at foot 

dorsum has significant difference (P
0.01, Table 3). This demonstrates that 

compared with control socks, subjects socks within the monitoring period, can better 

improve the local transcutaneous oxygen partial pressure at foot dorsum. 
 

Ƿ 1.�ƜǸÁÍ/AȚǙ³ÓȳǂƊśa|ƉĠēĘȩ 
Table 1 The data of the local transcutaneous oxygen partial pressure at foot dorsum of 

two kinds of socks 

 

 
 

ƿf N ¬M Ň_Ø Ň_ȏ 
¬MƉ 95%ǋJuȽ 
�ɂ �ɂ 

ÍųǸ 100 62.60 15.69 1.57 59.49 65.72 
�ȋǸ 100 73.28 14.93 1.49 70.32 76.24 
úĠ 200 67.94 16.19 1.14 65.68 70.20 

Groups N Average 
value 

Standard 
deviation 

Standard 
Error 

95% confidence 
interval of the mean 

lower 
limit 

Upper 
limit 

 
Control 
socks  

100 62.60 15.69 1.57 59.49 65.72 

Subjects 
socks 

100 73.28 14.93 1.49 70.32 76.24 

total 200 67.94 16.19 1.14 65.68 70.20 
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Ƿ 2�ƜǸÁÍ/AȚǙ³ÓȳǂƊśa|ƉĤØəùŋɕ 
Table 2 Homogeneity of variance of local transcutaneous oxygen partial pressure at 

foot dorsum of two kinds of socks 
 

LeveneǄȁȹ df1 df2 ĭǱù 
0.454 1 198 0.501 

 
 

Levene statistics df1 df2 Significance 
0.454 1 198 0.501 

 
Ƿ 3�ƜǸÁÍ/AȚǙ³ÓȳǂƊśa|Ɖy¥ƴĤØaŃ 

Table 3 Single factor variance analysis of local transcutaneous oxygen partial pressure 
at foot dorsum of two kinds of socks 

 
 ÞĤ� df ¬Ĥ F ĭǱù 
ƿȽ 5697.568 1 5697.568 24.284 0.000 
ƿ[ 46455.626 198 234.624   
úĠ 52153.194 199    

 

 Sum of 
squares 

df Mean 
square 

F Significance 

Among groups 5697.568 1 5697.568 24.284 0.000 
Within groups 46455.626 198 234.624   

Total 52153.194 199    

 

 

�'��ȋǸÍ(/AȚǙ³ÓȳǂƊśa|Ɖî�Ĭ�Ã©ùfØæƉ

aŃ  

(2) Whether there is gender difference of subjects socks’ local transcutaneous 

oxygen partial pressure at foot dorsum 

1.�ȋǸ�ÍųǸÍƃùȚǙ³ÓȳǂƊśa|Ɖî�  

1. The impacts of two kinds of socks’ local transcutaneous oxygen partial 

pressure at men’s foot dorsum 

Ƿ 4Ġēĭƙ�ƃù�ȋǏƣƑ�ȋǸ��Ƌţ 45aȺ�ȚǙ³ÓȳǂƊ
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śa|� (72.06±15.73)mmHg	�ȋǏƣƑÍųǸ��Ƌţ 45 aȺ�ȚǙ³Ó

ȳǂƊśa|��61.65±16.65�mmHg�ĤØəùŋɕƒ��ƜǸÁÍƃùȚǙ

³ÓȳǂƊśa|ƉĤØəù�Ƿ 5��Ȧ
őĤØaŃǃńĭƙ��ȋǸ�Í

ųǸƐŗ�WÍ(ƃùȚǙ³ÓȳǂƊśa|Ɖî�XĴŁĭǱØæ�P
0.01�

Ƿ 6���Ǽ�ȋǸ�ÍųǸƐŗ��ı½ƉęɖƃùȚǙ³ǂƊśa|� 

Statistics in Table 4 shows that after the male participants wear subjects socks 

and then researchers monitor the local transcutaneous oxygen partial pressure at foot 

dorsum for 45 minutes, the result is(72.06±15.73)mmHg. After the male participants 

wear control socks and then researchers monitor the local transcutaneous oxygen 

partial pressure at foot dorsum for 45 minutes, the result is (61.65±16.65)mmHg. 

Homogeneity of variance of local transcutaneous oxygen partial pressure at men’s 

foot dorsum of two kinds of socks is shown (Table 5). Further variance analysis 

shows that compared with control socks, the subjects socks’ impacts on local 

transcutaneous oxygen partial pressure at men’s foot dorsum has significant 

difference (P
0.01, Table 6). It demonstrates that compared with control socks, 

subjects socks can better improve the local transcutaneous oxygen partial pressure at 

the men’s foot dorsum. 

 

Ƿ 4�ƜǸÁÍƃùȚǙ³ÓȳǂƊśa|î�ƉĠēĘȩ 

Table 4 Statistics of the impacts of two kinds of socks’ local transcutaneous oxygen 

partial pressure at men’s foot dorsum 

ƿf N ¬M Ň_Ø Ň_ȏ 
¬MƉ 95% ǋJuȽ 

�ɂ �ɂ 

ÍųǸ 50 61.65 16.65 2.35 56.92 66.38 

�ȋǸ 50 72.06 15.73 2.22 67.59 76.53 

úĠ 100 66.85 16.94 1.69 63.49 70.22 

 

 

Groups N 
Average 

value 
Standard 
deviation 

Standard 
Error 

95% confidence interval 
of the mean 
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     lower limit 
Upper limit 

 
Control 
socks  50 61.65 16.65 2.35 56.92 66.38 

Subject
s socks 50 72.06 15.73 2.22 67.59 76.53 

total 100 66.85 16.94 1.69 63.49 70.22 

 
 

Ƿ 5�ƜǸÁÍƃùȚǙ³ÓȳǂƊśa|î�ƉĤØəùŋɕ 
Table 5 The homogeneity of variance test of the impacts of two kinds of socks’ local 

transcutaneous oxygen partial pressure at men’s foot dorsum 

LeveneǄȁȹ df1 df2 ĭǱù 

0.102 1 98 0.750 
 

 

Levene statistics df1 df2 Significance 

0.102 1 98 0.750 

 
Ƿ 6�ƜǸÁÍƃùȚǙ³ÓȳǂƊśa|Ɖy¥ƴĤØaŃ 

Table 6 single factor variance analysis of local transcutaneous oxygen partial pressure 

at men’s foot dorsum of two kinds of socks 

 ÞĤ� df 
Mean 

square 
F ĭǱù 

ƿȽ 2708.578 1 2708.578 10.326 0.002 

ƿ[ 25705.992 98 262.306   

úĠ 28414.570 99    

 

 

 
Sum of 

squares 
df 

Mean 

square 
F Significance 

Among groups 2708.578 1 2708.578 10.326 0.002 

Within groups 25705.992 98 262.306   
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Total 28414.570 99    

 

3. �ȋǸ�ÍųǸÍ¼ùȚǙ³ÓȳǂƊśa|Ɖî�  

3. The impacts of two kinds of socks’ local transcutaneous oxygen partial 

pressure at women’s foot dorsum 

Ƿ 7Ġēĭƙ�¼ù�ȋǏƣƑ�ȋǸ��Ƌţ 45aȺ�ȚǙ³ÓȳǂƊ

śa|� (74.50±14.17)mmHg	�ȋǏƣƑÍųǸ��Ƌţ 45 aȺ�ȚǙ³Ó

ȳǂƊśa|��63.56±14.79�mmHg�ĤØəùŋɕƒ��ƜǸÁÍ¼ùȚǙ

³ÓȳǂƊśa|ƉĤØəù�Ƿ 8��Ȧ
őĤØaŃǃńĭƙ��ȋǸ�Í

ųǸƐŗ�WÍ(¼ùȚǙ³ÓȳǂƊśa|Ɖî�XĴŁĭǱØæ�P
0.01�

Ƿ 9���Ǽ�ȋǸ�ÍųǸƐŗ� �ı½Ɖęɖ¼ùȚǙ³ǂƊśa|� 

Statistics in Table 7 shows that after the female participants wear subjects socks 

and then researchers monitor the local transcutaneous oxygen partial pressure at foot 

dorsum for 45 minutes, the result is(74.50±14.17)mmHg. After the female 

participants wear control socks and then researchers monitor the local transcutaneous 

oxygen partial pressure at foot dorsum for 45 minutes, the result is 

(63.56±14.79)mmHg. Homogeneity of variance of local transcutaneous oxygen 

partial pressure at women’s foot dorsum of two kinds of socks is shown (Table 8). 

Further variance analysis shows that compared with control socks, subjects socks’ 

impacts on local transcutaneous oxygen partial pressure at women’s foot dorsum has 

significant difference (P
0.01, Table 9). It demonstrates that compared with control 

socks, subjects socks can better improve the local transcutaneous oxygen partial 

pressure at women’s foot dorsum. 

 

Ƿ 7�ƜǸÁÍ¼ùȚǙ³ÓȳǂƊśa|î�ƉĠēĘȩ 

Table 7 Statistics of the impacts of two kinds of socks’ local transcutaneous oxygen 

partial pressure at women’s foot dorsum 

 

ƿf N ¬M Ň_Ø Ň_ȏ ¬MƉ 95% ǋJuȽ 
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Ƿ 8�ƜǸÁÍ¼ùȚǙ³ÓȳǂƊśa|î�ƉĤØəùŋɕ 
Table 5 The homogeneity of variance test of the impacts of two kinds of socks’ local 

transcutaneous oxygen partial pressure at women’s foot dorsum 

LeveneǄȁȹ df1 df2 ĭǱù 

0.102 1 98 0.750 

 

Levene statistics df1 df2 Significance 

0.102 1 98 0.750 

 
Ƿ 9�ƜǸÁÍ¼ùȚǙ³ÓȳǂƊśa|Ɖy¥ƴĤØaŃ 

Table 6 Single factor variance analysis of local transcutaneous oxygen partial pressure 

at women’s foot dorsum of two kinds of socks 

 

 ÞĤ� df ¬Ĥ F ĭǱù 

ƿȽ 2992.528 1 2992.528 14.299 0.000 

�ɂ �ɂ 

ÍųǸ 50 63.56 14.79 2.09 59.36 67.76 

�ȋǸ 50 74.50 14.14 2.00 70.48 78.52 

úĠ 100 69.03 15.41 1.54 65.97 72.09 

Groups N 
Average 

value 
Standard 
deviation 

Standard 
Error 

95% confidence interval 
of the mean 

     lower limit 
Upper limit 

 
Among 
groups 50 63.56 14.79 2.09 59.36 67.76 

Within 
groups 50 74.50 14.14 2.00 70.48 78.52 

Total 
10

0 
69.03 15.41 1.54 65.97 72.09 
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ƿ[ 20509.696 98 209.283   

úĠ 23502.223 99    

 

 
Sum of 

squares 
df 

Mean 

square 
F Significance 

Among 
groups 2992.528 1 2992.528 14.299 0.000 

Within 
groups 20509.696 98 209.283   

Total 23502.223 99    

 

 

4. �ƜǸÁÍƃù�¼ùȚǙ³ÓȳǂƊśa|Ɖî�  

4.  The impacts of two kinds of socks’ local transcutaneous oxygen partial 

pressure at men’s and women’s foot dorsum 

¨ 3ĭƙ�ǳŲ�ȋǸ�ÍųǸƐŗ��ȇÍ(ƃù�¼ù�ȚǙ³Óȳǂ

Ɗśa|Ã©ĠM�ƉØæ�=Ĭƃù�¼ùƉĠēǄȁàĥĭǱùØæ�ęƙ

�ȋǸÍ(/AƉȚǙ³ÓȳǂƊśa|Ɖî��àĥùf�ȽƉØf�ǃń¾

¨ 4��ȋǸÍ(ƃù�¼ù¬�ĭǱùęɖWȚǙ³ÓȳǂƊśa|�=ĥù

fØæ� 

Statistics in Figure 3 shows that although compared with control socks, there is 

difference of subjects socks’ impacts on local transcutaneous oxygen partial pressure 

at men’s or women’s foot dorsum, however the difference between the impacts on 

men’s and women’s are not significant. It shows that there is no gender difference in 

the impacts of subjects socks’ local transcutaneous oxygen partial pressure at men’s 

or women’s foot dorsum. As shown in Figure 4, subjects socks can significantly 

improve local transcutaneous oxygen partial pressure at both men’s and women’s foot 

dorsum, and there is no gender difference. 
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¨ 3 �ƜǸÁÍƃù�¼ùȚǙ³ÓȳǂƊśa|Øæùŗȟ�n=50� 

Figure 3 The comparison of difference between two kinds of socks’ local 

transcutaneous oxygen partial pressure at men’s and women’s foot dorsum �n=50� 

 

 

¨ 4�ƜǸÁÍƃù�¼ùȚǙ³ÓȳǂƊśa|Ɖî��n=50� 

Figure 4 The impact of two kinds of socks’ local transcutaneous oxygen partial 

pressure at men’s and women’s foot dorsum�n=50� 

 

��� ȃȇ�  

7. Discussion 

ǂƊśa|�TcpO2�ŋţĬ
ɑǝ·�īřǀǴƮǰZǴŢƉĈĹ�1 19



 17 

�Ƹ 70 ß34ŀÙǂă�ɍGǺùôóźǴŢƉǂYȊ7ĤŠ�
[1]�Wǝñ

½�ī`�ǓǴƮÑWȜ4�ƊǔôóźŶø�Ȧǐ�ī�¦oǟŭšý^�Ĭ


ƜĚCƭy�ĥdùƉôǴƮƇ�ŋţƉȸǻĆŔ[2]�ÙĴġŷČȱ�ƐVƉ

IN�¾¶ƀi�Ťči�ƣƑľĢƪ�ȯȡôóźƉĜ�CƀŀȦǵƐVƉI

NȊ7[3]�ǐǂƊśa|�ȟ½ª�īÓȳôóźŶø�ĸƓƢȷƀÛŽvÄ

PeriFlux 5000®yȯȱǂƊśa|�'śsƘa|ţÉ5�PF5040 TcpO2/pCO2�

Íɋ×ģŞ§ɀȕĪĴɂT�ęEƉâƀ celliant®ĈĹƷǇƉmǝù�ȋǸ

ƣƑj�/AȚȳǂƊśa|Ȧǵŋţ�ÍWĜ�/AÓȳôóźCƀȦǵeő

ĕȃ� 

The measuring of transcutaneous oxygen partial pressure �TcpO2� is a 

technology to reflect capillary’s blood flow. Since the1870s, it has become one of 

classic methods to evaluate noninvasive blood microcirculation. It can well reflect the 

microcirculation state of lower limb blood vessel especially that of the skin beneath 

the ankle, which further reflects the peripheral artery perfusion situation. It is an 

important method that is easy to operate and has no invasive diagnosis at detecting 

capillaries. And there are documents which show that relative health-care products 

like topical agent, daub agent, dress materials and others can fulfill their function by 

improving micro circulation and transcutaneous oxygen partial pressure can relatively 

well reflect the local microcirculation state. This research uses a single-channel 

transcutaneous oxygen/carbon dioxide partial pressure tester, (PF5040 TcpO2/pCO2) , 

model of PeriFlux 5000, generated by Perimed China Ltd to test the impacts on local 

transcutaneous oxygen partial pressure at the foot dorsum of subjects socks that 

adopts Celliant® technical fibers provided by Qingdao ReY.S International Co. 

before and after wearing them. The purpose of the preliminary research of Celliant® 

socks’ is to improve the human body’s local microcirculation. 

ôóźĬĐôoǟ�ôɌǟ�ȽƉǴŦóź�ĬǀǚEś�ĔɄãŵƉ�


ȯȱ[4]�ĬóźƲǄ�Ĳ°ĸƉǃł�mǝy>�/AyƹɎõǠƉěǉlȹ�

ǝÏǴŦƏĖŭšg/A�£ÈƉƿǁǀǚ�öɊɎôóźȳaƉřǀǴƮ��

õǠțo�őƉǣòȢoÏǴŦȦǵƩ'ōȐǩ�Ʃ'ōŭš, ą4©vÄ�
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ĉôóźŗ¡�/AƉƩ'õǠ[5]� 

Microcirculation refers to the blood circulation between the arterioles and micro 

vein. It is the only channel[4] through which cells provide oxygen and eliminates waste 

and is the basic structural and functional unit in the microcirculation system. Only by 

cardiac contraction, the human body can’t directly pour blood into cells of all organs 

of the body. It has to rely on the asynchronous (with the heart beat) self- discipline 

movement of capillaries of microcirculation part to adjust or pour the blood into 

organs for the second time. Therefore, in the medicine field, microcirculation is 

compared to the second heart[5] of the human body. 

ɅƑȢoȓǮn¸ƉȡƠ�ôóźŢȰ�ǈ�3ȑ,ŵ�$ȶ�ÒƴŜ�Ǒ

ȶ�ƔƗǀǚœŴƪ�ūƄ�ŧȭ|�w[6]�Óȳŝǘ�¾¸êäȄƾÎǥƉÐ

Ǣ¦ä²n�ǓƧŝǘ��Ɓ(ôóź�/A��ȳ>Ɖ��akù�©��Ɖ

£È�ôóź4WĲÐyPIďƑ��£ÈƉ
ǥù�ëƅqƠäȦ
ő²n

ħ�ôóź3ȑƉȧūD3ȑ,ŵ�ǝ�ħ1A[ĔɄ�ƂǿȔ�ſƳ#[7]�ū

ƄƿǁƉŖƴ:î�g�Ņ£Èõ�ǡ�ǖ�Ǘ4�ȢoƚǂƲǄ�D�`ŻŮ

ĝä�Ɂ��âȧū�Aǝ�ɁƪƅqŻȒ�/A©ôóźmǝŶøºÝƉý^

�ȦǵȢo�:nȰĻAȢoùƅqƉíă�ôóźǃłȲgƔ­�ÌĪÎǥô

óźŶøºÝ�ȢoùƅqíăȢođ<[8]�ôóźĸȝȢǵ��õǠǝȹėh�

��õŸî��=ÅɅħ�4Cƀ(/AƉNåŶø�Ȟcî�Óȳƿǁ�£È

Nå�¾ǊśçȘƉǓƧƵƽ�ë[ź±ďǆɖŨ�ŧȭ|wɖ�řǀǴƮȯȭ

ù²ɖ�4HȦŧ`��ſ©õr:|ȨõǠ� »ŝǘ:ÎǥƤü��ȸôó

źɇƖžǤ�4�ſ9R�ĩȪžǤŒ*� 

With the increase of exercise load, the velocity of microcirculation slows, 

metabolites (lactic acid, urea nitrogen, creatine, segments of cells and others) 

accumulate, osmotic pressure rises[6], and local edema appears (such as increase of 

crus’s girth, and acra edema brought by intensive training). Because of the integrity of 

microcirculation and the organs of the body, microcirculation maintains its uniformity 

with organs in the form of its smallest units. When the degree of tiredness further 

increases, the slowing of microcirculation can’t eliminate metabolic wastes out of the 

body in a timely manner, electrolyte disorder occurs[7], and the accumulated toxin will 
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negatively affect the central organs, heart, brain, lung, kidney and motor nerve system, 

which leads to decreased sensitivity, lagged response, declined physical strength and 

tiredness, etc. If the human body exercises under the situation of microcirculation’s 

abnormal state, it will accelerate the body’s tiredness, damage the microcirculation 

structure, easily cause the abnormal microcirculation state, and lead to exercise 

injuries[8]. Although microcirculation itself is under no influence of the heart’s energy 

and heart rate, it can affect the body’s heath anytime. To a lower degree of damage, it 

affects the health of local tissue and organs, like acra cyanosis due to the lack of 

oxygen. When the inner temperature remains high, osmotic pressure rises. And the 

increase of capillary’s permeability can facilitate the seepage. If it occurs at the 

pericardial area, it will press the heart and laryngeal edema will lead to suffocation. 

And the serious microcirculation malfunction will even lead to shock, coma and even 

death. 

ȯȡɅĻ��Ǝ�ÍųƉ�áÊɕƓƢǷĨ�âƀ celliant®ĈĹƷǇƉmǝ

ù�ȋǸ�ÍųǸƐŗ��ĭǱùęɖÆɌŶø�/AȚǙ³ÓȳǂƊśa|�

à�ĥƃ¼ùfƉØæ�ȥęƙŐ�ȋǸ�ǝHȦ/AȚǙ³ÓȳƉôóź�Ȧ

ǐÍ/A,ſINCƀ��Ő�ħ�¸ȹġŷČȱ�ôóźƉĜ�Ĵp(HȦŏ

Ý/AƿǁǰZŵȔƉEâ�3ȑ,ŵƉ+Ē�Ĵp(ęɖAǝ�ûµƅq�ê

NȝA[9]�ȥ ęƙâƀ celliant®ĈĹƷǇƉmǝù�ȋǸĴ�ǝHȦ/Aƅq

Ɖûµ�=ȥ
ǃȇȤɊǻȦ
őƉÊɕn4ɕȉ� 

After the research done in a randomized, double-blind, and controlled way, it shows 

that compared with control socks, subjects socks adopting Celliant® technical fibers 

can significantly improve local transcutaneous oxygen partial pressure at the foot 

dorsum in a stable state, and there is no gender difference. This shows that this kind of 

subjects socks may improve the local microcirculation at the foot dorsum and thus 

fulfill their health care function for the human bodies. Meanwhile, much literature 

shows that the improvement of microcirculation is helpful to promote the nutrient 

supply and the exchange of metabolic products of normal human bodies, improve 

physical strength, alleviate tiredness, and strengthen the body. And this also implies 

that functional subjects socks adopting Celliant® technical fibers may be helpful for 
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the recovery of the body from tiredness. However, this waits for further testing. 
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ȿǷ 1��ȋǏƣƑ�ƜǸÁȚǙ³ÓȳǂƊśa|ĠM� 

Attached table 1 Statistics of two kinds of socks’ local transcutaneous oxygen partial 

pressure at the foot dorsum 

 

�ȋǏ ǂƊśa|�mmHg� 

ÍųǸ INǸ 

ƃ 1 61.96 70.84 
ƃ 2 61.96 70.84 
ƃ 3 82.23 89.80 
ƃ 4 55.46 66.41 
ƃ 5 55.46 66.41 
ƃ 6 55.96 71.48 
ƃ 7 94.45 102.16 
ƃ 8 74.98 81.90 
ƃ 9 51.79 54.14 
ƃ 10 60.37 68.16 
ƃ 11 75.35 91.23 
ƃ 12 74.44 77.67 
ƃ 13 68.31 79.83 
ƃ 14 61.76 75.00 
ƃ 15 87.04 88.88 
ƃ 16 20.34 28.99 
ƃ 17 45.03 52.10 
ƃ 18 72.89 77.49 
ƃ 19 54.23 88.50 
ƃ 20 43.71 51.69 
ƃ 21 89.86 92.15 
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ƃ 22 30.57 39.95 
ƃ 23 86.13 90.31 
ƃ 24 62.78 68.46 
ƃ 25 34.12 48.75 
ƃ 26 78.21 110.67 
ƃ 27 74.11 82.15 
ƃ 28 79.04 86.45 
ƃ 29 62.69 72.92 
ƃ 30 49.96 57.42 
ƃ 31 77.03 89.04 
ƃ 32 62.91 66.63 
ƃ 33 61.07 73.94 
ƃ 34 71.51 82.96 
ƃ 35 62.23 73.47 
ƃ 36 66.90 76.41 
ƃ 37 36.24 66.17 
ƃ 38 56.20 72.76 
ƃ 39 66.70 75.96 
ƃ 40 31.07 53.22 
ƃ 41 56.11 63.21 
ƃ 42 23.05 46.08 
ƃ 43 58.44 59.21 
ƃ 44 57.07 64.88 
ƃ 45 67.74 82.70 
ƃ 46 71.04 71.74 
ƃ 47 71.61 77.97 
ƃ 48 63.72 74.54 
ƃ 49 72.05 75.73 
ƃ 50 44.60 53.55 
¼ 1 51.23 66.74 
¼ 2 23.59 43.67 
¼ 3 77.67 104.09 
¼ 4 43.08 62.73 
¼ 5 59.09 59.27 
¼ 6 52.43 58.85 
¼ 7 77.62 87.22 
¼ 8 40.36 47.54 
¼ 9 81.28 83.22 
¼ 10 83.12 107.13 
¼ 11 50.08 90.62 
¼ 12 58.35 69.55 
¼ 13 60.92 61.14 
¼ 14 60.92 61.14 
¼ 15 74.61 79.80 
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¼ 16 74.61 79.80 
¼ 17 77.91 81.54 
¼ 18 79.52 82.02 
¼ 19 68.65 72.30 
¼ 20 58.95 72.52 
¼ 21 56.21 67.17 
¼ 22 56.21 67.17 
¼ 23 50.82 65.69 
¼ 24 74.12 83.87 
¼ 25 64.98 73.80 
¼ 26 58.97 64.33 
¼ 27 75.91 81.59 
¼ 28 71.37 80.17 
¼ 29 42.46 76.76 
¼ 30 76.51 84.36 
¼ 31 93.71 97.99 
¼ 32 61.40 68.83 
¼ 33 93.71 97.99 
¼ 34 67.06 73.86 
¼ 35 51.67 73.30 
¼ 36 48.70 64.07 
¼ 37 56.80 68.06 
¼ 38 35.17 35.29 
¼ 39 58.64 71.97 
¼ 40 65.18 75.25 
¼ 41 72.52 83.62 
¼ 42 68.65 96.98 
¼ 43 54.46 62.03 
¼ 44 70.10 81.39 
¼ 45 79.25 84.27 
¼ 46 62.34 66.95 
¼ 47 38.99 72.88 
¼ 48 75.37 79.19 
¼ 49 62.78 71.71 
¼ 50 79.85 83.51 

 

 

Participants transcutaneous oxygen partial pressure�mmHg� 
control socks subjects socks/ health -care 

socks 

Male 1 61.96 70.84 
Male 2 61.96 70.84 
Male 3 82.23 89.80 
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Male 4 55.46 66.41 
Male 5 55.46 66.41 
Male 6 55.96 71.48 
Male 7 94.45 102.16 
Male 8 74.98 81.90 
Male 9 51.79 54.14 

Male 10 60.37 68.16 
Male 11 75.35 91.23 
Male 12 74.44 77.67 
Male 13 68.31 79.83 
Male 14 61.76 75.00 
Male 15 87.04 88.88 
Male 16 20.34 28.99 
Male 17 45.03 52.10 
Male 18 72.89 77.49 
Male 19 54.23 88.50 
Male 20 43.71 51.69 
Male 21 89.86 92.15 
Male 22 30.57 39.95 
Male 23 86.13 90.31 
Male 24 62.78 68.46 
Male 25 34.12 48.75 
Male 26 78.21 110.67 
male 27 74.11 82.15 
Male 28 79.04 86.45 
Male 29 62.69 72.92 
Male 30 49.96 57.42 
Male 31 77.03 89.04 
Male 32 62.91 66.63 
Male 33 61.07 73.94 
Male 34 71.51 82.96 
Male 35 62.23 73.47 
Male 36 66.90 76.41 
Male 37 36.24 66.17 
Male 38 56.20 72.76 
Male 39 66.70 75.96 
Male 40 31.07 53.22 
Male 41 56.11 63.21 
Male 42 23.05 46.08 
Male 43 58.44 59.21 
Male 44 57.07 64.88 
Male 45 67.74 82.70 
Male 46 71.04 71.74 
Male 47 71.61 77.97 
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Male 48 63.72 74.54 
Male 49 72.05 75.73 
Male 50 44.60 53.55 
Female 1 51.23 66.74 
Female 2 23.59 43.67 
Female 3 77.67 104.09 
Female 4 43.08 62.73 
Female 5 59.09 59.27 
Female 6 52.43 58.85 
Female 7 77.62 87.22 
Female 8 40.36 47.54 
Female 9 81.28 83.22 

Female 10 83.12 107.13 
Female 11 50.08 90.62 
Female 12 58.35 69.55 
Female 13 60.92 61.14 
Female 14 60.92 61.14 
Female 15 74.61 79.80 
Female 16 74.61 79.80 
Female 17 77.91 81.54 
Female 18 79.52 82.02 
Female 19 68.65 72.30 
Female 20 58.95 72.52 
Female 21 56.21 67.17 
Female 22 56.21 67.17 
Female 23 50.82 65.69 
Female 24 74.12 83.87 
Female 25 64.98 73.80 
Female 26 58.97 64.33 
Female 27 75.91 81.59 
Female 28 71.37 80.17 
Female 29 42.46 76.76 
Female 30 76.51 84.36 
Female 31 93.71 97.99 
Female 32 61.40 68.83 
Female 33 93.71 97.99 
Female 34 67.06 73.86 
Female 35 51.67 73.30 
Female 36 48.70 64.07 
Female 37 56.80 68.06 
Female 38 35.17 35.29 
Female 39 58.64 71.97 
Female 40 65.18 75.25 
Female 41 72.52 83.62 
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Female 42 68.65 96.98 
Female 43 54.46 62.03 
Female 44 70.10 81.39 
Female 45 79.25 84.27 
Female 46 62.34 66.95 
Female 47 38.99 72.88 
Female 48 75.37 79.19 
Female 49 62.78 71.71 
Female 50 79.85 83.51 
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INTRODUCTION 

Celliant® technology is a patented process for adding micron sized optically active quartz, 

silicon oxide and titanium oxide particles to polymer fibers. The resulting Celliant® yarns have 

unique effects on the electromagnetic energy environment of the skin in the visible and near 

infrared portion of the spectrum leading to increased blood flow and oxygen levels in the tissue. 

 

This report is a summary of data collected under the auspices of Ian Gordon, M.D., Ph.D., 

Associate Clinical Professor of Surgery at the University of California- Irvine Medical School. 

Fifty-one (51) healthy men and women were enrolled in the study. This study was a within 

subjects trial, which is noted for its ability to control for individual differences among subjects. 

Since each subject is assessed under each level of the independent variable or condition, the 

subjects serve as their own control, with the result that one of the largest sources of between 

treatment differences, inter-subject variation, is controlled (Keppel, 1991; Lindquist, 1953). 

 

In the medical sciences, statistical significance levels are stated, a. priori, to know whether or not 

the treatment was efficacious relative to the control or baseline. A stringent statistical 

significance level (alpha = 0.05) is typically chosen so that if the study were to be reproduced, 

one would get the exact same results 95 times out of 100. Therefore, a p-value of less than 0.05 

is perfunctory to meet this requirement. This represents a reasonable and realistic value for 

research in the medical and biological sciences (Cohen, 1965, 1977) and suggests that the 

likelihood is decent that a treatment effect will be detected, assuming a modest effect size (Chase 

& Tucker, 1976). 

 

OBJECTIVES 

The objective of this pilot study was to test the null hypothesis that a novel, optically active 

garment made with Celliant® (CL) material would not influence mean tcPO2 over a 90-min 

period differently than when compared to a baseline (BL) period of the same duration (90-min).  

 

PRIMARY ENDPOINT 

The primary endpoint in this study was transcutaneous partial pressure of oxygen (tcPO2), 

measured in units of mmHg, which was used to assess treatment efficacy. This endpoint has been 
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used in numerous clinical trials and is a well-accepted clinical measure for tissue perfusion and 

oxygenation (Burgess, Matsen, Wyss, & Simmons, 1982; Dooley, Schirmer, Slade, & Folden, 

1996; Franzeck, Talke, Bernstein, Golbranson, & Fronek, 1982; Hanna et al., 1997; Jaszczak, 

1988; Le Devehat & Khodabandehlou, 1990; Le Devehat, Khodabandehlou, & Vimeux, 2001; 

Matsen, Bach, Wyss, & Simmons, 1980; Matsen et al., 1980; Matsi, Manninen, Suhonen, 

Pirinen, & Soimakallio, 1993; Shoemaker & Vidyasagar, 1981; White et al., 1982) with well 

established norms for intra-subject variability (Coleman, Dowd, & Bentley, 1986; Wagener & 

Hendricker, 1987) 

 

MATERIALS AND METHODS 

Subjects 

Fifty-one (51) heathy men and women enrolled in the study (37 men; age 33.4 yrs (SD 9.3) and 

14 women; age 37.2 yrs (SD 7.7). Subjects known to be active smokers (Fewings, Rand, Scroop, 

& Whelan, 1966; Mayhan & Patel, 1997) or engaged in recreational drug use for the six months 

prior to the start of the study were excluded. Patients were postprandial two (2) hours and 

refrained from alcohol ingestion (Altura & Altura, 1982; Fewings, Hanna, Walsh, & Whelan, 

1966) within forty-eight (48) hours and caffeine ingestion (Umemura et al., 2006) within four (4) 

hours prior to testing. 

 

Methods 

Skin Preparation. Preparation of the subject was standardized to the following: the hair was 

shaved from the bicep of dominant arm; the dermis was then abraded with a fine abrasive 

material; the stratum corneum was then removed by the use of light weight adhesive tape; and 

finally, the probe site was wiped with an alcohol preparation swab.  

 

Measurement of transcutaneous oxygen (tcPO2). Subjects were seated in a comfortable chair. 

Room temperature was maintained at a constant temperature over the duration of the study. 

Baseline measurements (BL) of tcPO2 were recorded for ninety (90) minutes at the bicep. During 

this time, the subject wore a standard shirt. After the baseline period, subjects donned a 

Celliant® shirt and subsequent measurements of tcPO2 were recorded at the bicep for ninety (90) 

minutes. Transcutaneous partial pressure of oxygen (tcPO2) data points were taken at t=10-min, 
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30-min and 90-min during BL and with CL. All measurements of transcutaneous oxygen tension 

were recorded using a PeriFlux System 5000 (Perimed, Inc., Kings Park, NY, USA) and 

modified Clarke Electrodes (Radiometer America, Inc., Ohio, USA). Data were sampled using 

Perisoft Version 2.10 (Perimed America, Inc., North Royalton, Ohio, USA).  

 

All subjects received the same treatment in the same order: Baseline (BL) followed by Celliant®  

(CL). Transcutaneous oxygen tension (tcPO2) does not vary significantly over time, therefore, 

establishing a baseline prior to measuring a treatment effect was warranted. 

 

STATISTICAL ANALYSES 

Continuous variables are summarized with standard descriptive statistics including means, 

standard deviations (SD) and 95% confidence intervals (95% CI). Inferential analyses were 

conducted using two-way repeated measures analyses of variance (ANOVA). All data were 

analyzed using SPSS (IBM, 2011). Statistical significance for this study was set at alpha = 0.05. 

Thus, a p-value < 0.05 was necessary to be considered statistically significant. 

 

An analysis of the entire data set identified four (4) missing data points (three (3) data points 

from the Celliant® condition and one (1) data point from the Baseline condition). This resulted 

in a data set equal to 98.7% of the total expected data. 

 

Multiple analyses were executed to evaluate the data. At the highest level, to evaluate whether or 

not the primary efficacy variable was sensitive enough to detect a difference between the 

Baseline and the Celliant® conditions, a one-way ANOVA was employed to test the means. The 

Celliant® treatment was statistically greater than the Baseline after ninety (90-min) (CL = 81.5 

mmHg (SD 14.5), 95% CI [79.1, 83.7]; BL = 76.6 mmHg (SD 14.1), 95% CI [74.3, 78.9],  

F(1, 294) = 8.602, p. = 0.004. This represented a mean percent change from Baseline of seven 

percent (7%). 

 

Figure 1 demonstrates the mean treatment difference between Celliant® and Baseline, as defined 

by the primary efficacy variable, tcPO2, over the ninety (90) minute measurement period. 
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A two-way Repeated Measures ANOVA was employed to evaluate the influence of treatment at 

the different time points. The interaction between Condition (BL & CL) and Time was not 

significant ((F(1, 45) = 0.012, p. = 0.914). However, there was a significant within subject 

contrast for Time (F(1, 45) = 7.423), p. = 0.009). Pairwise comparisons were conducted using 

dependent sample t-tests to evaluate the differences between the means to identify statistical 

differences between specific time points. At all time points, the Celliant® condition was 

statistically greater than the Baseline as assessed by two-tailed, paired t-tests and corresponded to 
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a mean change from the Baseline condition of seven percent (7%). See Table 1 for a summary of 

these data. 

 

Table 1. Summary of Two-tailed Paired t-tests vs. Time 

Time Mean CL tcPO2 

mmHg 

Mean BL tcPO2 

mmHg 

t 

statistic 

d.f. P-value 

10-min 80.3 76.1 -2.60 50 0.012 

30-min 80.7 75.9 -3.14 50 0.003 

90-min 83.8 78.6 -3.22 46 0.002 

 

 

To be certain that mean tcPO2 did not significantly increase over time during the Baseline, as 

well as to show that the Baseline did not influence the Celliant® condition, a two-tailed paired t-

test was executed in the Baseline condition between t=10-min (76.2 mmHg (SD 14.2)) and t=90-

min (77.8 mmHg (SD 14.1), t(49) = -1.18, p. = 0.242. Figure 2 shows the difference in treatment 

means graphically. 



   7 

 

 

 

 

 

 

 

 



   8 

A boxplot of the treatment means (Figure 3) is helpful to identify skewed data. The median is the 

line in the middle of the box; the upper edge of the box is the 75th percentile and the lower edge 

is the 25th percentile. The ends of the vertical bars or “whiskers” indicate the minimum and 

maximum data values. A datum outside the whiskers is an outlier, in this case there were none 

(McGill, Tukey, & Larsen, 1978). This graphic suggests that these data show good symmetry 

and are not skewed. 
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SUMMARY 

Fifty-one subjects underwent separate ninety (90) minute testing periods where transcutaneous 

partial pressure of oxygen (tcPO2), a well-accepted clinical measurement for tissue perfusion and 

oxygenation, was used as the primary endpoint. First, a Baseline was established. Then, a shirt 

made with Celliant® material was worn during a subsequent session. All measurements were 

taken at the bicep.  

 

Transcutaneous oxygen tension proved to be a sensitive measure of efficacy, which resulted 

in the rejection of the null hypothesis. Thus, mean tcPO2 values for the Celliant® garment 

were statistically greater than the Baseline at all time points (t= 10-min, 30-min & 90-min), 

as well as showed an over all treatment effect when mean tcPO2 values were condensed 

across time. In all cases, the observed mean increases in tcPO2 represented a seven percent 

(7%) increase in tissue oxygenation in the Celliant® condition when compared to Baseline.  
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ABSTRACT 
 

Far infrared radiation (FIR) has been shown to have physiological effects when used as a 
treatment modality for certain medical conditions. Athletic apparel are currently 
commercially available that are constructed with fabrics that purportedly emit FIR. If 
apparel with this technology are capable of inducing positive physiological effects, then 
there may be important implications when worn by an athlete during exercise. The purpose 
of this study is to examine whether FIR apparel has an effect on oxygen consumption during 
exercise at submaximal intensities. Twelve male cyclists have completed submaximal 
incremental cycling tests. Each subject is tested on 4 separate days, twice while wearing a 
full body Control garment, and twice while wearing a similar garment made out of FIR 
fabric. Throughout each cycling test, the volume of oxygen uptake is monitored by using a 
breathing mask and metabolic analysis cart. At lower cycling intensities, the subjects 
consume statistically significantly less oxygen when wearing the FIR apparel compared to 
the Control garment, despite performing the same amount of mechanical work. Additional 
research is required to determine the implication of this effect for a training or competing 
athlete; however, the results indicate that this apparel technology does elicit a physiological 
effect. 
 
Keywords: Athletic Apparel, Far Infrared Radiation, Oxygen Consumption, Performance 

 
 

1. Introduction 
 
Far infrared radiation (FIR) is a subdivision of the 
electromagnetic radiation spectrum that has been 
investigated for biological effects (Vatansever & 
Hamblin, 2012). The FIR band comprises the 
longest wavelengths (λ = 3 - 100 µm) of the 
infrared radiation band. FIR transfers energy 
purely in the form of heat, which can be perceived 
by the thermoregulators in human skin as radiant 
heat (Plaghki et al., 2010). 
 
Laboratory studies have shown that FIR emitting 
heat lamps can induce positive effects. Yu et al. 
(2006) found that FIR increases skin blood flow 
in rats. Toyokawa et al. (2003) reported that FIR 
significantly quickens skin wound healing in rats. 
Akasaki et al. (2006) showed that FIR could 
induce angiogenesis in mice with hindlimb 
ischemia. The findings of Ishibashi et al. (2008) 
suggest that FIR may suppress the proliferation of 
some human cancer cell lines.  
 

FIR is not limited to powered devices: ceramic 
materials can emit FIR depending on their 
temperature (Liang et al. 2008; Wang et al. 2010). 
The nanoparticles of such ceramic materials can 
be incorporated into fibers and then woven into 
fabrics and manufactured into wearable apparel; 
theoretically, body heat would cause the ceramics 
to emit FIR. Such apparel have been linked to 
positive physiological effects; FIR gloves were 
reported to help treat arthritis of the hands and 
Raynaud’s syndrome (Ko & Berbrayer, 2002), 
FIR belts were found to reduce body 
measurements (Conrado & Munin, 2011) and 
menstrual pain (Lee et al., 2011), and FIR socks 
were shown to have a beneficial impact on 
chronic foot pain (York & Gordon, 2009). 
 
If FIR apparel is capable of inducing positive 
physiological effects, then there may be important 
implications if applied to sport. As an athlete 
could wear FIR apparel at any time, this type of 
apparel could possibly help an athlete warm up 
before exercise, enhance performance during 
competition, and/or facilitate recovery post 
exercise. The purpose of this study is to examine 
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whether FIR apparel has an effect on oxygen 
consumption during submaximal exercise.   
 
2. Methods  
 
Twelve male aerobically fit recreational cyclists 
are recruited for this study. The height, mass, 
body mass index (BMI), and age of each subject 
are shown in Table 1. Informed written consent 
was obtained from all subjects prior to data 
collection in accordance with the Conjoint Health 
Research Ethics Board at the University of 
Calgary. 
 

Table 1. Characteristics of the test subjects. 

Subject      Height  
[m] 

Mass  
[kg] 

BMI 
[kg/m2] 

Age  
[yrs]  

1 1.85 92.9 27.1 29 
2 1.75 73.8 24.1 24 
3 1.88 76.2 21.6 21 
4 1.73 69.5 23.2 26 
5 1.82 83.8 25.3 28 
6 1.74 78.2 25.8 30 
7 1.76 72.0 23.2 32 
8 1.75 69.1 22.6 34 
9 1.75 75.8 24.8 23 

10 1.86 80.3 23.2 23 
11 1.84 87.9 26.0 22 
12 1.81 83.8 25.6 22 

 
Two full body, non-compression apparel 
conditions were tested; one with FIR properties 
(termed FIR) and one without (termed Control). 
The fabrics for both apparel conditions were 
obtained from Hologenix LLC. The Control 
apparel was built by using 180 grams/m2 fabric 
woven from polyethylene terephthalate (PET) and 
spandex fibers. The FIR apparel was built by 
using 180 grams/m2 fabric woven 70% with PET 
fibers embedded with 1.25% by weight FIR that 
emitted ceramic nanoparticles (silicon dioxide, 
alumina oxide, and titanium dioxide), and 30% 
with standard PET and spandex fibers. The 
apparel consisted of pants with an elastic 
waistband and a long sleeved shirt (Figure 1). 
Both conditions were visually identical, except 
for a code written on a label on the inside of the 
clothing. Four sets of the apparel were built in a 
range of sizes (small, medium, large, and 
extra-large) in order to ensure that each subject 
had an appropriate fit. The apparel were machine 
washed after each use by using a warm water 
cycle and mild commercially available laundry 
detergent.     

In general, the data collection sessions comprised 
a subject who cycled on a cycle ergometer at a 
constant cadence while the workload was 
increased every two minutes. During this exercise 
test, oxygen consumption data were continuously 
collected by using a TrueMax 2400 metabolic cart 
(ParvoMedics, Salt Lake City, USA), and blood 
samples were drawn from a fingertip every two 
minutes to measure blood lactate concentration 
with a Lactate Pro analyzer (Arkray Inc., Kyoto, 
Japan). Each subject completed four test sessions 
(two per apparel test condition), with each session 
being at least 48 hours apart. The subjects were 
instructed to refrain from any behavior outside of 
their normal physical activity, diet, and sleeping 
patterns during their entire testing period. 
 

 
Fig. 1. Photograph of the test apparel. 

 
Immediately prior to each data collection session, 
the metabolic cart, lactate probe, and cycle 
ergometer resistance were calibrated. As soon as 
the subject arrived, height and mass were 
measured and the subject was given the test 
apparel and asked to go change (the apparel test 
order was randomized for each subject). The 
exercise physiologist who was running the data 
collection sessions determined the starting cycle 
ergometer workload (100, 125, or 150 W) of each 
subject, depending on the size and fitness level of 
the athlete: this was determined during the first 
session of each subject and applied to all sessions.  
 
The subjects warmed up for the test by cycling for 
5 minutes at a workload 25 W below their defined 
starting workload at a self-selected ‘easy’ and 
‘natural’ cadence. After the warm up, a resting 
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blood lactate measurement was taken to ensure 
that the value was less than 2 mmol/L. At this 
time, a breathing mask (including head gear and 
nose clip) was put on the subject, and connected 
to the metabolic cart. 
 
To begin the test, the subject started pedaling at 
their starting workload at a maintainable cadence 
between 80-90 rpm (the ergometer displayed 
cadence in real time for feedback to the subject 
and exercise physiologist for monitoring 
purposes); whatever cadence the subject naturally 
adopted at the very beginning of their first session 
was set as their cadence for the rest of the test and 
all following test sessions. At the two minute 
mark, the first blood lactate sample was taken, 
and the cycle ergometer workload was increased 
by 25 W. Every two minutes, blood was again 
sampled and workload increased another 25 W. 
During the first collection session of each subject, 
as soon as the blood lactate reading was greater 
than 6 mmol/L, the workload that the subject was 
currently cycling at was defined as their final 
workload, after which the test session was ended. 
 
The first test session therefore established the 
initial and final workloads (and so also trial 
duration) that the subject would begin and end at 
in all four test sessions (Table 2). As such, each 
subject performed the same amount of mechanical 
work in each of their four test sessions; increasing 
in relative intensity from a blood lactate 
concentration less than 2 mmol/L to greater than 6 
mmol/L. 

 
Table 2. Test protocol details for each subject. 

Subject # Initial 
Workload 

[W] 

Final 
Workload 

[W] 

Trial 
Duration 

[min] 
1 125 300 16 
2 125 300 16 
3 150 325 16 
4 125 300 16 
5 125 375 22 
6 100 250 14 
7 125 275 14 
8 125 350 20 
9 100 250 14 

10 125 350 20 
11 100 275 16 
12 100 325 20 

 
For each test session, the blood lactate data were 
plotted against time, and a curve was best fit to 

the data. The equation for this best fit curve was 
used to calculate the time at which the blood 
lactate concentration of the subject reached 2, 4, 
and 6 mmol/L. These time points therefore define 
three relative intensity intervals: < 2 mmol/L, 2 - 
4 mmol/L, and 4 - 6 mmol/L. The oxygen 
consumption data were integrated over these 
intervals to determine the volume of oxygen 
consumed by the subject when cycling within 
each relative intensity (the data in Figure 2 in the 
Results section illustrate this analysis procedure). 
 
For each subject, the data from the two test 
sessions were averaged for each apparel condition. 
The data were checked for normality by using 
Shapiro-Wilk tests, and then paired t-tests or 
Wilcoxon signed-rank tests were used to identify 
statistically significant differences between 
apparel conditions at the α = 0.05 level.    
 
3. Results 
 
The graph in Figure 2 shows the raw oxygen 
consumption and blood lactate concentration data 
for the first trial of Subject 1. The graph also 
illustrates how the blood data points are used to 
define a best fit curve, the function of which 
identifies the times when the subject reached 
blood lactate concentrations of 2, 4, and 6 
mmol/L. These time markers establish the 
intervals over which the oxygen consumption data 
are integrated. 
 

 
Fig. 2. Raw data from the first trial of Subject 1. 
Three relative intensity intervals are defined: <2, 
2 - 4, and 4 - 6 mmol/L. Total oxygen consumed 
during each of these 3 intervals is calculated and 
compared between conditions. 
 
On average, the subjects were in the < 2 mmol/L 
interval for 432 s, during which they consumed 
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15.40 L of oxygen with a day to day standard 
deviation of 0.32 L. The subjects were in the 2 - 4 
mmol/L interval for 255 s, during which they 
consumed 11.81 L of oxygen with a day to day 
standard deviation of 0.25 L. The subjects were in 
the 4 - 6 mmol/L interval for 158 s, during which 
they consumed 8.92 L of oxygen with a day to 
day standard deviation of 0.20 L. There is no 
statistically significant difference in interval time 
between the two apparel conditions for any of the 
three intensity levels. 
 
The mean oxygen consumption values for each 
apparel condition are shown for each interval in 
Table 3. In the < 2 mmol/L interval, the subjects 
consume statistically significantly less oxygen in 
the FIR condition than the Control condition; 
1.1% less oxygen on average. In the 2 - 4 mmol/L 
interval, the subjects consume statistically 
significantly less oxygen in the FIR condition 
than the Control condition; 0.9% less oxygen on 
average. There is no statistically significant 
difference between conditions in the 4 - 6 mmol/L 
interval. 
 
Table 3. Oxygen consumption results for each 

intensity level. The mean values are the 
average of all 12 subjects. 

< 2 mmol/L  Control FIR 
Mean O2 Consumed 15.48 L 15.31 L 

p-value 0.014 
% Difference 1.1% 

2 - 4 mmol/L Control FIR 
Mean O2 Consumed 11.87 L 11.76 L 

p-value 0.048 
% Difference 0.9% 

4 - 6 mmol/L Control FIR 
Mean O2 Consumed 8.94 L 8.90 L 

p-value 0.511 
% Difference --- 

The individual responses of the subjects to the 
FIR apparel are not statistically significantly 
correlated with their mass, height, or BMI.    
 
4. Discussion  
 
The purpose of this study is to examine whether 
athletic apparel that emit FIR has a measurable 
physiological effect on athletes during 
submaximal exercise. Prior research has shown 
that apparel that emit FIR can have an effect on 
certain medical conditions (Vatansever & 
Hamblin, 2012), but it has not been shown if the 
effects of this apparel technology extend to an 

exercising athlete. 
 
The results of this study show that apparel that 
emit FIR can have an effect on an athlete during 
exercise. When the subjects were cycling at lower 
intensities (blood lactate concentrations of < 2 
mmol/L and 2 - 4 mmol/L) they consumed 
statistically significantly less oxygen when 
wearing the FIR apparel compared to when they 
were wearing the Control apparel (Table 3). On 
average, this difference in oxygen consumption is 
1.1% for the < 2 mmol/L interval, and 0.9% for 
the 2 - 4 mmol/L interval. There was no 
difference in oxygen consumption for the 4 - 6 
mmol/L interval; it appears that the benefit 
provided by the FIR apparel is greatest at lower 
exercise intensities and diminishes as intensity 
increases. 
 
These results show that the FIR emitting apparel 
does have an effect on oxygen consumption. 
However, it is unknown if the oxygen 
consumption benefit occurs at a high enough 
intensity to provide a cyclist with a competitive 
advantage during an endurance race. Theoretically, 
the race pace of an endurance cyclist would be 
slightly below their anaerobic threshold, near a 
blood lactate concentration of 4 mmol/L (Heck et 
al., 1985; Kindermann et al., 1979; Sjodin & 
Jacobs, 1981; Skinner & McLellan, 1980). In this 
study, the subjects consume less oxygen in the 
FIR apparel when cycling at intensities less than 4 
mmol/L, but there is no effect when cycling above 
4 mmol/L. Therefore, it is unclear from these 
results whether the FIR apparel would provide a 
benefit when cycling at an endurance race pace. A 
future experiment that examines oxygen 
consumption while subjects cycle at their 
endurance race pace would be required to 
determine if there is a benefit to wearing the FIR 
apparel. 
 
The mechanism by which the FIR apparel 
decreases oxygen consumption is unknown and is 
not elucidated in this experiment. It has been 
hypothesized that FIR may stimulate the release 
of nitric oxide and cause vasodilation (Vatansever 
& Hamblin, 2012), which could increase blood 
circulation and the ability of the body to deliver 
oxygen to the working muscles. However, 
verification of whether this is in fact what 
occurred is beyond the scope of the present 
experiment. To the knowledge of the authors, 
there are no studies to date that have conclusively 
demonstrated the mechanism by which FIR elicits 
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positive physiological effects. 
 
5. Conclusion  
 
Apparel that emit FIR have been previously 
shown to elicit physiological effects in humans 
(Conrado & Munin, 2011; Ko & Berbrayer, 2002; 
Lee et al. 2011; York & Gordon, 2009). The 
results of this study show that this apparel 
technology can also have a physiological effect on 
athletes during exercise. When cycling at lower 
relative intensities (< 4 mmol/L), the subjects 
consume approximately 1.0% less oxygen when 
wearing FIR emitting apparel. This effect 
diminishes with increasing cycling intensity; 
therefore, further study is required to determine if 
this effect is relevant for a competing endurance 
cyclist.    
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Dear Mr. Casden: 

 

The trial “Double blind, placebo controlled, crossover pilot trial on the effect of Optically Modified Polyethylene 

Terephthalate Fiber mattress covers on sleep disturbances in patients with chronic back pain” is now completed 

with all six enrolled subjects trial parameters analyzed.   

 

The double blind, placebo controlled, crossover pilot trial evaluated the effect of Optically Modified 

Polyethylene Terephthalate Fiber mattress covers on sleep disturbances in patients with chronic back pain.   

 

We assessed sleep quality in six patients with lower back pain as measured by Clinical Global Impression 

(CGI), sleep variables measured with actigraphy and exploratory objectives including the Pittsburgh Sleep 

Quality Index, visual analogue scale for pain, Clinical Global Impression of Sleep and Clinical Global 

Impression of Pain.  

 

The total duration of the study for a participant was approximately 49 days, including 14 days of screening prior 

to treatment and 28 days of treatment interrupted by a wash-out phase of seven days. Subjects who met the initial 

screening criteria underwent actigraphy monitoring for a period of 14 days to record a baseline sleep pattern. 

Subjects were then offered, in this crossover double blind designed trial, either the active or the placebo garment 

mattress cover. 14 day actigraphy with use of the provided study material was performed followed by the 

crossover offering of the alternate garment for the next 14 days. 

 

Here are some key findings: 

• The median time spent awake at night after falling asleep was reduced by 18.3 minutes.   

• Individuals spent 42 minutes less time sleeping, suggesting less need to sleep on Celliant (perhaps 

consolidating and improving sleep on the active garment). 

• The median sleep efficiency improved by 2.6 %. 

• Three out of six participants reported a subjective improvement of their sleep with the use of the active 

garment mattress cover as measured in the Clinical Global Impression scale.   

• Two participants also reported that nocturnal back pain was better with the use of the active garment as 

measured in the Clinical Global Impression scale for pain.   
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Below is the summarized tabulated data for the six subjects who have completed the trial. 

Average 

changes 
Subject 

Wake after sleep 

onset (min) 

Total Sleep 

(min) 

Number of 

nocturnal 

Awakenings 

Sleep 

Efficiency (%) 

Sleep Latency 

(min) 

  

 1 -22.18 -14.53 -3.64 3.76 1.84 

 2 7.71 -27.49 -1.81 -2.06 15.62 

 3 -9.62 -89.61 5.63 -2.39 5.19 

 4 -18.54 -13.77 -1.15 2.53 -10.92 

 5 -46.01 -52.90 1.11 2.63 -15.50 

 6 -1.27 -1.08 -0.50 -0.56 -0.40 

 Average -14.98 -33.23 -0.06 0.65 -0.70 

       

       

Median 

values 

changes 

Subject 
Wake after sleep 

onset (min) 

Total Sleep 

(min) 

Number of 

nocturnal 

Awakenings 

Sleep 

Efficiency (%) 

Sleep Latency 

(min) 

    

 1 -17.50 -4.50 -6.50 4.00 0.50 

 2 -17.50 -26.00 -3.00 2.69 10.50 

 3 -34.00 -138.00 5.00 3.93 0.00 

 4 -21.00 -33.00 -2.00 2.27 -7.00 

 5 -18.00 -59.00 -2.00 2.38 0.00 

 6 -2.00 4.00 -1.00 0.29 0.00 

 Average -18.33 -42.75 -1.58 2.59 0.67 

       

 

These results show tendencies toward the use of Celliant mattress covers in order to improve sleep but not lower 

back pain.  The only participant without subjective or objective improvements had significant, acute chronic back 

pain at the time of enrollment.  As the study is expanded, subjects with acute and severe back pain will not be 

admitted. 

 

Other studies have shown that randomized, single-blinded, parallel-group studies evaluating structurally 

different mattresses, that bedding system differences can influence chronic low back pain and sleep (Bergholdt 

K et al 2008, Jacobson BH et al 2008, Jacobson BH et al 2002, Monsein M et al, 2000).  A recent study 

showed improvements in mild back pain, sleep quality, and perceived stress in 59 patients after introduction of 

new bedding systems (Jacobson BH et al 2009). 

 

Using the Wilcoxon Rank Sum Test, it is possible that with 12 additional subjects tested, more clear trends 

indicating the benefit of Celliant may emerge.   Also, mild lower back pain is more likely to respond to Celliant 

then severe pain syndromes. Dr. Annabel Wang of the UCI Neurology Department will be continuing the project. 

 

Regards, 

 

 

 

Marcel Hungs, M.D., Ph.D. 

Assistant Professor of Clinical Neurology 
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Abstract��

Background�

Increasing�experimental�and�clinical�evidence�suggests�that�illumination�of�the�skin�

with�relatively�low�intensity�light�may�lead�to�therapeutic�results�such�as�reduced�pain�

or�improved�wound�healing.�The�goal�of�this�study�was�to�evaluate�prospectively�

whether�socks�made�from�polyethylene�terephthalate�(PET)�incorporating�optically�

active�particles�(Celliant™)�ameliorates�chronic�foot�pain�resulting�from�diabetic�

neuropathy�or�other�disorders.�Such�optically�modified�fiber�is�thought�to�modify�the�

illumination�of�the�skin�in�the�visible�and�infrared�portions�of�the�spectrum,�and�

consequently�reduce�pain.�

Methods�

A�double-blind,�randomized�trial�with�55�subjects�(38�men,�17�women)�enrolled�

(average�age�59.7�±�11.9�years),�26�with�diabetic�neuropathy�and�29�with�other�pain�

etiologies.��Subjects�twice�completed�the�Visual�Analogue�Scale�(VAS),�Brief�Pain�

Inventory�(BPI),�McGill�Pain�Questionnaire�(MPQ),�and�SF-36�a�week�apart�(W1+2)�

before�receiving�either�control�or�Celliant™�socks.�The�same�questionnaires�were�

answered�again�one�and�two�weeks�(W3+4)�later.��The�questionnaires�provided�nine�

scores�for�analyzing�pain�reduction:�one�VAS�score,�two�BPI�scores,�five�MPQ�

scores,�and�the�bodily�pain�score�on�the�SF-36.��Mean�W1+2�and�W3+4�scores�were�

compared�to�measure�pain�reduction.��

Results�

More�pain�reduction�was�reported�by�Celliant™�subjects�for�8�of�the�9�pain�questions�

employed,�with�a�significant�(p�=�0.043)�difference�between�controls�and�Celliant™�

for�McGill�question�III.�In�neuropathic�subjects,�Celliant™�caused�more�pain�
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reduction�in�6�of�the�9�questions,�but�not�significantly.�In�non-neuropathic�subjects�8�

of�9�questions�showed�more�pain�reduction�with�the�Celliant™�socks.��

Conclusions�

Socks�with�optically�modified�PET�(Celliant™)�appear�to�have�a�beneficial�impact�on�

chronic�foot�pain.��The�mechanism�could�be�related�to�the�effects�seen�with�

illumination�of�tissues�with�visible�and�infrared�light.�

Trial�Registration:�ClinicalTrials.gov�NCT00458497�

�

Background��

Celliant™�is�a�polymer�fabric�constructed�from�polyethylene�terephthalate�(PET)�yarn�

containing�optically�active�particles�–�a�proprietary�mixture�of�natural�and�inorganic�

materials�–�which�scatter�and�reflect�visible�and�near�infrared�light.�Garments�

constructed�with�such�optically�modified�fibers�are�thought�to�influence�transmission�

and�reflectance�of�electromagnetic�energy�into�underlying�tissue�and�skin.�Numerous�

anecdotal�reports�from�patients�with�a�variety�of�chronic�pain�syndromes�indicate�that�

wearing�Celliant™�garments�for�even�a�few�days�leads�to�dramatic�improvement�or�

complete�resolution�in�subjective�pain.�We�report�here�the�results�of�a�prospective,�

blinded�study�designed�to�substantiate�the�ability�of�Celliant™�socks�to�ameliorate�

chronic�pain�resulting�from�diabetic�neuropathy�and�other�disorders�of�the�foot.�

�

Methods�

This�study�was�conducted�at�the�Veterans�Administration�Medical�Center�Long�Beach�

and�approved�by�the�local�ethics�board.��All�subjects�reviewed�an�Informed�Consent�

document�and�gave�consent�prior�to�enrolment.��Fifty-five�subjects�(38�men,�17�

women,�age�59.7�±�11.9)�were�enrolled,�26�with�diabetic�neuropathy�and�29�with�
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other�causes�of�foot�pain.��Inclusion�criteria�included�age�>21,�foot�pain�for�at�least�six�

months,�and�a�score�of�>�3�on�question�III�of�the�McGill�Short�Form�Pain�

Questionnaire�(MPQ)�at�screening.��Subjects�with�diabetic�neuropathy�(DPN)�had�a�

minimum�of�2/6�anesthetic�points�by�Semmes-Weinstein�filament�testing�on�one�foot.��

Subjects�without�DPN�had�0/6�anesthetic�points.��Exclusion�criteria�included�severe�

peripheral�arterial�disease�(PAD)�(ABI�<�0.5),�inability�to�ambulate,�chronic�

ulceration,�and�severe�psychiatric�disorders.��For�subjects�without�DPN,�etiologies�

included�arthritis,�erythromelalgia,�Parkinson’s�disease,�and�PAD�(Table�1).��The�

most�common�foot�pain�etiology�was�arthritis.�

�

At�screening�(week�1)�subjects�underwent�physical�examination�including�

monofilament�testing�and�completed�a�series�of�four�questionnaires�(Visual�Analogue�

Scale�[1]�[VAS],�Brief�Pain�Inventory�[2,�3]�[BPI],�MPQ�[4],�and�SF-36�Quality�of�

Life�Inventory�[5]).�Only�the�bodily�pain�score�from�the�SF-36�questionnaire�was�used�

to�assess�pain�responses.��Subjects�completed�the�same�questionnaires�a�week�later�

(week�2)�and�were�given�3�pairs�of�socks�in�a�closed�container�and�asked�to�wear�them�

exclusively�for�the�next�two�weeks.�One�(week�3)�and�two�weeks�(week�4)�later�they�

filled�out�the�same�panel�of�questions.�Controls�received�socks�made�from�standard�

1.2�denier�PET�fabric,�while�the�Celliant™�group�received�otherwise�identical�socks�

except�PET�containing�Celliant™�particles�was�used�to�fashion�the�bottom�(plantar)�

half�of�the�garments.��Both�study�personnel�and�subjects�were�blinded�to�the�treatment�

assigned.�

���

As�the�MPQ�has�5�components�(Ia,�Ib,�Ia+b,�II,�III)�and�the�BPI�2�components�(Pain�

Severity,�Pain�Interference),�a�total�of�9�questions�assessing�pain�were�analyzed�to�
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measure�subjects’�responses.��Mean�scores�for�individual�questions�were�calculated�

for�the�first�two�(W1+2)�and�final�two�visits�(W3+4).�Differences�between�W1+2�and�

W3+4�scores�reflected�changes�in�perceived�pain�resulting�from�wearing�socks.�Non-

parametric�two�tailed�t-test�analysis�(Mann-Whitney)�was�used�to�compare�changes�in�

scores�[(mean�W1+2)�–�(mean�W3+4)]�for�individual�questions�reported�by�control�and�

Celliant™�subjects.��Analyses�were�performed�on�all�55�subjects�as�well�as�DPN�and�

non-DPN�subgroups.���

�

Results��

Control�and�Celliant™�subjects�had�comparable�age�and�gender�distributions�upon�

entry�into�the�study�(Table�2).��Except�for�the�BPI�questions�in�the�non-DPN�subjects,�

there�were�no�significant�(p�<�0.05)�differences�in�the�mean�scores�for�individual�

questions�at�screening.�

�

Both�control�and�Celliant™�subjects�reported�decreased�subjective�pain�after�wearing�

socks�for�every�question�based�on�comparing�W1+2�scores�to�W3+4�scores�(see�

Figures).����The�differences�between�W1+2�and�W3+4�scores�were�significant�(p�<�0.05,�

Mann�Whitney)�in�6�of�9�questions�for�Celliant™�subjects�and�in�4�of�9�questions�for�

controls.��Improvement�in�pain�scores�before�and�after�treatment�is�characteristic�of�a�

strong�placebo�effect�generally�seen�in�pain�studies.��For�most�questions,�however,�

more�improvement�was�reported�by�the�entire�Celliant™�group�compared�to�the�entire�

control�group�based�on�the�magnitude�of�differences�in�[W1+2�–�W3+4]�scores.��

�

Questions�Ia�and�Ib�of�the�MPQ�rate�the�intensity�of�various�aspects�of�pain:�Question�

Ia�rates�11�sensory�aspects�of�pain�such�as�throbbing�or�cramping�as�absent,�mild,�



� -�6�-�

moderate,�or�severe.�Question�Ib�similarly�rates�four�affective�dimensions�(e.g.,�

fearful).��Question�II�is�a�simple�scale�where�the�intensity�of�present�pain�is�marked�on�

a�line.�Question�III�rates�overall�pain�on�a�0�(absent)�to�5�(excruciating)�scale.�For�

control�and�Celliant™�groups,�little�difference�between�the�improvements�in�mean�

scores�for�questions�Ia,�Ib,�and�Ia+b�were�found.��The�Celliant™�group�demonstrated�

an�improvement�in�pain�for�questions�Ia�(0.34�vs.�0.20,�p�=�0.634)�and�Ia+b�(0.52�vs.�

0.50,�p�=�0.829).��For�question�Ib�controls,�however,�showed�a�modestly�greater�

reduction�in�pain�compared�to�the�Celliant™�subjects�(0.17�vs.�0.10,�p�=�0.405).��In�

question�III�(Figure�1),�pain�reduction�for�Celliant™�subjects�was�significantly�greater�

(0.50�versus�0.00)�than�for�controls�(p�=�0.043).�For�subjects�with�DPN,�Celliant™�

subjects�reported�more�pain�reduction�in�question�Ia�(0.22�vs.�0.19,�p�=�0.978),�

whereas�controls�reported�more�reduction�in�pain�for�questions�Ib�(0.06�vs.�-0.01,�p�=�

0.566),�and�Ia+b�(0.45�vs.�0.21,�p�=�0.587).��In�question�II,�19%�more�improvement�

was�seen�with�Celliant™�in�DPN�subjects�(p=0.703).�For�question�III,�DPN�subjects�

wearing�Celliant™�socks�showed�a�reduction�of�pain�of�0.50�versus�0.00�in�controls�

(p�=�0.148).��The�Celliant™�group�displayed�minor�improvements�in�pain�scores�for�

questions�Ia�(0.44�vs.�0.22,�p�=�0.571)�and�Ia+b�(0.79�vs.�0.55,�p�=�0.896)�in�non-DPN�

subjects.��Controls�demonstrated�more�improvement�for�question�Ib�(0.28�vs.�0.20,�p�

=�0.615)�in�this�group.�For�question�II�in�the�non-DPN�subjects,��a�nearly�two-fold�

difference�in�pain�reduction�was�seen�with�Celliant™�socks�compared�to�controls�

(1.20�vs.�0.65,�p�=�0.371).��For�question�III�in�non-DPN�subjects,�more�reduction�in�

pain�was�reported�with�Celliant™�(0.50�versus�0.00,�p�=�0.154).�

�

Two�scores�are�derived�from�the�BPI.��The�severity�score�rates�pain�over�the�previous�

7�days,�past�24�hours,�and�present�between�0�(absent)�and�10�(worst�possible).��The�
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interference�score�measures�interference�with�activities�such�as�walking�and�working�

from�0�(none)�to�10�(complete).���Celliant™�subjects�reported�30%�more�reduction�in�

severity�compared�to�controls�(p�=�0.077,�Figure�2).��For�interference,�the�Celliant™�

group�reported�18%�more�reduction�than�controls�(p�=�1.000).��Celliant™�subjects�

with�DPN�reported�a�reduction�in�pain�severity�of�0.75�compared�to�0.50�in�the�

controls�(p�=�0.211)�(Figure�2).�For�interference,�controls�demonstrated�a�greater�

reduction�compared�with�the�Celliant™�group�(0.35�vs.�0.03�respectively),�but�this�

was�not�significant�(p�=�0.644).��In�non-DPN�subjects�a�40%�greater�reduction�in�

severity�was�observed�in�Celliant™�subjects�(p=0.230).�Non-DPN�Celliant™�subjects�

reported�34%�more�reduction�in�interference�compared�with�controls�(p�=�0.760).���

�

The�Visual�Analog�Scale�(VAS)�rated�foot�pain�from�0�(none)�to�10�(worst�possible)�

during�the�previous�week.��The�entire�Celliant™�group�reported�45%�greater�

reduction�in�pain�compared�to�controls�(p�=�0.127;�Figure�3).��Changes�between�W1+2�

and�W3+4�VAS�pain�scores�did�not�vary�significantly�between�Celliant™�and�control�

DPN�subjects�(0.10�compared�to�0.00,�p�=�0.849)�(Figure�3).�In�the�non-DPN�group,�

Celliant™�subjects�exhibited�54%�more�reduction�in�pain�compared�to�controls�(p�=�

0.060).���

�

The�SF-36�questionnaire�has�10�categories�measuring�health�and�wellness.��The�

bodily�pain�score�measures�a�subject’s�attitude�towards�pain.��Higher�scores�reflect�

less�pain�and�lower�scores�more.��Reduced�pain�correlates�with�negative�[W1+2�–�

W3+4]�results.��Figure�4�shows�the�Celliant™�group�had�62%�more�improvement�

compared�to�controls�(p�=�0.058).��In�DPN�subjects,�there�was�99%�greater�

improvement�in�the�pain�score�with�Celliant™�compared�to�controls�(p�=�0.109).��For�
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non-DPN�subjects,�pain�improvement�with�Celliant™�was�29%�greater�compared�to�

controls�(p�=�0.275).���

�

Discussion��

This�is�the�first�trial�assessing�the�impact�of�optically�modified�PET�garments�on�pain.�

The�pain�questionnaires�employed�have�been�validated�in�previous�studies�[1-7],�and�

were�modified�only�by�asking�subjects�to�consider�foot�pain�in�their�replies�(except�for�

the�SF-36).�Although�a�placebo�effect�was�observed�for�most�questions�(controls�

reported�improvement�in�7�out�of�9,�3�significantly),�more�reduction�in�pain�was�

reported�by�subjects�wearing�Celliant™.��The�response�to�MPQ�question�III,�in�

particular,�showed�significantly�greater�reduction�in�pain�for�Celliant®�compared�to�

controls.��In�the�DPN�subgroup,�two�questions�failed�to�show�greater�improvement�

with�Celliant™�compared�to�placebo:�MPQ�questions�Ib�and�Ia+b.��These�questions�

employ�multiple�complex�scales�and�are�designed�more�to�measure�sensory�and�

affective�aspects�of�pain�rather�than�intensity.��For�all�subjects,�only�question�Ib�on�the�

MPQ�did�not�display�results�favouring�the�Celliant™�group.��Similarly,�the�BPI�pain�

interference�question�does�not�address�pain�intensity�and�in�the�DPN�subgroup,�more�

improvement�was�found�in�the�control�group�(p�>�0.566).��Table�3�shows�the�

aggregate�result�for�all�pain�questions.��

�

Overall�the�data�reported�show�more�improvement�in�pain�reported�by�subjects�

wearing�the�Celliant®�socks�compared�to�the�controls.�The�lack�of�statistical�

significance�for�the�differences�in�results�with�most�of�the�questions�may�be�due�to�the�

relatively�low�number�of�subjects�in�this�pilot�study�as�well�as�a�lack�of�homogeneity�

in�the�subjects.��
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�

In�our�study�each�questionnaire�was�administered�twice�before�and�after�dispensing�

the�study�garments�with�the�results�averaged,�in�the�hopes�of�increasing�the�precision�

of�the�pain�assessments.�This�might�skew�the�data�if�the�therapeutic�effect�of�the�

Celliant™�socks�changes�with�time�–�either�increasing�or�decreasing.�In�future�studies�

employing�larger�number�of�subjects�this�methodological�problem�should�be�avoided�

by�administering�each�set�of�pain�questionnaires�only�once.�

�

In�general,�non-DPN�subjects�showed�more�sensitivity�to�the�beneficial�effect�of�

Celliant™�than�subjects�with�DPN.�Assuming�the�effect�of�Celliant™�on�tissue�is�

relatively�localized,�one�might�expect�less�of�an�effect�to�be�seen�in�neuropathy,�as�

only�a�portion�of�the�diseased�neuron�fibers�are�in�close�proximity�to�the�plantar�

aspect�of�the�socks,�and�thus�likely�subject�to�the�effect�of�the�modified�fabric.�

�

This�raises�the�question�of�what�mechanism�could�account�for�the�apparent�beneficial�

impact�of�optically�modified�fiber�garments.�Two�unpublished�studies,�one�in�healthy�

subjects�and�one�in�diabetics,�demonstrated�significant�increases�in�transcutaneous�

oxygen�tensions�in�the�skin�of�the�hands�and�feet�when�Celliant™�garments�were�

worn�compared�to�placebo�garments�(Lavery�LA,�2003;�McClue�GM�and�Lavery�LA,�

2003).��The�increased�oxygen�tensions�were�observed�by�10�minutes�and�persisted�

during�repeated�measurements�over�60�minutes.�The�increase�in�healthy�subjects�

ranged�from�10�to�24%;�diabetic�subjects�showed�an�average�increase�of�10%.�It�is�

conceivable�that�some�interaction�of�the�Celliant™�particles�with�light�increases�

reflection�or�transmission�of�light�in�the�visible�or�near�infrared�portion�of�the�

spectrum�into�the�skin,�leading�to�vasodilation�of�the�microcirculation�and�enhanced�
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perfusion�of�tissue,�which�plausibly�could�ameliorate�some�causes�of�chronic�pain.�

Alternatively,�the�enhanced�illumination�of�the�skin�and�underlying�tissues�could�

influence�the�biologic�activity�of�endogenous�chromophores�(cytochromes,�flavins,�

and�poryphyrins)�involved�in�energy�metabolism�in�a�manner�leading�to�anti-

inflammatory�or�anti-nocioceptive�effects.�

�

A�large�body�of�evidence�suggests�that�short�periods�of�illuminating�skin,�tissue,�and�

cells�with�visible�or�infrared�light�has�positive�effects�on�pain,�injury�recovery,�and�

wound�healing.�A�number�of�studies�have�looked�at�joint�pain�such�as�

temporomandibular�joint�pain�[8],�finding�that�near�infrared�light�(810�nm)�appears�to�

reduce�pain�compared�to�sham�illumination�regimens.��A�meta-analysis�of�20�trials�

employing�laser�therapy�for�chronic�joint�disorders�found�that�when�sufficiently�

intense�light�was�employed,�such�therapy�had�a�direct�anti-inflammatory�effect�on�the�

joint�capsule�[9].��A�study�of�the�effects�of�infrared�(950�nm)�on�sural�nerve�

conduction�showed�significant�impact�of�illumination�on�nerve�conduction�velocity�

and�negative�peak�latency�compared�to�sham�illumination�[10].�Several�studies�on�

diabetic�neuropathy�showed�a�favourable�impact�of�intermittent�illumination�with�

infrared�at�890�nm�on�sensation�and�pain�[11,�12].�Low�level�illumination�of�joints�

affected�by�osteoarthritis�by�infrared�diodes�emitting�at�890�nm�has�also�been�reported�

as�effective�for�alleviating�pain,�and�the�effect�has�been�postulated�to�be�related�to�

stimulation�of�constitutive�nitric�oxide�synthetase�[13].�Low�intensity�laser�therapy�at�

810-820�nm�combined�with�exercise�regimens�has�been�shown�to�benefit�patients�with�

chronic�back�pain�and�Achilles�tendonopathy�[14,�15].��Several�studies�using�animal�

models�of�wound�healing�or�cell�cultures�have�examined�the�effects�of�short�exposures�

to�red�(e.g.,�632nm,�670�nm)�or�infrared�light�(e.g.,�830�nm),�finding�wound�healing�to�



� -�11�-�

be�significantly�accelerated�or�increased�expression�of�genes�and�proteins�associated�

with�proliferation�[16-21].�

�

Previous�studies�generally�entailed�short�illumination�periods�of�a�few�minutes�at�

intensities�of�1�to�20�Joules/cm�which�are�much�higher�than�the�presumptive�low�

intensity�optical�effects�of�Celliant™�garments.�Our�subjects�were�wearing�socks�

under�ambient�light�conditions�and�often�shoes.��Past�demonstrations�of�interactions�

between�tissues�and�external�light,�nonetheless,�support�the�possibility�that�

Celliant™’s�effect�is�due�to�prolonged�exposure�of�underlying�structures�to�an�altered�

electromagnetic�environment.�Given�the�putative�anti-inflammatory�effects�of�infrared�

light,�the�ability�of�longer�wavelengths�to�penetrate�more�deeply,�and�the�likelihood�

that�Celliant™�particles�significantly�reflect�and�scatter�infrared�light,�plausibly�the�

Celliant™�effect�is�mediated�by�perturbations�in�the�infrared�portion�of�the�spectrum.��

Conceivably,�but�we�think�unlikely,�the�Celliant™�effect�may�be�due�to�higher�skin�

temperatures�resulting�from�more�efficient�reflection�of�infrared�energy,�but�this�

requires�further�investigation.��We�are�now�planning�further�studies�employing�

thermography�and�hyperspectral�imaging�of�skin�blood�flow�to�further�characterize�

the�effects�of�wearing�Celliant™�garments.�

�

Conclusions��

The�data�from�this�pilot�study�suggests�that�wearing�Celliant™�fabric�socks�may�

reduce�the�pain�associated�with�chronic�foot�disorders.�Future�studies�in�larger�

numbers�of�subjects�looking�at�other�chronic�pain�conditions�such�as�carpal�tunnel�

syndrome�and�knee�arthropathies�are�warranted�as�well�as�attempts�to�elucidate�the�
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mechanism�by�examining�the�influence�of�the�modified�garments�on�tissue�perfusion,�

temperature,�oxygen�levels,�and�inflammation.��
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Figures�

Figure�1�-�Results�of�McGill�Question�III�

The�difference�between�mean�W1+2�and�mean�W3+4�scores�is�depicted.��Solid�bars�

report�Celliant™�and�stipled�bars�report�control�subjects.��*p�<�0.05�

�

Figure�2�–�Results�of�the�Brief�Pain�Inventory�–�Pain�Severity�

The�difference�between�mean�W1+2�and�mean�W3+4�scores�is�depicted.��Solid�bars�

report�Celliant™�and�stipled�bars�report�control�subjects.��

�

Figure�3�–�Results�of�the�VAS�

The�difference�between�mean�W1+2�and�mean�W3+4�scores�is�depicted.��Solid�bars�

report�Celliant™�and�stipled�bars�report�control�subjects.���

�

Figure�4�–�Results�of�the�SF-36�Bodily�Pain�

The�difference�between�mean�W1+2�and�mean�W3+4�scores�is�depicted.��Solid�bars�

report�Celliant™�and�stipled�bars�report�control�subjects.���

�
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Tables�

Table�1�–�Pain�etiologies�in�non-DPN�subgroup�

Etiology� Celliant™� Control�

Arthritis� 45%� 40%�

Edema� 7%� 0%�

Erythromelalgia� 0%� 7%�

Parkinson’s�Disease� 0%� 12%�

PAD� 0%� 7%�

Plantar�Fasciitis� 0%� 7%�

Previous�Chemotherapy� 7%� 0%�

Previous�Surgery� 7%� 7%�

Other�Causes� 36%� 20%�

��
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Table�2�–�Subject�Characteristics�Prior�to�Treatment�

�
Demographics� McGill�

All�Subjects�� Age� %�male� I-a� I-b� I-a+b� II� III�

Celliant™� 57.7±11.8� 70%� 1.2±0.8� 0.6±0.7� 1.9±1.5� 4.7±2.4� 2.6±1.0�

Control� 61.6±11.8� 68%� 1.3±0.7� 1.1±1.0� 2.4±1.6� 5.4±2.8� 3.1±1.1�

DPN�group� � � � � � � �

Celliant™� 63.0±7.7� 85%� 1.2±0.9� 0.6±0.7� 1.9±1.5� 5.1±2.6� 2.7±1.1�

Control� 63.9±11.0� 77%� 1.4±0.7� 1.2±1.1� 2.5±1.7� 5.2±2.9� 2.9±0.9�

Non-DPN�group�� � � � � � �

Celliant™� 52.7±13.1� 57%� 1.2±0.8� 0.6±0.8� 1.9±1.5� 4.4±2.3� 2.4±0.9�

Control� 59.5±12.3� 60%� 1.3±0.8� 1.1±1.0� 2.3±1.6� 5.6±2.8� 3.3±1.2�

�
Brief�Pain�Inventory� �

�

All�Subjects��

Pain�Severity� Pain�
Interference�

VAS� SF-36:�Bodily�Pain�

Celliant™� 4.2±2.4� 5.8±2.4� 37.8±8.1� 4.2±2.4�

Control� 5.5±2.6� 6.4±1.8� 34.6±7.8� 5.5±2.6�

DPN�group� � � � �

Celliant™� 4.9±2.0� 4.7±2.5� 5.9±2.4� 34.2±7.4�

Control� 5.1±2.3� 5.5±2.9� 6.1±1.9� 36.1±7.5�

Non-DPN�group�� � � �

Celliant™� 3.9±1.9*� 3.8±2.3*� 5.8±2.5� 40.8±7.7�

Control� 5.3±1.6*� 5.6±2.3*� 6.6±1.8� 33.3±8.1�

*denotes�significant�(p�<�0.05)�differences�between�Celliant™�and�Control�subjects.�
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Table�3�–�Results�of�pain�questions�

Question� All�Subjects� DPN�subgroup� Non-DPN�subgroup�

McGill�Ia� +� +� +�

McGill�Ib� -� -� -�

McGill�Ia+b� +� -� +�

McGill�II� +� +� +�

McGill�III� ����+**� +� +�

BPI�Pain�Severity� �+*� +� +�

BPI�Pain�Interference� +� -� +�

VAS� +� +� �+*�

SF-36�Bodily�Pain� �+*� +� +�

(+)�Celliant™�showed�greater�improvement;�(-)�Controls�showed�greater�improvement��

**�p�<�0.05,�*<0.10�

�



Figure 1



Figure 2



Figure 3



Figure 4



Holofiber Study of Thirteen (13) Healthy Subjects

Dr. Graham McClue



 

8819 Diamond Lake Lane, Houston, Texas – 77083 
Telephone: (281) 568-7322 
Facsimile: (281) 568-3904 

Cell Phone: (832) 287-1758 

 

1 

HOLOFIBER STUDY OF THIRTEEN (13) HEALTHY SUBJECTS 
 
OBJECTIVE:  
 

To evaluate changes in peripheral blood flow in the dorsum of the left arm and the 
Transmetatarsal region of the foot of a healthy group of thirteen (13) persons when a 
placebo garment and then Holofiber gloves and stockings are worn. It is expected that 
subjects when wearing the Holofiber garments will have an increase in local tissue 
perfusion compared to baseline and control garments. The study outcomes are 
Transcutaneous Oxygen (TcpO2) measurements over the course of one hour each for the 
placebo and the garment trials, with a ten (10) minute equalization of the probes prior to 
the start of data acquisition with a 30 minute rest period between studies. 
 

STUDY DESIGN:  
 

This will be an evaluation of changes in peripheral perfusion. Subjects will be selected 
from a healthy population of males and females between the ages of 18 – 50 and will act 
as their own controls.  I plan to enroll thirteen (13) subjects without a history of diabetes or 
peripheral vascular disease.  Subjects will be evaluated by way of transcutaneous oxygen 
tension measurement for baseline blood flow status over a period of one (1) hour following 
a ten (10) minute probe equalization period, during this time the subjects will wear a 
placebo garment, there will be a 30 minute break between the placebo trial and the 
product trial.  
 
Subjects will have transcutaneous oxygen measurements recorded using Radiometer 
TCM 30 Modules supplied by Radiometer America, Inc., Ohio, and modified Clarke 
Electrodes supplied by Radiometer America, Inc., data will be acquired using Perisoft 
Version 2.10 supplied by Perimed America, Inc. of North Royalton, Ohio.  Each subject 
will wear stockings and gloves made with and without Holofiber.  
 
Measurements will be recorded prior to wearing the product garments and continuously 
over a one hour period.  I will analyze data at ten (10) minute intervals.  Following the 30 
minute break, recorded measurements will be taken of both the left arm on the dorsum at 
a point of mid ulna/radius and left foot at the Transmetatarsal region with study subjects 
wearing Holofiber versus standard fiber gloves and stockings, the latter being used as the 
placebo for the purposes of the study.  See Fig. 1 below for study design details 
 

Step Duration 
Placebo Equalization 10 minutes 
Placebo Study 60 minutes 
Rest Period 30 minutes 
Product Equalization 10 minutes 
Product Study 60 minutes 

Totals 170 minutes 

 Fig. 1 
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INCLUSION CRITERIA:  

1. No known family history of Diabetes or Peripheral Vascular Disease 

2. Subjects 18 - 50 years old 

 

EXCLUSION CRITERIA: 

1. Patient currently being treated by dialysis, or having serum creatinine greater than or 
equal to 3.0 mg/dl. 

 
2. Patient known to be an active alcohol or substance abuser for the six months prior to 

the start of the study. 
 

Subjects will also be excluded if any of the following apply: 
1. The use of corticosteriods in a dose equivalent to greater than or equal to 10 mg of 

prednisone per day. 
2. Has ever received immunosuppressive agents. 
3. Has ever undergone radiation therapy. 
4. Has ever received cytotoxic agents. 
5. Subject currently receiving antiviral agents. 
6. Subject is a female who is breast feeding, pregnant, or attempting to become 

pregnant. 
7. Patient has other conditions considered by the investigator to be sound reasons 

for disqualification (e.g., acute illness or exacerbation of chronic illness, lack of 
motivation, and history of poor compliance).  

8. Any history of vascular disease including Arterial or Venous insufficiency. 
9. Any history heart disease. 

 
METHOD: 
 

The dynamic non-invasive vascular assessment consisted of transcutaneous oxygen 
pressure (TcPO2) measurement.  I used the Radiometer TCM30 module and data will be 
acquired using the Perisoft data acquisition software. 
 
The study was non-invasive, and each subject has given verbal consent to the study after 
an explanation of the methods was explained.  Each subject was requested not to smoke 
or consume liquid containing caffeine at least three (3) hours pre-study. 
  
Preparation of the subject was standardized to the following, the hair was shaved from the 
test sites, the dermis was then abraded with a fine abrasive material, the stratum corneum 
was then removed by the use of light weight adhesive tape, and finally the probe site was 
wiped with an alcohol preparation swab.  
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Subjects were then situated in a semi-recumbent position of a Straker gurney, the 
laboratory was maintained at a constant temperature of 21º C over the duration of the 
study. 
   
The transcutaneous oxygen electrodes were heated to 45°C and allowed to equilibrate on 
the skin for ten (10) minutes (until stable values are achieved).  The resultant values are 
measured in mmHg, and is defined as the Partial Pressure or Tension of Oxygen (PpO2). 
Two self-adhesive fixation rings were affixed and the probes attached thereto.  A buffer 
(KCl) solution was to be used at a rate of three (3) drops in each fixation ring, the probe, a 
modified Clarke Electrode with heating element and thermsitor was to be utilized.  Each 
module was to be calibrated to an assumed atmospheric pressure of 159 mmHg, this 
being 20.9% of the standard atmospheric pressure of 760 mmHg, in doing this each 
patient had the same baseline atmospheric pressure, thus alleviating any pressure 
changes due to weather variations during the periods of testing.  No humidity control was 
taken into consideration during this study. 
 
I measured transcutaneous oxygen continuously during the one (1) hour placebo 
evaluation period and recorded seven (7) values for two (2) minutes at each selected 
marker at random on the dorsum of the foot and hand.  During the product trial, I 
measured continuously and made seven (7) random selections of the 60 minute data 
collection period at two (2) minute duration each.  At the conclusion of each data 
collection period two (2) comparisons will be made to show the differences recorded 
between the placebo and the product as outlined in the attached preliminary results.
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PRELIMINARY RESULTS: 
 
SUBJECT 1 

 
Comment:   Male, 32 years of age  
Non Smoker 
Weight: 211 lbs., Height: 5' 7",  
BP: 137/85 
 

Percent Change Areas 
 

 
Mean value channel 1 : PO2 

 
Item Area 

1 
Area 

2 
Area 

3 
Area 

4 
Area 

5 
Area 

6 
Area 

7 
Area 

8 
Area 

9 
Area 

10 
Area 

11 
Area 

12 
Area 

13 
Area 

14 
All 

areas 
Mean 
value 

52.51 61.57 58.50 63.73 67.33 62.70 65.46 82.23 88.60 83.64 90.30 85.14 90.22 87.18 74.22 

 

Mean value channel 2 : PO2 
  
Item Area 

1 
Area 

2 
Area 

3 
Area 

4 
Area 

5 
Area 

6 
Area 

7 
Area 

8 
Area 

9 
Area 

10 
Area 

11 
Area 

12 
Area 

13 
Area 

14 
All 

areas 
Mean 
value 

105.7
2 

141.3
3 

135.0
1 

70.47 57.42 57.27 53.69 67.90 76.89 72.41 76.23 70.73 70.85 68.34 80.30 
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SUBJECT 2 
 
Comment:  Hispanic  Male, 23 years of age  
Non Smoker. 
Weight: 182 lbs., Height: 5' 7" 
BP: 132/78 

 

 
Mean value channel 1 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

61.46 71.42 66.67 68.44 71.15 81.74 73.58 78.80 84.17 75.46 81.92 78.58 78.44 79.67 75.11 

 
 
Mean value channel 2 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

60.47 76.78 71.86 74.80 76.66 83.61 75.54 76.81 77.62 72.96 77.11 75.38 76.29 73.47 74.95 

 
 
SUBJECT 3 
 
Comment:  White Female, 21 years of age 
Smoker 
Weight: 123 lbs., Height: 5' 8" 
BP: 127/76 
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Mean value channel 1 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

65.22 69.75 71.26 73.49 81.56 81.23 84.99 82.92 83.26 84.25 84.97 82.66 85.97 87.74 79.95 

 
Mean value channel 2 : PO2 
 
Item Area 

1 
Area 

2 
Area 

3 
Area 

4 
Area 

5 
Area 

6 
Area 

7 
Area 

8 
Area 

9 
Area 

10 
Area 

11 
Area 

12 
Area 

13 
Area 

14 
All 

areas 
Mean 
value 

61.77 66.09 65.54 63.84 62.03 61.54 62.30 70.40 69.58 71.14 68.56 67.01 65.96 66.41 65.87 

 
 
SUBJECT 4 
 
Comment:  Female, 43 years of age 
Non Smoker 
Weight: 152 lbs.,  Height: 5' 6" 
BP: 118/78 
 

 
 
 
Mean value channel 1 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

29.07 52.60 54.27 53.21 54.55 62.55 56.05 70.97 71.21 70.35 70.57 69.53 71.97 70.78 61.26 

 
 
Mean value channel 2 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

29.12 54.92 52.97 54.03 51.68 55.14 47.01 63.00 61.79 56.86 53.35 51.74 49.19 49.34 52.15 
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SUBJECT 5 
 
Comment:  White Male, 29 years of age 
Non Smoker 
Weight: 270 lbs., Height: 5" 10" 
BP: 134/76 

 

 
Mean value channel 1 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

55.80 57.28 60.76 55.87 59.15 60.42 62.79 62.07 63.91 53.51 55.36 51.75 51.31 46.37 56.88 

 
Mean value channel 2 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

40.57 35.29 31.28 26.77 27.10 26.48 24.87 57.15 56.03 47.23 47.26 46.80 46.22 42.43 39.68 

 
 
SUBJECT 6 
 
Comment:  White Male, 24 years of age 
Non Smoker 
Weight: 225 lbs., Height: 6' 0" 
BP 148/86 

 

 



 

8819 Diamond Lake Lane, Houston, Texas – 77083 
Telephone: (281) 568-7322 
Facsimile: (281) 568-3904 

Cell Phone: (832) 287-1758 

 

8 

Mean value channel 1 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

66.95 65.03 65.37 60.88 74.05 58.72 59.32 66.95 65.03 65.37 60.88 74.05 58.72 59.32 67.77 

 
Mean value channel 2 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

71.25 71.06 73.43 71.36 80.91 73.02 75.64 87.55 85.67 83.67 83.11 83.53 90.21 83.32 79.55 

 
 
 
SUBJECT 7 
 
Comment:  White Male, 32 years of age  
Non Smoker 
Weight: 220 lbs., Height: 5' 7" 
BP 122/76 

 
 
Mean value channel 1 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

62.73 59.33 60.70 49.25 50.91 52.50 61.59 74.45 75.80 71.58 72.62 63.71 60.16 66.32 62.97 

 
Mean value channel 2 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

51.17 56.60 57.65 53.15 49.21 51.29 54.27 49.84 53.11 51.36 56.49 52.38 50.32 55.98 53.06 
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SUBJECT 8 
Comment:  White Male, 23 years of age 
Smoker 
Weight: 177 lbs., Height: 5' 9" 
BP 

 
 
Mean value channel 1 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

40.21 44.56 41.45 42.86 45.63 41.22 44.78 61.95 64.74 67.84 66.13 62.55 73.45 63.49 54.35 

 
Mean value channel 2 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

55.57 58.23 54.59 55.08 54.58 51.94 54.28 63.86 66.54 65.61 64.85 62.59 64.64 59.00 59.38 

 
SUBJECT 9 
Comment:  Hispanic Male, 22 years of age 
Non Smoker 
Weight: 180 lbs., Height: 5' 7" 
BP 128/72 
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Mean value channel 1 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

53.83 54.12 52.73 55.17 54.10 54.12 55.23 73.82 78.59 70.96 76.91 72.29 72.51 73.45 64.13 

 
Mean value channel 2 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

71.50 73.64 70.59 69.86 65.00 61.89 60.97 80.17 80.90 72.47 74.01 70.80 70.95 68.63 70.81 

 
SUBJECT 10 
Comment:  White Male, 45 years of age 
Non Smoker 
Weight: 157 lbs., Height: 5' 7" 
BP 137/82 

 

 
Mean value channel 1 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

44.68 42.31 40.45 40.07 41.72 38.89 40.02 55.19 59.96 57.12 52.85 53.47 52.87 48.40 47.71 

 
Mean value channel 2 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

29.41 27.81 28.03 27.75 31.32 25.61 25.64 34.21 40.06 38.60 40.44 39.04 37.49 34.06 32.82 

 
 
 
 
 
 
 
 
 



 

8819 Diamond Lake Lane, Houston, Texas – 77083 
Telephone: (281) 568-7322 
Facsimile: (281) 568-3904 

Cell Phone: (832) 287-1758 

 

11 

SUBJECT 11 
Comment:  White Male, 27 years of age 
Non Smoker 
Weight: 195 lbs., Height: 5' 7" 
BP 132/88 

 
Mean value channel 1 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

43.72 44.71 42.37 45.60 44.55 43.88 46.93 59.56 63.30 59.14 60.41 66.90 68.77 57.92 53.41 

 
Mean value channel 2 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

44.46 44.84 37.98 40.22 37.50 35.78 37.93 51.87 57.80 52.06 52.80 57.63 58.72 49.27 47.06 

 
 
SUBJECT 12 
Comment:  White Female, 44 years of age 
Non Smoker 
Weight: 130 lbs., Height: 5' 9" 
BP 137/78 
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Mean value channel 1 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

55.37 57.07 54.35 53.62 56.44 61.37 52.02 79.35 74.93 78.38 76.58 78.16 81.70 81.52 67.20 

 
Mean value channel 2 : PO2 

 

Item Area 
1 

Area 
2 

Area 
3 

Area 
4 

Area 
5 

Area 
6 

Area 
7 

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 

All 
areas 

Mean 
value 

41.01 40.34 35.60 32.82 30.32 32.98 25.06 39.95 37.33 35.86 37.84 37.25 39.58 38.25 36.02 

 
SUBJECT 13 
Comment:  White Female, 47 years of age 
Non Smoker 
Weight: 130 lbs., Height: 5' 5" 
BP 118/80 

 
 
Mean value channel 1 : PO2 
 
Item Area 

1 
Area 

2 
Area 

3 
Area 

4 
Area 

5 
Area 

6 
Area 

7 
Area 

8 
Area 

9 
Area 

10 
Area 

11 
Area 

12 
Area 

13 
Area 

14 
All 

areas 
Mean 
value 

53.61 55.76 54.48 49.76 52.53 55.67 53.79 73.16 71.84 66.51 67.10 68.03 70.36 66.89 61.39 

 
Mean value channel 2 : PO2 
 
 
Item Area 

1 
Area 

2 
Area 

3 
Area 

4 
Area 

5 
Area 

6 
Area 

7 
Area 

8 
Area 

9 
Area 

10 
Area 

11 
Area 

12 
Area 

13 
Area 

14 
All 

areas 
Mean 
value 

47.43 47.15 42.76 36.98 35.85 34.87 33.37 53.75 44.93 40.19 41.04 38.94 38.43 36.94 40.90 
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Subject  Sex Age Area 1 Area 2 Area 3 
Area 
4 

Area 
5  

Area 
6 

Area 
7 Area  

Area 
8 

Area 
9 

Area 
10 

Area 
11 

Area 
12 

Area 
13 

Area 
14 Area  

% 
Change 

#         Placebo (PL)       
Av 
PL       Product (PR)     

Av 
PR PL v PR 

1 M 32.75 52.51 61.57 58.50 63.73 67.33 62.70 65.46 61.69 82.23 88.60 83.64 90.30 85.14 90.22 87.18 86.76 40.65% 

1     105.72 141.33 135.01 70.47 57.42 57.27 53.69 88.70 67.90 76.89 72.41 76.23 70.73 70.85 68.34 71.91 -18.93% 

2 M 23.50 61.46 71.42 66.67 68.44 71.15 81.74 73.58 70.64 78.80 84.17 75.46 81.92 78.58 78.44 79.67 79.58 12.66% 

2     60.47 76.78 71.86 74.80 76.66 83.61 75.54 74.25 76.81 77.62 72.96 77.11 75.38 76.29 73.47 75.66 1.91% 

3 F 20.85 65.22 69.75 71.26 73.49 81.56 81.23 84.99 75.36 82.92 83.26 84.25 84.97 82.66 85.97 87.74 84.54 12.18% 

3     61.77 66.09 65.54 63.84 62.03 61.54 62.3 63.30 70.4 69.58 71.14 68.56 67.01 65.96 66.41 68.44 8.11% 

4 F 43.72 29.07 52.6 54.27 53.21 54.55 62.55 56.05 51.76 70.97 71.21 70.35 70.57 69.53 71.97 70.78 70.77 36.73% 

4     29.12 54.92 52.97 54.03 51.68 55.14 47.01 49.27 63 61.79 56.86 53.35 51.74 49.19 49.34 55.04 11.71% 

5 M 29.25 55.8 57.28 60.76 55.87 59.15 60.42 62.79 58.87 62.07 63.91 53.51 55.36 51.75 51.31 46.37 54.90 -6.74% 

5     40.57 35.29 31.28 26.77 27.1 26.48 24.87 30.34 57.15 56.03 47.23 47.26 46.8 46.22 42.43 49.02 61.57% 

6 M 24.37 66.95 65.03 65.37 60.88 74.05 58.72 59.32 64.33 66.95 65.03 65.37 60.88 74.05 58.72 59.32 64.33 0.00% 

6     71.25 71.06 73.43 71.36 80.91 73.02 75.64 73.81 87.55 85.67 83.67 83.11 83.53 90.21 83.32 85.29 15.56% 

7 M 32.65 62.73 59.33 60.7 49.25 50.91 52.5 61.59 56.72 74.45 75.8 71.58 72.62 63.71 60.16 66.32 69.23 22.07% 

7     51.17 56.6 57.65 53.15 49.21 51.29 54.27 53.33 49.84 53.11 51.36 56.49 52.38 50.32 55.98 52.78 -1.03% 

8 M 23.95 40.21 44.56 41.45 42.86 45.63 41.22 44.78 42.96 61.95 64.74 67.84 66.13 62.55 73.45 63.49 65.74 53.02% 

8     55.57 58.23 54.59 55.08 54.58 51.94 54.28 54.90 63.86 66.54 65.61 64.85 62.59 64.64 59.00 63.87 16.35% 

9 M 22.70 53.83 54.12 52.73 55.17 54.1 54.12 55.23 54.19 73.82 78.59 70.96 76.91 72.29 72.51 73.45 74.08 36.71% 

9     71.5 73.64 70.59 69.86 65 61.89 60.97 67.64 80.17 80.9 72.47 74.01 70.8 70.95 68.63 73.99 9.39% 

10 M 44.30 44.68 42.31 40.45 40.07 41.72 38.89 40.02 41.16 55.19 59.96 57.12 52.85 53.47 52.87 48.40 54.27 31.83% 

10     29.41 27.81 28.03 27.75 31.32 25.61 25.64 27.94 34.21 40.06 38.60 40.44 39.04 37.49 34.06 37.70 34.94% 

11 M 27.90 43.72 44.71 42.37 45.6 44.55 43.88 46.93 44.54 59.56 63.30 59.14 60.41 66.90 68.77 57.92 62.29 39.85% 

11     44.46 44.84 37.98 40.22 37.5 35.78 37.93 39.82 51.87 57.80 52.06 52.80 57.63 58.72 49.27 54.31 36.40% 

12 F 44.75 55.37 57.07 54.35 53.62 56.44 61.37 52.02 55.75 79.35 74.93 78.38 76.58 78.16 81.70 81.52 78.66 41.10% 

12     41.01 40.34 35.60 32.82 30.32 32.98 25.06 34.02 39.95 37.33 35.86 37.84 37.25 39.58 38.25 38.01 11.73% 

13 F 46.90 53.61 55.76 54.48 49.76 52.53 55.67 53.79 53.66 73.16 71.84 66.51 67.10 68.03 70.36 66.89 69.13 28.83% 

13     47.43 47.15 42.76 36.98 35.85 34.87 33.37 39.77 53.75 44.93 40.19 41.04 38.94 38.43 36.94 42.03 5.68% 

    32.12                                   

      52.70 56.58 55.64 54.77 57.97 58.08 58.20 56.28 70.88 72.72 69.55 70.51 69.76 70.50 68.39 70.33 24.97% 

      54.57 61.08 58.25 52.09 50.74 50.11 48.51 53.62 61.27 62.17 58.49 59.47 57.99 58.37 55.80 59.08 10.18% 

                     

Areas 1 -3 = Placebo (PL)                   

Areas 4 - 10 = Product (PR)                      

Male 9                       

Female = 4                    
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CONCLUSIONS: 

 
 

All the data that these conclusions are drawn from is contained within the information table on page 
13 of this document. 
 
Thirteen (13) subjects were chosen at random and tested in accordance with the protocol within the 
study design, the breakdown of the subjects was: 
 
 Female  N = 4 
 Male  N = 9 
 
With an age range of 20.85 years to 46.75 years (mean 32.12 years). 
 
Data designated in areas 1 – 7 is the Placebo trial and those data within areas 8 – 14 is the 
Product trial. 
 
In looking at the collective data it will be noted that with the exception of three (3) subjects, Nos: 1, 
5, and 7 there was a substantial increase in oxygen perfusion when using the Holofiber product.  
These increases in the Placebo versus Product vary in range in the mid radial ulna region of the 
dorsum, designated channel 1,  from 0.00% to 53.02% with a mean of 29.97%, these figures 
exclude the one (1) subject that showed a negative increase in perfusion levels in this region.  In 
channel 2, the Transmetatarsal region of the foot, increases ranged from 1.91 – 61.57% with the 
mean being 10.18%, these numbers exclude those subjects that showed a diminished perfusion in 
this region. 
 
In the case of subjects 1, 5, and 7, it will be noted that in the case of subject 1 there was a 
decrease in the Transmetatarsal region of 18.93% and in subject 5, there was a decrease of 6.74% 
in the mid radial ulna region of the dorsum, and in subject 7 a decrease of 1.03% was observed in 
the metatarsal region of the foot. This discrepancy cannot be explained without further medical 
investigation which is outside the scope of this study. 

Increased oxygen profusion has been shown to aid in the increase of energy.  Energy produced at 
the cellular level will accelerate muscle tissue recovery from exercise, which is known to induce 
lactic acid increases, rebuild strength in muscles damaged by exercise, and also reduce the 
incidence of cramping, edema, and muscle fatigue post strenuous exercise in athletic conditioning. 

In conclusion, it is the opinion of this researcher, based on this study, that Holofiber does, in fact, 
increase oxygen perfusion levels within by 10% to 24% in a healthy non-compromised population.   

 
 
 
  _____________________________________________ 
  Graham M. McClue, Ph.D.    Date 
 
 



Improving Blood Flow with Holofiber in 
the Hands and Feet of High-Risk Diabetics 

Dr. Lawrence Lavery



Improving Blood Flow with Holofiber in the Hands and Feet of High-Risk Diabetics  
 

Objective: To evaluate changes in peripheral blood flow in the hands and feet of persons 

with diabetes when Holofiber gloves and stockings are worn. We expect that patients that 

wear the Holofiber garments will have an increase in local tissue perfusion compared to 

baseline and control garments. The study outcomes are transcutaneous oxygen and laser 

Doppler flowometry measurements over the course of one hour while the study subjects 

wear Holofiber garments and placebo garments. 

 

Study Design: This will be a double blind evaluation of changes in peripheral perfusion. 

Subjects will act as their own controls. We plan to enroll 20 subjects with a history of 

diabetes and vascular impairment. Subjects will be evaluated for baseline blood flow 

status. They will then have transcutaneous oxygen (Perimed Inc. North Royalton, Ohio,  

PF5040 transcutaneous module) and laser Doppler flowometry measurements 

(PF5010Laser Doppler Perfusion module) with stockings and gloves made with and 

without Holofiber. Measurements will be made prior to wearing the garments and 

continuously over a one hour period. We will analyze data at ten minute intervals. The 

tester and subject will be blinded to the study garment. Garments will be randomly 

selected and tested from a computer generated randomization list. We will take 

measurements of both the hand and foot with study subjects wearing Holofiber versus 

standard fiber gloves and stockings. 

 

The diagnosis of diabetes mellitus will be based on World Health Organization criteria.
8
 

For the purposes of this study, the diagnosis of peripheral vascular disease will be a 

transcutaneous oxygen measurement > 30mm Hg taken at the transmetatarsal level on the 

day of enrollment. 
5, 9

 

 

Inclusion Criteria:  

1. Diagnosis of Diabetes Mellitus by the World Health Organization Criteria 

2. Patient 18 -80 years old. 

 



Exclusion Criteria: 

1. Patient currently being treated by dialysis, or having serum creatinine greater than 

or equal to 3.0 mg/dl. 

2. Patient known to be an active alcohol or substance abuser for the six months prior 

to the start of the study. 

3. Patient currently receiving systemic corticosteriods in a dose equivalent to greater 

than or equal to 10 mg of prednisone per day. 

4. Patient currently receiving immunosuppressive agents. 

5. Patient currently receiving radiation therapy. 

6. Patient currently receiving cytotoxic agents. 

7. Patient currently receiving antiviral agents. 

8. Patient having history of widespread malignant or systemically 

immunocompromising disease. 

9. Patient is a female who is breast feeding, pregnant, or attempting to become 

pregnant. 

10. Patient has other conditions considered by the investigator to be sound reasons 

for disqualification (e.g., acute illness or exacerbation of chronic illness, lack of 

motivation, and history of poor compliance). 

11. Amputation proximal toLisfranc’s(tarsometatarsal) joint or if amputation/surgical 

debridement has destroyed the venous plexus of the plantar arch. 

12. Acute deep venous thrombosis. 

13. Active congestive heart failure. 

14. Uncontrolled osteomyelitis. 

15. Vascular surgery in the past 4 weeks. 

16. Patient has a full thickness skin ulcer.  

 

The dynamic non-invasive vascular assessment will consist of transcutaneous oxygen 

pressure (TcPO2) measurement, and laser Doppler flowmetric measurement. We will use 

the PeriFlux 5000 System It is a multifunctional system that incorporates four functional 

units that combine transcutansous oxygen and laser Doppler function units.  

 



The transcutaneous oxygen electrodes are warmed to 44°C and allowed to equilibrate on 

the skin for 5 minutes (until stable values are achieved). The resultant values are 

measured in mmHg. 
5, 9

 The laser Doppler monitor will be used to continuously measure 

tissue blood perfusion (PF5010 Laser Doppler Perfusion module). The application is non-

invasive. Two stick-on probes similar to standard EKG probes are applied to the skin. In 

the tissue, the laser light is scattered and Doppler shifted by interaction with the moving 

blood cells according to the well-known Doppler principle. The sampling depth is on the 

order of 200-500 micrometers. A fraction of the backscattered light is detected by a 

remotely positioned photo detector.  

 

We will measure transcutaneous oxygen and laser Doppler flowometry measurements 

continuously during the one hour evaluation period and record values for 60 seconds at 

ten minute intervals on the dorsum of the foot and hand.  In addition, we will measure a 

two minute interval at the conclusion of each data collection period to compare the 

change in blood flow parameters in placebo and Holofiber treatment groups. 

 

Results: 

We used a paired t-test to compare transcutaneous oxygen (TCOM) and laser Doppler 

(LD) values on the hand and foot. Treanscutaneous oxygen measures the partial pressure 

of oxygen at the surface of the skin, and the laser Doppler measures capillary blood flow. 

As part of the descriptive evaluation of the data we, stratified TCOM and LD into three 

levels: increase when comparing Holofiber to placebo, no change or a decrease when 

comparing Holofiber to placebo. If there was less than a 4% change when the placebo vs. 

Holofiber was used, this was determined to represent “no change”. TCOM’s in the hand 

showed 10 subjects with an increase, 4 unchanged and 6 with a decrease when using 

Holofiber compared to the placebo garment. TCOM’s in the foot again showed 10 

subjects with an increase when using Holofiber, 4 were unchanged and 6 were decreased. 

 
 There was a statistically significant change in transcutaneous oxygen or the oxygen 

delivery to the skin in the hand and foot when using the paired t-test to compare data 

collected at time periods 40 and 50 minutes after initiation of testing. The Laser Doppler 



studies did not show a difference in blood flow in placebo versus Holofiber in either the 

hand or the foot. The significant changes observed are very compelling for this type of 

product. An 8-12% improvement in skin oxygenation could improve marginal circulation 

enough to improve wound healing or eliminate ischemic pain of the legs. 

 
All 10 Minute Interval Data (Paired) 
 
 
Paired T-Test and CI: TCOM HAND-Placebo, TCOM HAND-Holofiber 
 
Paired T for TCOM HAND-Placebo - TCOM HAND-Holofiber 
 
                  N      Mean     St Dev   SE Mean 
TCOM HAND-Pl    120    15.284     7.613     0.695 
TCOM HAND-ho    120    17.323    10.505     0.959 
Difference      120    -2.039     7.718     0.705 
 
95% CI for mean difference: (-3.434, -0.644) 
T-Test of mean difference = 0 (vs not = 0): T-Value = -2.89  P-Value = 0.005 
 

 
 



All 10 Minute Interval Data (Paired) 
 
Paired T-Test and CI: TCOM FOOT-Placebo, TCOM FOOT-Holofiber 
 
Paired T for TCOM FOOT-Placebo - TCOM FOOT-Holofiber 
 
                  N      Mean     St Dev   SE Mean 
TCOM FOOT-pl    120     52.22     20.39      1.86 
TCOM FOOT-ho    120     56.35     20.01      1.83 
Difference      120     -4.13     11.25      1.03 
 
95% CI for mean difference: (-6.16, -2.10) 
T-Test of mean difference = 0 (vs not = 0): T-Value = -4.02  P-Value = 0.000 
 

 

 
 



All 10 Minute Interval Data (Paired) 
 
 
Paired T-Test and CI: LASER HAND-Placebo, LASER HAND-Holofiber 
 
Paired T for LASER HAND-Placebo - LASER HAND-Holofiber 
 
                  N      Mean     St Dev   SE Mean 
LASER HAND-p    120     35.00     28.84      2.63 
LASER HAND-h    120     33.91     25.62      2.34 
Difference      120      1.09     15.67      1.43 
 
95% CI for mean difference: (-1.74, 3.92) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = 0.76  P-Value = 0.447 
 

 



 
All 10 Minute Interval Data (Paired) 
 
 
Paired T-Test and CI: LASER FOOT-Placebo, LASER FOOT-Holofiber 
 
Paired T for LASER FOOT-Placebo - LASER FOOT-Holofiber 
 
                  N      Mean     St Dev   SE Mean 
LASER FOOT-p    120     49.68     21.12      1.93 
LASER FOOT-h    120     49.64     19.55      1.78 
Difference      120      0.04     15.79      1.44 
 
95% CI for mean difference: (-2.81, 2.90) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = 0.03  P-Value = 0.976 
 
 

 
 



Last Three Points of 10 Minute Interval Data (Paired) 
 
 

Paired T-Test and CI: TCOM HAND-Placebo, TCOM HAND-Holofiber 
 
Paired T for TCOM HAND-Placebo - TCOM HAND-Holofiber 
 
                  N      Mean     St Dev   SE Mean 
TCOM HAND-Pl     60     14.62      7.08      0.91 
TCOM HAND-ho     60     17.19      9.75      1.26 
Difference       60    -2.572     6.784     0.876 
 
95% CI for mean difference: (-4.325, -0.819) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = -2.94  P-Value = 0.005 
 

 
 



Last Three Points of 10 Minute Interval Data (Paired) 
 
 

Paired T-Test and CI: TCOM FOOT-Placebo, TCOM FOOT-Holofiber 
 
Paired T for TCOM FOOT-Placebo - TCOM FOOT-Holofiber 
 
                  N      Mean     St Dev   St Dev   SE Mean 
TCOM FOOT-pl     60     54.19     19.90      2.57 
TCOM FOOT-ho     60     58.57     21.29      2.75 
Difference       60     -4.38     12.27      1.58 
 
95% CI for mean difference: (-7.55, -1.21) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = -2.76  P-Value = 0.008 
 

 
 



Last Three Points of 10 Minute Interval Data (Paired) 
 
 
Paired T-Test and CI: LASER HAND-Placebo, LASER HAND-Holofiber 
 
Paired T for LASER HAND-Placebo - LASER HAND-Holofiber 
 
                  N      Mean     St Dev   SE Mean 
LASER HAND-p     60     33.52     28.32      3.66 
LASER HAND-h     60     33.48     25.89      3.34 
Difference       60      0.05     15.24      1.97 
 
95% CI for mean difference: (-3.89, 3.98) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = 0.02  P-Value = 0.981 
 
 
Paired T-Test and CI: LASER FOOT-Placebo, LASER FOOT-Holofiber 
 
Paired T for LASER FOOT-Placebo - LASER FOOT-Holofiber 
 
                  N      Mean     St Dev   SE Mean 
LASER FOOT-p     60     49.90     19.48      2.51 
LASER FOOT-h     60     51.56     21.49      2.77 
Difference       60     -1.65     14.80      1.91 
 
95% CI for mean difference: (-5.48, 2.17) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = -0.86  P-Value = 0.391 



Last Point of 10 Minute Interval Data (Paired) 
 
Paired T-Test and CI: TCOM HAND-Placebo, TCOM HAND-Holofiber 
 
Paired T for TCOM HAND-Placebo - TCOM HAND-Holofiber 
 
                  N      Mean     St Dev   SE Mean 
TCOM HAND-Pl     20     15.15      8.08      1.81 
TCOM HAND-ho     20     17.17     10.17      2.28 
Difference       20     -2.02      6.60      1.48 
 
95% CI for mean difference: (-5.11, 1.07) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = -1.37  P-Value = 0.187 
 

 



Last Point of 10 Minute Interval Data (Paired) 
 
 
Paired T-Test and CI: TCOM FOOT-Placebo, TCOM FOOT-Holofiber 
 
Paired T for TCOM FOOT-Placebo - TCOM FOOT-Holofiber 
 
                  N      Mean     S Dev   SE Mean 
TCOM FOOT-pl     20     55.42     20.54      4.59 
TCOM FOOT-ho     20     59.48     21.65      4.84 
Difference       20     -4.05     11.61      2.60 
 
95% CI for mean difference: (-9.49, 1.38) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = -1.56  P-Value = 0.135 

 
Paired T-Test and CI: LASER HAND-Placebo, LASER HAND-Holofiber 
 
Paired T for LASER HAND-Placebo - LASER HAND-Holofiber 
 
                  N      Mean     St Dev   SE Mean 
LASER HAND-p     20     33.87     26.02      5.82 
LASER HAND-h     20     33.69     27.39      6.13 
Difference       20      0.18     15.89      3.55 
 
95% CI for mean difference: (-7.26, 7.62) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = 0.05  P-Value = 0.960 
 
Paired T-Test and CI: LASER FOOT-Placebo, LASER FOOT-Holofiber 
 
Paired T for LASER FOOT-Placebo - LASER FOOT-Holofiber 
 
                  N      Mean     St Dev   SE Mean 
LASER FOOT-p     20     52.52     22.57      5.05 
LASER FOOT-h     20     54.97     27.41      6.13 
Difference       20     -2.45     24.05      5.38 
 
95% CI for mean difference: (-13.70, 8.80) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = -0.46  P-Value = 0.654 

 
 



1st Half to 2nd Half of Test 
 
 
Paired T-Test and CI: 1 Holofiber-TCOM Hand, 2 Holofiber-TCOM Hand 
 
Paired T for 1 Holofiber-TCOM Hand - 2 Holofiber-TCOM Hand 
 
                    N      Mean     St Dev   SE Mean 
1 Holofiber-TCOM      60     17.45     11.29      1.46 
2 Holofiber-TCOM      60     17.19      9.75      1.26 
Difference          60     0.256     4.321     0.558 
 
95% CI for mean difference: (-0.860, 1.372) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = 0.46  P-Value = 0.648 
 

 



1st Half to 2nd Half of Test 
 
Paired T-Test and CI: 1 Holofiber-TCOM Foot, 2 Holofiber-TCOM Foot 
 
Paired T for 1 Holofiber-TCOM Foot - 2 Holofiber-TCOM Foot 
 
                      N      Mean     St Dev   SE Mean 
1 Holofiber-TCOM      60     54.14     18.55      2.39 
2 Holofiber-TCOM      60     58.57     21.29      2.75 
Difference         60     -4.43      9.14      1.18 
 
95% CI for mean difference: (-6.79, -2.07) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = -3.76  P-Value = 0.000 

 
 



1st Half to 2nd Half of Test 
 
 

Paired T-Test and CI: 1 Placebo-TCOM Hand, 2 Placebo-TCOM Hand 
 
Paired T for 1 Placebo-TCOM Hand - 2 Placebo-TCOM Hand 
 
                  N      Mean     St Dev   SE Mean 
1 Placebo -TC     60     15.94      8.12      1.05 
2 Placebo -TC     60     14.62      7.08      0.91 
Difference        60     1.322     5.102     0.659 
 
95% CI for mean difference: (0.004, 2.640) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = 2.01  P-Value = 0.049 

 

 



1st Half to 2nd Half of Test 
 
Paired T-Test and CI: 1 Placebo-TCOM Foot, 2 Placebo-TCOM Foot 
 
Paired T for 1 Placebo-TCOM Foot - 2 Placebo-TCOM Foot 
 
                  N      Mean     St Dev   SE Mean 
1 Placebo-TC     60     50.26     20.85      2.69 
2 Placebo-TC     60     54.19     19.90      2.57 
Difference       60    -3.930     6.726     0.868 
 
95% CI for mean difference: (-5.668, -2.192) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = -4.53  P-Value = 0.000 

 
 
 
 
 



Last Two Points 10 Minute Interval Data (Paired) 
 
Paired T-Test and CI: Placebo-TCOM Hand, Holofiber-TCOM Hand 
 
Paired T for Placebo-TCOM Hand - Holofiber-TCOM Hand 
 
                     N      Mean     St Dev   SE Mean 
Placebo-TCOM        40     14.68      7.32      1.16 
Holofiber-TCOM Ha   40     17.49      9.91      1.57 
Difference        40     -2.82      6.67      1.05 
 
95% CI for mean difference: (-4.95, -0.68) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = -2.67  P-Value = 0.011 
 

 

 
 
 
 



Last Two Points 10 Minute Interval Data (Paired) 
 
Paired T-Test and CI: Placebo-TCOM Foot, Holofiber-TCOM Foot 
 
Paired T for Placebo-TCOM Foot - Holofiber-TCOM Foot 
 
                    N      Mean     St Dev   SE Mean 
Placebo-TCOM       40     54.76     19.92      3.15 
Holofiber-TCOM     40     59.10     21.02      3.32 
Difference         40     -4.33     12.85      2.03 
 
95% CI for mean difference: (-8.44, -0.22) 
T-Test of mean difference = 0 (vs. not = 0): T-Value = -2.13  P-Value = 0.039 

 
 
 
 



 
 

 

 

 

Limitations: This preliminary study provides some insight into the potential for 

Holofiber. This project should be considered as a pilot project to build on. Prior to 

beginning the project we had little scientific information about the effect that Holofiber 

might have on perfusion to the extremities. There is obviously a lot that we still do not 

understand about Holofiber and the best way to optimize its use. 

 

Patient selection: We enrolled diabetic males with an abnormal clinical vascular 

examination. Our results may have been better if we included patients with more severe 

vascular impairment. The subjects that may benefit the most may be diabetics with very 

severe disease, patients with Raynaud’s disease, or peripheral arterial occlusive disease. 



For instance, in the future we may want to include patients with baseline transcutaneous 

oxygen values less than 20 or 30 mm Hg. 

 

Duration of the evaluation: The study period for this project was one hour. This may 

not have been a long enough period to observe the greatest impact of the product. Several 

of the patients that have voiced strong subjective improvement related their symptoms 

did not change until they wore the garment for more than an hour.  

 

Wash out period: It is unclear if a “wash out” period was needed for subjects that were 

treated with the Holofiber and subsequently were treated with the placebo garments. This 

would suggest that there was a lasting effect of the Holofiber material. The current 

analysis did not indicate there was a trend to support this theory. 

 

Light Exposure: Since one of the theories regarding the mechanism of action of 

Holofiber involves infrared light, Holofiber may be more effective when the patient is 

exposed to natural light during the evaluation period. The current study was conducted in 

a room without any exposure to natural light. 

 

Recommendations: The pilot data is compelling.  I am very optimistic that we could 

pursue additional funding through the National Institute of Health. Probably the best bet 

would be to apply for a Technology Transfer Grant or through an award from the 

Alternative Medicine Institute of the NIH.  

 

Future research should focus on the target markets for this product.  In addition, we 

should identify the mechanism of action of Holofiber, if that is possible. Initially, I would 

build on the data from the current project and focus on vascular improvement and 

subjective improvement in persons with diabetes mellitus. My recommendations would 

be to expand the scope of the pilot study. We should expand the study population and 

evaluate specific “risk groups’ within the diabetic population that would benefit form the 

product such as dialysis patients. We need to evaluate patients after they wear Holofiber 

over the course of hours days or weeks. We should measure vascular parameters as well 



as subjective improvement in functional status, sleep habits, and perhaps even glucose 

control. A long term, multi-million dollar project would evaluate if Holofiber helps to 

prevent lower extremity complications such as ulceration, gangrene, and amputation in 

high-risk persons with diabetes. This type of outcome would be better than discovering 

penicillin. 

 

The athletic market probably has the most potential. There are a number of sports 

activities and levels of competition that we could evaluate. In general, we should focus on 

measuring improvement in performance in athletes that use Holofiber. I would 

additionally evaluate subject responses from athletes after using the product, but every 

shoe company has a celebrity spokesman that loves the product. I know it is a cliché from 

the 60’s, but if we can show that Holofiber helps you run faster and jump higher (like PF 

Flyers) you will not be able to keep it on the shelf.  

 

Performance outcomes are easy to measure. We can measure changes in speed, jumping, 

weight lifting, rowing, cycling or a number of other athletic endeavors. The easiest 

approach would be to conduct a classic randomized clinical trial and evaluate two groups 

of athletes that use Holofiber or placebo garments. We could evaluate military recruits, 

high school, college or professional athletes. Another approach would be to use subjects 

as their own control and measure pre versus post Holofiber athletic performance. We 

could relatively easily evaluate if exposure to the product in the course of a few hours, 

improves a specific athletic event like weight lifting or the time to run 2 miles.  

 

Funding for these types of projects will be harder to obtain. The NIH’s focus is on 

disease states. We would also need pilot data that supports the hypothesis of our athletic 

performance research in order to obtain advanced funding. 

 

Is there any evidence that Holofiber improves sleep patterns? This could be measured 

from subjective patient feedback using a pre – post evaluation of Holofiber pajamas and 

sheets. A more expensive approach would be to measure sleep patterns in a sleep lab. The 

laboratory approach will be more objective and more expensive. Objective data of 



enhanced REM sleep and other sleep parameters would attract significant attention to the 

product. 

 

There are a number of areas and questions that we could pursue. 

1. Does Holofiber improve in persons with diabetes? 

Does Holofiber improve blood flow in diabetics?  

Does Holofiber improve pain-free walking in diabetic with intermittent claudication? 

Does Holofiber improve wound healing in venous stasis ulcers, diabetic neuropathic 

ulcers, and ischemic ulcers? 

 

  

 

 



 

 

Transcutaneous 
measurement of 

the foot     
  mean  mean     

id no. Order of treatment values values Percentage change 
Change with 

Holofiber 

121 
placebo - 
Holofiber 14.48 27.39 89.07 increase 

119 
placebo - 
Holofiber 78.74 70.92 -9.93 decrease 

118 
placebo - 
Holofiber 20.3 43.9 116.3 increase 

116 
placebo - 
Holofiber 82.35 92.58 12.42 increase 

113 
placebo - 
Holofiber 45.76 52.44 14.61 increase 

112 
placebo - 
Holofiber 57.88 60.65 4.79 increase 

102 
placebo - 
Holofiber 54.65 50.82 -7 decrease 

104 
placebo - 
Holofiber 65.5 57.96 -11.52 decrease 

105 
placebo - 
Holofiber 68.51 106.61 55.61 increase 

109 
placebo - 
Holofiber 91.73 85.74 -6.53 decrease 

106 
placebo - 
Holofiber 35.79 23.17 -35.25 decrease 

107 
Holofiber - 

placebo 53.42 37.5 29.8 increase 

108 
Holofiber - 

placebo 55.63 53.63 3.59 no change 

101 
Holofiber - 

placebo 54.34 55.82 -2.72 no change 

110 
Holofiber - 

placebo 92.91 81.88 11.86 increase 

111 
Holofiber - 

placebo 57.53 48 16.58 increase 

114 
Holofiber - 

placebo 60.69 62.37 -2.77 no change 

115 
Holofiber - 

placebo 55.1 57.75 -4.81 decrease 

117 
Holofiber - 

placebo 44.28 40.93 7.56 increase 

120 
Holofiber - 

placebo 51.06 51.92 -1.69 no change 
 



 

 

Transcutaneous 
measurment of 

the hand     
  mean  mean     

id no. 
Order of 

treatment values values 
Percentage 

change 
Change with 

Holofiber 

121 
placebo - 
Holofiber 14.82 12.63 -14.81 decrease 

119 
placebo - 
Holofiber 21.19 31.45 48.4 increase 

118 
placebo - 
Holofiber 32.5 42.77 31.61 increase 

116 
placebo - 
Holofiber 5.91 5.98 1.23 no change 

113 
placebo - 
Holofiber 13.63 14.35 5.34 decrease 

112 
placebo - 
Holofiber 14.72 15.04 2.18 no change 

102 
placebo - 
Holofiber 9.51 13.33 40.22 increase 

104 
placebo - 
Holofiber 11.19 9.95 -11.08 decrease 

105 
placebo - 
Holofiber 7.28 9.31 27.91 increase 

109 
placebo - 
Holofiber 11.64 11.95 2.69 no change 

106 
placebo - 
Holofiber 5.57 7.86 41.18 increase 

107 
Holofiber - 

placebo 5.64 4.36 22.69 increase 

108 
Holofiber - 

placebo 16.18 14.6 9.73 increase 

101 
Holofiber - 

placebo 19.91 14.46 27.36 increase 

110 
Holofiber - 

placebo 9.56 9.64 -0.89 no change 

111 
Holofiber - 

placebo 32.73 17.34 47.02 increase 

114 
Holofiber - 

placebo 22.13 28.45 -28.53 decrease 

115 
Holofiber - 

placebo 14.58 29.75 -104.02 decrease 

117 
Holofiber - 

placebo 25.59 12.93 49.47 increase 

120 
Holofiber - 

placebo 25.81 27.42 -6.27 decrease 



 

 
Laser doppler of 

the hand     
  mean  mean     

id no. 
Order of 

treatment values values percentage change 
Change with 

Holofiber 

121 
placebo - 
Holofiber 33.81 43.19 27.74 increase 

119 
placebo - 
Holofiber 84.94 69.28 -18.44 decrease 

118 
placebo - 
Holofiber 46.02 46.49 1.03 no change 

116 
placebo - 
Holofiber 51.9 30.88 -40.51 decrease 

113 
placebo - 
Holofiber 20.18 14.83 -26.5 decrease 

112 
placebo - 
Holofiber 26.66 29.35 10.08 increase 

102 
placebo - 
Holofiber 34.82 46.63 33.93 increase 

104 
placebo - 
Holofiber 27.83 29.44 5.8 increase 

105 
placebo - 
Holofiber 18.17 13.44 -26.03 decrease 

109 
placebo - 
Holofiber 15.75 15.22 -3.33 no change 

106 
placebo - 
Holofiber 6.6 5.5 -16.6 increase 

107 
Holofiber - 

placebo 12.64 19.07 -50.93 decrease 

108 
Holofiber - 

placebo 12.96 18.07 -39.48 decrease 

101 
Holofiber - 

placebo 15.52 22.87 -47.4 decrease 

110 
Holofiber - 

placebo 11.47 17.05 -48.7 decrease 

111 
Holofiber - 

placebo 24.55 22.46 8.52 increase 

114 
Holofiber - 

placebo 105.44 104.88 0.53 no change 

115 
Holofiber - 

placebo 93.59 23.89 74.47 increase 

117 
Holofiber - 

placebo 62.58 75.88 -21.25 decrease 

120 
Holofiber - 

placebo 33.81 43.19 -27.74 decrease 
 



 

 
Laser doppler of the 

foot     
 
  mean  mean     

Id no.  
 

Order of treatment values values Percentage change 
Change with 

Holofiber 
 

121 placebo - Holofiber 47.9 60.84 27.01 increase 
 

119 placebo - Holofiber 84.28 75.54 -10.37 decrease 
 

118 placebo - Holofiber 53.29 62.79 17.84 increase 
 

116 placebo - Holofiber 2.71 5.57 105.29 increase 
 

113 placebo - Holofiber 63.47 64.87 2.2 no change 
 

112 placebo - Holofiber 63.47 64.87 2.2 no change 
 

102 placebo - Holofiber 50.23 140.23 179.18 increase 
 

104 placebo - Holofiber 65.84 63.16 -4.08 no change 
 

105 placebo - Holofiber 56.78 61.78 8.79 increase 
 

109 placebo - Holofiber 49.26 50.22 1.96 increase 
 

106 placebo - Holofiber 61.37 57.53 -6.25 decrease 
 

107 Holofiber - placebo 59.35 63.08 -6.27 decrease 
 

108 Holofiber - placebo 57.21 79.87 -39.61 decrease 
 

101 Holofiber - placebo 49.06 45.84 6.55 increase 
 

110 Holofiber - placebo 40.44 43.57 -7.73 decrease 
 

111 Holofiber - placebo 31.69 32.89 -3.81 no change 
 

114 Holofiber - placebo 59.05 62.31 -5.52 decrease 
 

115 Holofiber - placebo 58 59.67 -2.87 no change 
 

117 Holofiber - placebo 4.31 2.3 46.72 increase 
 

120 Holofiber - placebo 46.13 52.08 -12.89 decrease 
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Patient ID: 101 

Holofiber - 
placebo    

     

 BASELINE TCOM HAND 
LASER 
HAND TCOM FOOT LASER FOOT 

Mean value (Unit) 24.52 16.82 55.6 49.82 
Standard Deviation (Unit) 3.57 6.9 0.48 0.29 
Standard Error (Unit) 0.13 0.24 0.02 0.01 
Area under curve (Unit*sec.) 1228.34 842.67 2785.16 2495.65 
      
10 MINUTES HOLOFIBER       
Mean value (Unit) 19.89 13.29 54.6 44.08 
Standard Deviation (Unit) 3.24 3.48 1.36 0.34 
Standard Error (Unit) 0.11 0.12 0.05 0.01 
Area under curve (Unit*sec.) 994.9 664.9 2731.59 2205.26 
     
20M MINUTES 
HOLOFIBER     
Mean value (Unit) 17.93 12.42 53.86 44.25 
Standard Deviation (Unit) 7.33 1.97 1.22 0.87 
Standard Error (Unit) 0.26 0.07 0.04 0.03 
Area under curve (Unit*sec.) 899.19 622.89 2701.65 2219.58 
       
 30 MINUTES HOLOFIBER         
Mean value (Unit) 16.01 13.11 55.61 48.34 
Standard Deviation (Unit) 3.63 3.99 1.86 0.32 
Standard Error (Unit) 0.13 0.14 0.07 0.01 
Area under curve (Unit*sec.) 794.3 650.01 2758.62 2397.88 
     
40 MINUTYES HOLOFIBER     
Mean value (Unit) 20.84 12.41 50.05 46.7 
Standard Deviation (Unit) 4.55 1.68 1.05 0.21 
Standard Error (Unit) 0.16 0.06 0.04 0.01 
Area under curve (Unit*sec.) 1032.44 615.01 2479.3 2313.27 
     
50 MINUTES HOLOFIBER     
Mean value (Unit) 23.19 15.32 51.7 49.39 
Standard Deviation (Unit) 3.51 13.77 0.98 0.5 
Standard Error (Unit) 0.12 0.48 0.03 0.02 
Area under curve (Unit*sec.) 1157.26 764.74 2580.38 2464.88 
     

60 MINUTES HOLOFIBER TCOM HAND 
LASER 
HAND TCOM FOOT LASER FOOT 

Mean value (Unit) 18.76 12.15 54.42 46.87 
Standard Deviation (Unit) 4.06 1.84 1.52 0.48 
Standard Error (Unit) 0.14 0.06 0.05 0.02 
Area under curve (Unit*sec.) 948.83 614.15 2752.92 2371.13 
     
10 MINUTES PLACEBO     
Mean value (Unit) 17.96 16.39 48.23 48.87 
Standard Deviation (Unit) 6 4.72 1.01 0.43 
Standard Error (Unit) 0.22 0.17 0.04 0.02 
Area under curve (Unit*sec.) 876.49 800.13 2353.08 2384.35 
     
20 MINUTES PLACEBO     
Mean value (Unit) 16.23 14.01 50.2 43.88 



Standard Deviation (Unit) 2.58 1.66 1.43 0.55 
Standard Error (Unit) 0.09 0.06 0.05 0.02 
Area under curve (Unit*sec.) 821.9 709.8 2542.56 2222.42 
     
30 MINUTES PLACEBO     
Mean value (Unit) 17.15 14.56 56.02 46.79 
Standard Deviation (Unit) 2.84 2.43 2.03 0.52 
Standard Error (Unit) 0.1 0.09 0.07 0.02 
Area under curve (Unit*sec.) 859.03 729.36 2805.87 2343.65 
     
40 MINUTES PLACEBO     
Mean value (Unit) 16.14 13.25 52.87 45.3 
Standard Deviation (Unit) 3.11 2.62 0.59 0.69 
Standard Error (Unit) 0.11 0.09 0.02 0.02 
Area under curve (Unit*sec.) 809.73 664.6 2651.61 2272.11 
     
50 MINUTES PLACEBO     
Mean value (Unit) 15.44 14.36 60.51 58.32 
Standard Deviation (Unit) 4.63 2.19 0.95 1.29 
Standard Error (Unit) 0.17 0.08 0.03 0.05 
Area under curve (Unit*sec.) 775.33 721.12 3038.74 2928.89 
     
60 MINUTES PLACEBO     
Mean value (Unit) 16.08 22.06 55.53 48.87 
Standard Deviation (Unit) 7.18 15.94 1.14 2.56 
Standard Error (Unit) 0.26 0.57 0.04 0.09 
Area under curve (Unit*sec.) 803.07 1100.69 2771.29 2439.26 

 



 

Patient ID: 102 
placebo-
Holofiber    

     

BASELINE 
TCOM 
HAND 

LASER 
HAND 

TCOM 
FOOT 

LASER 
FOOT 

Mean value (Unit) 8.66 45.65 55.22 40.67 
Standard Deviation (Unit) 2.72 4.5 0.86 0.38 
Standard Error (Unit) 0.1 0.16 0.03 0.01 
Area under curve 
(Unit*sec.) 438.71 2312.2 2797.32 2059.9 
     
10 MINUTE PLACEBO     
Mean value (Unit) 10.27 40.1 5.75 37.56 
Standard Deviation (Unit) 3.28 6.94 0.96 0.44 
Standard Error (Unit) 0.08 0.17 0.02 0.01 
     
20 MINUTE PLACEBO     
Mean value (Unit) 10.15 36.71 22.45 40.96 
Standard Deviation (Unit) 2.82 6.14 0.62 0.26 
Standard Error (Unit) 0.1 0.22 0.02 0.01 
Area under curve 
(Unit*sec.) 501.22 1813.7 1109.29 2023.98 
     
30 MINUTE PLACEBO     
Mean value (Unit) 10.13 36.2 30.28 41.9 
Standard Deviation (Unit) 3.92 3.14 0.83 0.75 
Standard Error (Unit) 0.14 0.11 0.03 0.03 
Area under curve 
(Unit*sec.) 514.53 1837.85 1537.66 2127.42 
     
40 MINUTE PLACEBO     
Mean value (Unit) 11.57 34.57 33.95 47.01 
Standard Deviation (Unit) 2.78 3.53 0.35 0.2 
Standard Error (Unit) 0.1 0.12 0.01 0.01 
Area under curve 
(Unit*sec.) 593.38 1772.94 1740.97 2410.22 
     
50 MINUTE PLACEBO     
Mean value (Unit) 9.58 35.59 52.67 47.78 
Standard Deviation (Unit) 1.97 3.18 0.1 0.16 
Standard Error (Unit) 0.07 0.11 0 0.01 
Area under curve 
(Unit*sec.) 484.85 1800.54 2664.69 2417.03 
     
60 MINUTE PLACEBO     
Mean value (Unit) 8.99 33.82 55.02 50.6 
Standard Deviation (Unit) 2.11 6.96 0.4 0.45 
Standard Error (Unit) 0.07 0.24 0.01 0.02 
Area under curve 
(Unit*sec.) 455.18 1712.98 2787.02 2563.31 
     

10 MINUTE HOLOFIBER 
TCOM 
HAND 

LASER 
HAND 

TCOM 
FOOT 

LASER 
FOOT 

Mean value (Unit) 8.93 43.3 37.54 59.37 
Standard Deviation (Unit) 1.85 3.14 0.27 0.3 
Standard Error (Unit) 0.07 0.11 0.01 0.01 
Area under curve 
(Unit*sec.) 444.79 2155.53 1869.08 2955.84 
     



20 MINUTE HOLOFIBER     
Mean value (Unit) 9.53 41.92 38.65 57.8 
Standard Deviation (Unit) 1.77 2.95 0.13 0.16 
Standard Error (Unit) 0.06 0.1 0 0.01 
Area under curve 
(Unit*sec.) 477.24 2099.87 1936.15 2895.57 
     
30 MINUTE HOLOFIBER     
Mean value (Unit) 9.67 40.85 40.17 59.47 
Standard Deviation (Unit) 1.86 3.69 0.34 0.96 
Standard Error (Unit) 0.07 0.13 0.01 0.03 
Area under curve 
(Unit*sec.) 474.01 2003.64 1969.91 2915.9 
     
40 MINUTES HOLOFIBER     
Mean value (Unit) 12.06 41.65 40.43 57.87 
Standard Deviation (Unit) 2.54 3.65 0.28 0.64 
Standard Error (Unit) 0.09 0.13 0.01 0.02 
Area under curve 
(Unit*sec.) 607.67 2099.4 2037.75 2916.84 
     
50 MINUTRE HOLOFIBER     
Mean value (Unit) 13.04 43.7 39.8 59.2 
Standard Deviation (Unit) 2.62 3.7 0.4 0.15 
Standard Error (Unit) 0.09 0.13 0.01 0.01 
Area under curve 
(Unit*sec.) 637.89 2137.86 1946.79 2895.96 
     
60 MINUTES HOLOFIBER     
Mean value (Unit) 13.61 46.5 50.5 140.59 
Standard Deviation (Unit) 3.61 5.91 1.13 2.51 
Standard Error (Unit) 0.11 0.17 0.03 0.07 
Area under curve 
(Unit*sec.) 978.71 3343.47 3630.78 10108.81 

 



 

Patient ID:104 
placebo - 
Holofiber    

     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 9.59 27.27 58.95 74.86 
Standard Deviation (Unit) 4.17 5.27 0.52 0.61 
Standard Error (Unit) 0.15 0.19 0.02 0.02 
Area under curve (Unit*sec.) 467.46 1330.34 2876.43 3652.55 
     
10 MIN PLACEBO     
Mean value (Unit) 22.31 43.44 65.31 68.88 
Standard Deviation (Unit) 10.72 6.89 0.5 0.16 
Standard Error (Unit) 0.39 0.25 0.02 0.01 
Area under curve (Unit*sec.) 1057.09 2057.66 3093.45 3262.85 
     
20 MIN PLACEBO     
Mean value (Unit) 19.91 26.3 63.01 64.9 
Standard Deviation (Unit) 11.08 7.04 0.65 0.24 
Standard Error (Unit) 0.28 0.18 0.02 0.01 
Area under curve (Unit*sec.) 1876.28 2478.22 5938.24 6116.34 
     
30 MIN PLACEBO     
Mean value (Unit) 13.19 28.63 67.04 65 
Standard Deviation (Unit) 5.24 5.72 1.51 0.98 
Standard Error (Unit) 0.14 0.15 0.04 0.03 
Area under curve (Unit*sec.) 1147.35 2489.99 5831.53 5654.23 
     
40 MIN PLACEBO     
Mean value (Unit) 11.83 29.71 64.06 63.89 
Standard Deviation (Unit) 2.87 17.62 1.09 0.84 
Standard Error (Unit) 0.07 0.44 0.03 0.02 
Area under curve (Unit*sec.) 1200.52 3015.51 6502.62 6485.27 
     
50 MIN PLACEBO     
Mean value (Unit) 12.13 28.64 66.07 66.32 
Standard Deviation (Unit) 6.49 5.6 1.09 0.86 
Standard Error (Unit) 0.16 0.14 0.03 0.02 
Area under curve (Unit*sec.) 1231.21 2907.27 6706.28 6731.59 
     
60 MIN PLACEBO     
Mean value (Unit) 11.52 27.4 63.88 63.7 
Standard Deviation (Unit) 3.33 4.68 0.7 1.02 
Standard Error (Unit) 0.12 0.17 0.02 0.04 
Area under curve (Unit*sec.) 563.45 1339.87 3124.95 3116.03 
     
10 MIN HOLOFIBER     
Mean value (Unit) 13.06 29.95 59.11 64.74 
Standard Deviation (Unit) 6.26 5.17 0.51 2.42 
Standard Error (Unit) 0.23 0.19 0.02 0.09 
Area under curve (Unit*sec.) 619.53 1420.55 2803.78 3070.87 
     
20 MIN HOLOFIBER     
Mean value (Unit) 13.21 28.82 55.27 59.2 
Standard Deviation (Unit) 4.51 4.23 0.52 0.59 
Standard Error (Unit) 0.16 0.15 0.02 0.02 
Area under curve (Unit*sec.) 661.85 1444.08 2768.75 2965.68 



     
30 MIN HOLOFIBER     
Mean value (Unit) 13.79 26.41 55.19 61.7 
Standard Deviation (Unit) 9.57 6.77 1.25 0.46 
Standard Error (Unit) 0.33 0.24 0.04 0.02 
Area under curve (Unit*sec.) 699.18 1338.76 2798.95 3129.3 
     
40 MIN HOLOFIBER     
Mean value (Unit) 9.03 33.09 63.95 68.85 
Standard Deviation (Unit) 2.84 8.03 0.37 0.38 
Standard Error (Unit) 0.1 0.28 0.01 0.01 
Area under curve (Unit*sec.) 448.06 1642.01 3172.03 3414.72 
     
50 MIN HOLOFIBER     
Mean value (Unit) 14.5 31.61 61.32 67.89 
Standard Deviation (Unit) 26.64 5.31 0.79 0.52 
Standard Error (Unit) 0.94 0.19 0.03 0.02 
Area under curve (Unit*sec.) 717.52 1563.87 3034.01 3359.13 
     
60 MIN HOLOFIBER     
Mean value (Unit) 8.52 31.54 56.9 64.22 
Standard Deviation (Unit) 2.5 5.65 1.04 0.69 
Standard Error (Unit) 0.09 0.2 0.04 0.02 
Area under curve (Unit*sec.) 427.27 1581.51 2853.88 3221.07 

 



 
Patient ID:105 placebo - Holofiber    
     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 6.83 12.06 76.89 57.94 
Standard Deviation (Unit) 0.58 1.88 0.27 0.18 
Standard Error (Unit) 0.02 0.07 0.01 0.01 
Area under curve (Unit*sec.) 349.89 617.69 3937.57 2967.1 
     
10 MIN PLACEBO     
Mean value (Unit) 8.72 17.24 67.06 52.94 
Standard Deviation (Unit) 2.44 1.29 0.17 0.13 
Standard Error (Unit) 0.08 0.04 0.01 0 
Area under curve (Unit*sec.) 447.72 884.73 3442.6 2717.89 
     
20 MIN PLACEBO     
Mean value (Unit) 7.63 12.91 69.95 53.39 
Standard Deviation (Unit) 0.99 8.66 0.27 0.42 
Standard Error (Unit) 0.03 0.3 0.01 0.01 
Area under curve (Unit*sec.) 386.29 654.39 3543.14 2704.38 
Slope (Unit/sec.) 0.01 -0.11 -0.01 0 
     
30 MIN PLACEBO     
Mean value (Unit) 7.22 9.8 74.77 62.03 
Standard Deviation (Unit) 0.61 1.66 0.18 0.43 
Standard Error (Unit) 0.02 0.06 0.01 0.01 
Area under curve (Unit*sec.) 369.02 500.96 3824.49 3172.94 
     
40 MIN PLACEBO     
Mean value (Unit) 7.32 9.89 72.97 60.38 
Standard Deviation (Unit) 0.78 1.41 0.43 0.4 
Standard Error (Unit) 0.03 0.05 0.01 0.01 
Area under curve (Unit*sec.) 374.1 505.5 3727.86 3084.74 
     
50 MIN PLACEBO     
Mean value (Unit) 7.28 11.94 68.44 57.22 
Standard Deviation (Unit) 0.39 1.7 0.35 0.62 
Standard Error (Unit) 0.01 0.06 0.01 0.02 
Area under curve (Unit*sec.) 372.44 610.92 3500.89 2926.78 
     
60 MIN PLACEBO     
Mean value (Unit) 7.33 12.98 68.36 57.73 
Standard Deviation (Unit) 0.4 1.86 0.21 0.34 
Standard Error (Unit) 0.01 0.07 0.01 0.01 
Maximum value (Unit) 8.24 18.49 68.79 58.47 
Area under curve (Unit*sec.) 360.89 638.56 3364.02 2840.72 
     
10 MIN HOLOFIBER TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 8.39 12.97 67.4 64.54 
Standard Deviation (Unit) 0.96 1.22 0.33 0.25 
Standard Error (Unit) 0.03 0.04 0.01 0.01 
Area under curve (Unit*sec.) 427.72 660.83 3434.87 3289.18 
     
20 MIN HOL0     
Mean value (Unit) 8.21 15.47 68.53 63.36 
Standard Deviation (Unit) 0.59 2.04 0.09 0.09 



Standard Error (Unit) 0.02 0.07 0 0 
Area under curve (Unit*sec.) 414.41 780.64 3458.52 3197.45 
     
30 MIN HOLOFIBER     
Mean value (Unit) 8.09 13 69.57 61.65 
Standard Deviation (Unit) 0.86 1.28 0.09 0.24 
Standard Error (Unit) 0.03 0.04 0 0.01 
Area under curve (Unit*sec.) 412.29 662.46 3545.72 3141.67 
     
40 MIN HOLOFIBER     
Mean value (Unit) 7.94 10.71 100.73 63.74 
Standard Deviation (Unit) 0.53 1.04 0.11 0.29 
Standard Error (Unit) 0.02 0.04 0 0.01 
Minimum value (Unit) 6.68 8.36 100.53 63.05 
Area under curve (Unit*sec.) 406.62 548.54 5158.38 3264.19 
     
50 MIN HOLOFIBER     
Mean value (Unit) 12.99 14.31 105.67 62.23 
Standard Deviation (Unit) 10.5 3.56 0.46 0.27 
Standard Error (Unit) 0.36 0.12 0.02 0.01 
Area under curve (Unit*sec.) 667.91 735.84 5431.38 3198.7 
     
60 MIN HOLOFIBER     
Mean value (Unit) 8.95 10.29 107.61 60.69 
Standard Deviation (Unit) 2.4 1.61 0.11 0.18 
Standard Error (Unit) 0.08 0.06 0 0.01 
Area under curve (Unit*sec.) 456.04 524.2 5484.28 3092.83 

 



 
Patient ID: 106 placebo - Holofiber    
     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 4.97 12.13 44.65 55.53 
Standard Deviation (Unit) 2.5 7.93 0.5 0.17 
Standard Error (Unit) 0.09 0.28 0.02 0.01 
Area under curve (Unit*sec.) 250.45 610.53 2248 2795.7 
     
10 MIN PLACEBO     
Mean value (Unit) 6.72 11.8 33.25 55.67 
Standard Deviation (Unit) 5.08 13.08 1.14 0.46 
Standard Error (Unit) 0.18 0.46 0.04 0.02 
Area under curve (Unit*sec.) 339.01 595.11 1675.82 2806.24 
     
20 MIN PLACEBO     
Mean value (Unit) 6.56 18.81 33.39 56.16 
Standard Deviation (Unit) 3.11 17.69 0.58 0.5 
Standard Error (Unit) 0.11 0.62 0.02 0.02 
Area under curve (Unit*sec.) 333.41 955.97 1695.63 2851.61 
     
30 MIN PLACEBO     
Mean value (Unit) 6.58 15.75 31.28 55.92 
Standard Deviation (Unit) 2.5 17.71 0.51 0.57 
Standard Error (Unit) 0.09 0.62 0.02 0.02 
Area under curve (Unit*sec.) 334.68 801 1590.1 2843.11 
     
40 MIN PLACEBO     
Mean value (Unit) 5.61 9.79 40.6 57.55 
Standard Deviation (Unit) 1.19 6.29 1.02 0.32 
Standard Error (Unit) 0.04 0.22 0.04 0.01 
Area under curve (Unit*sec.) 286.31 499.27 2071.89 2936.59 
     
50 MIN PLACEBO     
Mean value (Unit) 5.56 11.51 37.27 60.23 
Standard Deviation (Unit) 2.11 3.21 0.74 0.5 
Standard Error (Unit) 0.07 0.11 0.03 0.02 
Area under curve (Unit*sec.) 281.46 581.88 1885.38 3047.07 
     
60 MIN PLACEBO     
Mean value (Unit) 5.74 11.77 35.16 61.53 
Standard Deviation (Unit) 2.03 12.41 0.46 0.57 
Standard Error (Unit) 0.07 0.41 0.02 0.02 
Area under curve (Unit*sec.) 324.7 665.94 1988.04 3478.76 
     
10 MIN HOLOFIBER     
Mean value (Unit) 6.72 16.89 22.6 59.07 
Standard Deviation (Unit) 2.81 11.83 0.06 0.32 
Standard Error (Unit) 0.1 0.41 0 0.01 
Area under curve (Unit*sec.) 342.8 862.07 1153.21 3014.17 
     
20 MIN HOLOFIBER     
Mean value (Unit) 8.77 16.54 24.39 60.86 
Standard Deviation (Unit) 2.97 7.36 0.22 0.21 
Standard Error (Unit) 0.1 0.26 0.01 0.01 
Minimum value (Unit) 3.97 6.84 24.11 60.55 



Area under curve (Unit*sec.) 444.86 839.7 1238.67 3090.46 
     
30 MIN HOLOFIBER     
Item 1 PU #1 2 PU #2 3 pO2 #3 4 pO2 #4 
Mean value (Unit) 3.38 12.52 23.67 60.29 
Standard Deviation (Unit) 1.68 5.84 0.06 0.42 
Standard Error (Unit) 0.06 0.21 0 0.01 
Area under curve (Unit*sec.) 167.23 618.67 1169.58 2979.33 
     
40 MIN HOLOFIBER     
Mean value (Unit) 5.66 20.19 24.11 61.86 
Standard Deviation (Unit) 5.75 11.57 0.1 0.58 
Standard Error (Unit) 0.2 0.41 0 0.02 
Area under curve (Unit*sec.) 283.09 1011.32 1209.52 3102.92 
     
50 MIN HOLOFIBER     
Item 1 PU #1 2 PU #2 3 pO2 #3 4 pO2 #4 
Mean value (Unit) 5.75 14.06 23.58 58.75 
Standard Deviation (Unit) 3.19 9.45 0.19 0.43 
Standard Error (Unit) 0.11 0.33 0.01 0.02 
Area under curve (Unit*sec.) 286.12 700.39 1174.03 2925.03 
     
60 MIN HOLOFIBER     
Mean value (Unit) 5.89 7.45 23.33 57.99 
Standard Deviation (Unit) 2.92 2.55 0.15 0.13 
Standard Error (Unit) 0.1 0.09 0.01 0 
Area under curve (Unit*sec.) 284.39 359.42 1125.44 2797.23 

 



 
Patient ID:107 Holofiber - placebo    
     
BASELINE     
Item TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 3.52 6.05 80.02 63.82 
Standard Deviation (Unit) 0.37 0.32 0.35 2.4 
Standard Error (Unit) 0.01 0.01 0.01 0.09 
Area under curve (Unit*sec.) 170.78 293.47 3879.61 3094.13 
     
10 MIN HOLOFIBER     
Mean value (Unit) 4.04 6.07 60.06 52.45 
Standard Deviation (Unit) 0.06 0.46 0.1 0.16 
Standard Error (Unit) 0 0.02 0 0.01 
Area under curve (Unit*sec.) 190.98 286.62 2837.57 2477.93 
     
20 MIN HOLOFIBER     
Mean value (Unit) 4.31 6.69 61.73 57.14 
Standard Deviation (Unit) 0.19 1.03 0.18 0.17 
Standard Error (Unit) 0.01 0.04 0.01 0.01 
Area under curve (Unit*sec.) 216.08 335.6 3096.23 2865.82 
     
30 MIN HOLOFIBER     
Mean value (Unit) 4.51 5.9 57.26 55.5 
Standard Deviation (Unit) 0.15 0.8 0.1 0.22 
Standard Error (Unit) 0.01 0.03 0 0.01 
Area under curve (Unit*sec.) 227.14 297.47 2886.1 2797.45 
     
40 MIN HOLOFIBER     
Mean value (Unit) 4.54 5.84 58.9 55.27 
Standard Deviation (Unit) 0.27 1.35 0.11 0.09 
Standard Error (Unit) 0.01 0.05 0 0 
Area under curve (Unit*sec.) 227.57 292.61 2950.67 2768.95 
     
50 MIN HOLOFIBER     
Mean value (Unit) 4.41 4.82 56.98 54.73 
Standard Deviation (Unit) 0.15 0.23 0.15 0.2 
Standard Error (Unit) 0.01 0.01 0.01 0.01 
Minimum value (Unit) 4.27 4.52 56.58 54.32 
Area under curve (Unit*sec.) 221.8 242.44 2864.96 2752.06 
     
60 MIN HOLOFIBER     
Mean value (Unit) 4.59 6.18 48.35 60.3 
Standard Deviation (Unit) 0.37 0.87 0.36 0.31 
Standard Error (Unit) 0.01 0.03 0.01 0.01 

Area under curve (Unit*sec.) 228.04 306.87 2401.39 2994.84 

     
10 MIN PLACEBO     
Mean value (Unit) 4.55 6.92 37.97 62.03 
Standard Deviation (Unit) 0.31 4.71 0.23 2.04 
Standard Error (Unit) 0.01 0.17 0.01 0.07 
Area under curve (Unit*sec.) 227.99 347.09 1904.27 3111.28 
     
20 MIN PLACEBO     
Mean value (Unit) 4.53 5.56 36.89 65.09 



Standard Deviation (Unit) 0.52 0.2 0.45 1.24 
Standard Error (Unit) 0.02 0.01 0.02 0.04 
Area under curve (Unit*sec.) 226.19 277.55 1841.35 3248.56 
     
30 MIN PLACEBO     
Mean value (Unit) 5.01 4.89 38.65 64.81 
Standard Deviation (Unit) 1.49 0.32 0.4 1.65 
Standard Error (Unit) 0.05 0.01 0.01 0.06 
Area under curve (Unit*sec.) 250.25 244.58 1931.42 3238.84 
     
40 MIN PLACEBO     
Mean value (Unit) 4.54 5.83 37.83 62.23 
Standard Deviation (Unit) 0.5 0.93 0.04 0.36 
Standard Error (Unit) 0.02 0.03 0 0.01 
Area under curve (Unit*sec.) 228.01 292.78 1899.64 3125.22 
     
50 MIN PLACEBO     
Mean value (Unit) 4.57 7.16 37.71 62.6 
Standard Deviation (Unit) 0.32 2.74 0.07 1.08 
Standard Error (Unit) 0.01 0.1 0 0.04 
Area under curve (Unit*sec.) 226.17 354.81 1868.13 3100.91 
     
60 MIN PLACEBO     
Mean value (Unit) 4.51 5.44 37.1 63.37 
Standard Deviation (Unit) 0.34 0.28 0.15 0.77 
Standard Error (Unit) 0.01 0.01 0.01 0.03 
Area under curve (Unit*sec.) 226.15 272.75 1860.74 3178.5 

 



 
Patient ID:108 Holofiber - placebo    
     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 10.99 12.62 64.67 65.36 
Standard Deviation (Unit) 1.58 8.11 0.54 0.33 
Standard Error (Unit) 0.06 0.28 0.02 0.01 
Area under curve (Unit*sec.) 557.28 640.06 3279.66 3315.06 
Duration (sec.) 50.78 50.78 50.78 50.78 
     
10 min HOLOFIBER    
Mean value (Unit) 19.38 14.83 51.17 51.83 
Standard Deviation (Unit) 2.02 6.5 0.93 1.97 
Standard Error (Unit) 0.07 0.23 0.03 0.07 

Area under curve (Unit*sec.) 976.89 747.25 2579.49 2612.72 
     
20 MIN HOLOFIBER    
Mean value (Unit) 17.08 11.45 49.79 50.6 
Standard Deviation (Unit) 1.6 1.84 0.26 0.28 
Standard Error (Unit) 0.06 0.06 0.01 0.01 
Area under curve (Unit*sec.) 860.7 577.1 2509.51 2550.36 
     
30 MIN HOLOFIBER    
Mean value (Unit) 16.32 12.18 49.5 48.66 
Standard Deviation (Unit) 1.83 4.92 0.18 0.29 
Standard Error (Unit) 0.06 0.17 0.01 0.01 
Area under curve (Unit*sec.) 829.66 618.74 2516.66 2473.87 
     
40 MIN HOLOFIBER    
Mean value (Unit) 17.07 12.71 53.03 50.48 
Standard Deviation (Unit) 1.82 7.25 0.75 0.65 
Standard Error (Unit) 0.05 0.21 0.02 0.02 
Area under curve (Unit*sec.) 1212.43 902.93 3767.74 3586.89 
     
50 MIN HOLOFIBER 6    
Mean value (Unit) 16.77 19.04 52.31 51.16 
Standard Deviation (Unit) 2.71 10.84 0.35 0.5 
Standard Error (Unit) 0.09 0.38 0.01 0.02 
Area under curve (Unit*sec.) 854.54 970.53 2665.87 2607.19 
     
60 MIN HOLOFIBER    
Mean value (Unit) 15.99 12.58 55.56 57.65 
Standard Deviation (Unit) 1.62 1.9 0.33 0.22 
Standard Error (Unit) 0.06 0.07 0.01 0.01 
Area under curve (Unit*sec.) 809.26 636.3 2810.94 2916.88 
     
10 MIN PLACEBO    
Mean value (Unit) 12.9 14.1 52.2 164 
Standard Deviation (Unit) 1.9 3.18 0.28 7.88 
Standard Error (Unit) 0.07 0.11 0.01 0.28 
Area under curve (Unit*sec.) 644.7 704.93 2608.34 8197.44 
     
20 MIN PLACEBO    
Mean value (Unit) 13.6 16.22 51.1 43.19 
Standard Deviation (Unit) 4 7.43 0.36 0.47 
Standard Error (Unit) 0.14 0.26 0.01 0.02 



Area under curve (Unit*sec.) 674.31 804.35 2534.63 2142.27 
     
30 MIN PLACEBO    
Mean value (Unit) 13.69 14.34 51.85 44.83 
Standard Deviation (Unit) 2.96 4.03 0.12 0.22 
Standard Error (Unit) 0.1 0.14 0 0.01 
Area under curve (Unit*sec.) 684.38 716.98 2591.1 2240.1 
     
40 MIN PLACEBO    
Mean value (Unit) 12.48 15.28 51.48 44.11 
Standard Deviation (Unit) 1.86 5.77 0.36 0.51 
Standard Error (Unit) 0.07 0.2 0.01 0.02 
Area under curve (Unit*sec.) 622.25 761.74 2565.95 2198.53 
     
50 MIN PLACEBO    
Mean value (Unit) 13.56 16.21 52.09 41.92 
Standard Deviation (Unit) 3.79 5.05 0.15 0.26 
Standard Error (Unit) 0.13 0.18 0.01 0.01 
Area under curve (Unit*sec.) 681.12 814.34 2615.75 2105.18 
     
60 MIN PLACEBO    
Mean value (Unit) 13.9 15.36 54.05 107.15 
Standard Deviation (Unit) 2.87 5.2 0.23 8.2 
Standard Error (Unit) 0.1 0.18 0.01 0.29 
Area under curve (Unit*sec.) 692.65 765.29 2692.18 5337.14 

 



 

Patient ID:109 
placebo - 
Holofiber    

     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 12.37 17.97 69.93 22.66 
Standard Deviation (Unit) 1.33 3.93 0.33 1.09 
Standard Error (Unit) 0.05 0.14 0.01 0.04 
Area under curve (Unit*sec.) 627.48 910.86 3546.44 1149.41 
     
10 MIN PLACEBO    
Mean value (Unit) 10.94 16.36 80.45 39.43 
Standard Deviation (Unit) 1.31 4.65 0.42 0.43 
Standard Error (Unit) 0.05 0.16 0.02 0.02 
Area under curve (Unit*sec.) 542.22 810.41 3985.22 1953.28 
Slope (Unit/sec.) 0.02 0.01 -0.01 0.02 
     
20 MIN PLACEBO 3    
Mean value (Unit) 11.01 18.53 78.56 39.61 
Standard Deviation (Unit) 1.2 2.43 0.51 0.74 
Standard Error (Unit) 0.04 0.09 0.02 0.03 
Area under curve (Unit*sec.) 543.17 914.79 3877.33 1954.83 
     
30 MIN PLACEBO    
Mean value (Unit) 11.41 20.12 78.08 39.34 
Standard Deviation (Unit) 1.05 2.77 0.56 0.67 
Standard Error (Unit) 0.04 0.1 0.02 0.02 
Area under curve (Unit*sec.) 559.43 986.78 3829.11 1929.46 
     
40 MIN PLACEBO    
Mean value (Unit) 11.25 18.91 86.07 45.31 
Standard Deviation (Unit) 1.01 3.88 0.46 0.39 
Standard Error (Unit) 0.03 0.1 0.01 0.01 
Area under curve (Unit*sec.) 980.23 1648.17 7501.65 3949.1 
     
50 MIN PLACEBO    
Mean value (Unit) 11.31 16.76 90.1 48.17 
Standard Deviation (Unit) 1.19 2.06 1.21 0.53 
Standard Error (Unit) 0.03 0.06 0.03 0.01 
Area under curve (Unit*sec.) 923.86 1369.05 7361.88 3935.63 
     
60 MIN PLACEBO    
Mean value (Unit) 12.13 20.15 90.4 48.59 
Standard Deviation (Unit) 1.21 2.28 0.63 0.44 
Standard Error (Unit) 0.04 0.08 0.02 0.02 
Area under curve (Unit*sec.) 613.82 1019.33 4573.49 2458.45 
     
10 MIN HOLOFIBER    
Mean value (Unit) 11.92 14.63 80.47 40.44 
Standard Deviation (Unit) 1.42 1.9 2.72 1.24 
Standard Error (Unit) 0.05 0.07 0.1 0.04 
Area under curve (Unit*sec.) 599.46 735.61 4046.39 2033.34 
     
20 MIN HOLOFIBER    
Mean value (Unit) 11.88 13.37 72.12 38.02 
Standard Deviation (Unit) 0.95 2.01 0.58 0.57 
Standard Error (Unit) 0.03 0.07 0.02 0.02 



Area under curve (Unit*sec.) 602.5 677.87 3657.6 1928.26 

     
30 MIN HOLOFIBER    
Mean value (Unit) 11.77 16.7 76.19 42.17 
Standard Deviation (Unit) 1.27 2.06 0.99 1.12 
Standard Error (Unit) 0.04 0.07 0.03 0.04 
Area under curve (Unit*sec.) 592.39 841.03 3835.59 2122.75 
     
40 MIN HOLOFIBER    
Mean value (Unit) 12.15 11.44 83.75 47.17 
Standard Deviation (Unit) 1 0.92 0.68 0.64 
Standard Error (Unit) 0.04 0.03 0.02 0.02 
Area under curve (Unit*sec.) 609.21 573.86 4200.81 2365.71 
     
50 MIN HOLOFIBER    
Mean value (Unit) 12.43 18.18 76.08 44.63 
Standard Deviation (Unit) 1.38 1.67 0.36 0.25 
Standard Error (Unit) 0.05 0.06 0.01 0.01 
Area under curve (Unit*sec.) 614.44 898.5 3759.35 2205.23 
     
60 MIN HOLOFIBER    
Mean value (Unit) 11.87 13.32 88.75 53.17 
Standard Deviation (Unit) 1.91 1.82 1.58 0.67 
Standard Error (Unit) 0.07 0.06 0.06 0.02 
Area under curve (Unit*sec.) 592.94 665.79 4435.1 2657.24 



 

Patient ID:110 
Holofiber - 

placebo    
     

BASELINE TCOM HAND 
LASER 
HAND TCOM FOOT LASER FOOT 

Mean value (Unit) 6.29 12.12 64.93 52.82 
Standard Deviation (Unit) 0.57 1.56 0.77 0.24 
Standard Error (Unit) 0.02 0.05 0.03 0.01 
Maximum value (Unit) 7.48 15.66 66.35 53.28 
Minimum value (Unit) 5.13 8.06 63.78 52.55 
Area under curve (Unit*sec.) 321.5 619.35 3317.14 2698.66 
Slope (Unit/sec.) 0 0.03 -0.05 -0.02 
     
10 MIN HOLOFIBER     
Mean value (Unit) 8.38 14.3 90.03 43.66 
Standard Deviation (Unit) 0.7 2.06 0.25 0.12 
Standard Error (Unit) 0.02 0.07 0.01 0 
Area under curve (Unit*sec.) 428.97 732.38 4610.73 2235.98 
     
20 MIN HOLOFIBER     
Mean value (Unit) 8.69 14.92 100.01 43.02 
Standard Deviation (Unit) 0.98 2.13 0.31 0.12 
Standard Error (Unit) 0.03 0.07 0.01 0 
Area under curve (Unit*sec.) 440.17 755.67 5065.99 2178.95 
     
30 MIN HOLOFIBER     
Mean value (Unit) 9.12 15.77 84.96 41.59 
Standard Deviation (Unit) 0.59 2.17 0.6 0.13 
Standard Error (Unit) 0.02 0.08 0.02 0 
Area under curve (Unit*sec.) 466.04 805.7 4340.29 2124.97 
     
40 MIN HOLOFIBER     
Mean value (Unit) 9.36 15.97 89.88 40.61 
Standard Deviation (Unit) 0.71 2.96 0.81 0.12 
Standard Error (Unit) 0.02 0.1 0.03 0 
Area under curve (Unit*sec.) 471.94 805.31 4530.55 2047.06 
     
50 MIN HOLOFIBER     
Mean value (Unit) 9.33 15.41 89.14 40.4 
Standard Deviation (Unit) 0.72 2.58 0.83 0.17 
Standard Error (Unit) 0.02 0.09 0.03 0.01 
Area under curve (Unit*sec.) 475.87 786.19 4548.24 2061.61 
     
60 MIN HOLOFIBER     
Mean value (Unit) 9.45 14.8 92.8 40.26 
Standard Deviation (Unit) 0.53 2.42 0.26 0.03 
Standard Error (Unit) 0.02 0.09 0.01 0 
Area under curve (Unit*sec.) 455.86 713.73 4476.48 1942.11 
     
10 MIN PLACEBO     
Mean value (Unit) 8.16 15.96 78.26 48.44 
Standard Deviation (Unit) 0.72 2.4 1.72 0.74 
Standard Error (Unit) 0.03 0.08 0.06 0.03 
Area under curve (Unit*sec.) 414.14 810.73 3974.03 2459.69 
     
20 MIN PLACEBO     



Mean value (Unit) 8.49 17.29 83.83 47.58 
Standard Deviation (Unit) 0.85 2.65 2.09 0.88 
Standard Error (Unit) 0.03 0.09 0.07 0.03 
Area under curve (Unit*sec.) 430.46 877.06 4251.55 2412.81 
     
30 MIN PLACEBO     
Mean value (Unit) 8.56 18.64 83.54 46.22 
Standard Deviation (Unit) 0.97 3.92 0.28 0.14 
Standard Error (Unit) 0.03 0.14 0.01 0.01 
Area under curve (Unit*sec.) 431.51 939.79 4211.12 2329.88 
     
40 MIN PLACEBO     
Mean value (Unit) 8.96 17.94 79.84 42.63 
Standard Deviation (Unit) 0.95 2.99 0.65 0.28 
Standard Error (Unit) 0.03 0.1 0.02 0.01 
Area under curve (Unit*sec.) 456.31 913.03 4064.21 2169.69 
     
50 MIN PLACEBO     
Mean value (Unit) 9.16 20.65 83.29 44.54 
Standard Deviation (Unit) 1.04 4.5 0.5 0.08 
Standard Error (Unit) 0.04 0.16 0.02 0 
Area under curve (Unit*sec.) 465.88 1050.09 4234.54 2264.57 
     
60 MIN PLACEBO     
Mean value (Unit) 9.99 22.16 91.47 48.61 
Standard Deviation (Unit) 1.57 6.96 1.86 1.09 
Standard Error (Unit) 0.04 0.18 0.05 0.03 
Area under curve (Unit*sec.) 897.12 1989.09 8211.3 4363.73 

 



 
Patient ID:111 Holofiber - placebo    
     

BASELINE TCOM HAND LASER HAND 
TCOM 
FOOT LASER FOOT 

Mean value (Unit) 33.49 8.71 57.58 68.57 
Standard Deviation (Unit) 6.41 2.61 1.93 3.38 
Standard Error (Unit) 0.09 0.04 0.03 0.05 
Maximum value (Unit) 71.81 42.51 61.22 77.76 
Minimum value (Unit) 17.27 5.07 54.87 63.23 
Area under curve 
(Unit*sec.) 10328.53 2684.65 17756.92 21146.53 
Slope (Unit/sec.) 0.01 0.01 0.02 0.03 
     
10 MIN HOLOFIBER     
Mean value (Unit) 25.68 10.68 61.46 28.98 
Standard Deviation (Unit) 3.14 2.6 1.09 0.41 
Standard Error (Unit) 0.06 0.05 0.02 0.01 
Area under curve 
(Unit*sec.) 4869.38 2025.36 11652.76 5495.14 
     
20 MIN HOLOFIBER     
Mean value (Unit) 30.11 10.61 59.18 28.57 
Standard Deviation (Unit) 4.43 2.14 2.06 1.44 
Standard Error (Unit) 0.09 0.04 0.04 0.03 
Area under curve 
(Unit*sec.) 5050.32 1780.16 9925.2 4791.03 
     
30 MIN HOLOFIBER     
Mean value (Unit) 28.25 9.94 58.3 29.19 
Standard Deviation (Unit) 4.34 1.65 2.66 2.33 
Standard Error (Unit) 0.08 0.03 0.05 0.04 
Area under curve 
(Unit*sec.) 4738.63 1666.57 9777.08 4895.74 
     
40 MIN HOLOFIBER     
Mean value (Unit) 26.16 11.55 61.93 33.59 
Standard Deviation (Unit) 2.94 2.21 2.88 2.44 
Standard Error (Unit) 0.06 0.04 0.06 0.05 
Area under curve 
(Unit*sec.) 4195.76 1853.45 9934.88 5389.17 
     
50 MIN HOLOFIBER     
Mean value (Unit) 31.71 12.47 60.23 32.63 
Standard Deviation (Unit) 2.81 2.27 0.92 0.75 
Standard Error (Unit) 0.06 0.05 0.02 0.02 
Area under curve 
(Unit*sec.) 4855.39 1909.35 9221.95 4997.09 
     
60 MIN HOLOFIBER     
Mean value (Unit) 32.53 12.07 57.38 31.65 
Standard Deviation (Unit) 3.11 2.27 0.52 0.71 
Standard Error (Unit) 0.07 0.05 0.01 0.02 
Area under curve 
(Unit*sec.) 4271.81 1585.26 7534.79 4155.52 
     
10 MIN PLACEBO     
Mean value (Unit) 13.34 22 50.03 31.34 
Standard Deviation (Unit) 2.72 4.44 0.91 0.78 



Standard Error (Unit) 0.05 0.08 0.02 0.01 
Area under curve 
(Unit*sec.) 2629.01 4337.03 9861.82 6176.8 
     
20 MIN PLACEBO     
Mean value (Unit) 15.35 18.41 50.46 31.39 
Standard Deviation (Unit) 4.78 3 0.62 0.64 
Standard Error (Unit) 0.09 0.06 0.01 0.01 
Area under curve 
(Unit*sec.) 2689.27 3225.25 8840.61 5499.54 
     
30 MIN PLACEBO     
Mean value (Unit) 14.99 15.01 51.53 32.62 
Standard Deviation (Unit) 1.89 2.93 0.71 0.7 
Standard Error (Unit) 0.03 0.05 0.01 0.01 
Area under curve 
(Unit*sec.) 2954.92 2958.87 10157.22 6430.27 
     
40 MIN PLACEBO     
Mean value (Unit) 17.76 11.82 51.37 32.11 
Standard Deviation (Unit) 5.01 2.05 0.69 0.68 
Standard Error (Unit) 0.09 0.04 0.01 0.01 
Area under curve 
(Unit*sec.) 3241.05 2157.53 9375.34 5860.34 
     
50 MIN PLACEBO     
Mean value (Unit) 16.83 16.81 51.45 33.53 
Standard Deviation (Unit) 1.75 4.54 1.03 0.7 
Standard Error (Unit) 0.03 0.08 0.02 0.01 
Area under curve 
(Unit*sec.) 3808.88 3805.03 11644.76 7589.4 
     
60 MIN PLACEBO 17.34 16.89 47.43 32.54 
Standard Deviation (Unit) 1.34 2.78 0.91 0.58 
Standard Error (Unit) 0.02 0.05 0.02 0.01 
Area under curve 
(Unit*sec.) 3545.38 3452.11 9695.11 6652.54 

 



 
Patient ID: 112 placebo - Holofiber    
     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 16.01 40.53 57.54 61.8 
Standard Deviation (Unit) 2.99 13.56 0.35 0.51 
Standard Error (Unit) 0.11 0.48 0.01 0.02 
Area under curve (Unit*sec.) 795.15 2012.84 2857.73 3069 
Slope (Unit/sec.) 0.08 0.76 0.02 0.03 
     
10 MIN PLACEBO     
Mean value (Unit) 19.81 65.83 54.54 62.38 
Standard Deviation (Unit) 6.77 7.89 0.6 0.68 
Standard Error (Unit) 0.24 0.28 0.02 0.02 
Area under curve (Unit*sec.) 992.65 3298.75 2732.23 3125.17 
Slope (Unit/sec.) 0 -0.03 -0.04 -0.05 
     
20 MIN PLACEBO     
Mean value (Unit) 14.44 49.46 55.21 63.29 
Standard Deviation (Unit) 3.32 18.21 0.07 0.09 
Standard Error (Unit) 0.12 0.65 0 0 
Area under curve (Unit*sec.) 712.62 2441.15 2724.49 3123.51 
     
30 MIN PLACEBO     
Mean value (Unit) 11.53 39.22 57.25 64.08 
Standard Deviation (Unit) 0.75 6.95 0 0.04 
Standard Error (Unit) 0.03 0.24 0 0 
Area under curve (Unit*sec.) 577.31 1964.84 2868.05 3210.11 
     
40 MIN PLACEBO     
Mean value (Unit) 14.72 36.98 56.43 62.96 
Standard Deviation (Unit) 3.19 4.27 0.08 0.07 
Standard Error (Unit) 0.11 0.15 0 0 
Area under curve (Unit*sec.) 744.55 1871.41 2854.91 3185.09 
     
50 MIN PLACEBO     
Mean value (Unit) 13.29 16.18 56.11 62.44 
Standard Deviation (Unit) 2.71 9.12 0.15 0.2 
Standard Error (Unit) 0.1 0.32 0.01 0.01 
Area under curve (Unit*sec.) 670.14 815.61 2828.5 3147.15 
     
60 MIN PLACEBO     
Mean value (Unit) 14.82 24.93 57.97 62.27 
Standard Deviation (Unit) 4.36 2.89 0.61 0.14 
Standard Error (Unit) 0.15 0.1 0.02 0 
Area under curve (Unit*sec.) 750.88 1262.79 2936.45 3154.07 
     
10 MIN HOLOFIBER     
Mean value (Unit) 13.27 37.71 63 67.08 
Standard Deviation (Unit) 2.12 5.25 0.26 0.27 
Standard Error (Unit) 0.07 0.19 0.01 0.01 
Area under curve (Unit*sec.) 658.29 1870.75 3125.01 3327.29 
     
20 MIN HOLOFIBER     
Mean value (Unit) 15.16 29.61 59.56 64.89 
Standard Deviation (Unit) 3.71 7.88 0.04 0.13 



Standard Error (Unit) 0.13 0.28 0 0 
Area under curve (Unit*sec.) 759.79 1484.62 2983.51 3250.59 
     
30 MIN HOLOFIBER     
Mean value (Unit) 15.61 24.5 60.51 65 
Standard Deviation (Unit) 2.6 4.56 0.75 0.51 
Standard Error (Unit) 0.09 0.16 0.03 0.02 
Area under curve (Unit*sec.) 781.98 1227.67 3031.34 3256.38 
     
40 MIN HOLOFIBER     
Mean value (Unit) 13.91 28.46 60.96 65.65 
Standard Deviation (Unit) 3 5.51 0.19 0.19 
Standard Error (Unit) 0.11 0.19 0.01 0.01 
     
50 MIN HOLOFIBER     
Mean value (Unit) 17.37 27.45 63.52 67.55 
Standard Deviation (Unit) 6.72 4.78 1.02 0.72 
Standard Error (Unit) 0.24 0.17 0.04 0.03 
Area under curve (Unit*sec.) 871.64 1377.42 3186.25 3388.11 
     
60 MIN HOLOFIBER     
Mean value (Unit) 14.3 28.04 60.31 64.34 
Standard Deviation (Unit) 2.5 5.69 0.08 0.11 
Standard Error (Unit) 0.09 0.2 0 0 
Area under curve (Unit*sec.) 718.24 1408.51 3029.02 3231.07 

 



 
Patient ID: 113 placebo - Holofiber    
     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 11.73 37.11 44.18 53.16 
Standard Deviation (Unit) 0.6 14.89 0.26 0.23 
Standard Error (Unit) 0.02 0.6 0.01 0.01 
Area under curve 
(Unit*sec.) 443.53 1405.21 1670.88 2010.66 
     
10 MIN PLACEBO     
Mean value (Unit) 13.38 11.77 37.79 49.16 
Standard Deviation (Unit) 0.98 3.31 0.62 0.86 
Standard Error (Unit) 0.04 0.13 0.03 0.03 
     
     
20M MIN PLACEBO     
Mean value (Unit) 12.79 31.57 36.21 47.2 
Standard Deviation (Unit) 0.76 30.34 0.29 0.1 
Standard Error (Unit) 0.03 1.25 0.01 0 
Area under curve 
(Unit*sec.) 464.56 1147.38 1315.59 1714.9 
     
30 MIN PLACEBO     
Mean value (Unit) 13.68 10.83 42.7 49.34 
Standard Deviation (Unit) 1.25 4.02 0.09 0.16 
Standard Error (Unit) 0.05 0.16 0 0.01 
Area under curve 
(Unit*sec.) 522.46 413.97 1630.78 1884.25 
     
40 MIN PLACEBO     
Mean value (Unit) 13.56 23.89 41.05 46.79 
Standard Deviation (Unit) 0.94 32.39 0.4 0.5 
Standard Error (Unit) 0.04 1.31 0.02 0.02 
Area under curve 
(Unit*sec.) 514.29 907.18 1557.78 1775.61 
     
50 MIN PLACEBO     
Mean value (Unit) 13.11 11.39 44.02 47.54 
Standard Deviation (Unit) 0.66 8.92 0.34 0.22 
Standard Error (Unit) 0.03 0.36 0.01 0.01 
Area under curve 
(Unit*sec.) 502.26 436.37 1686.68 1821.62 
     
60 MIN PLACEBO     
Mean value (Unit) 13.22 26.59 45.05 49.64 
Standard Deviation (Unit) 1.47 17.24 0.15 0.21 
Standard Error (Unit) 0.06 0.7 0.01 0.01 
Area under curve 
(Unit*sec.) 502.46 1011.3 1712.09 1886.64 
     
10 MIN HOLOFIBER     
Mean value (Unit) 15.03 15.44 42.68 44.94 
Standard Deviation (Unit) 1.05 5.91 0.19 0.59 
Standard Error (Unit) 0.04 0.24 0.01 0.02 
Area under curve 
(Unit*sec.) 559.9 575.51 1590.17 1674.57 
     
20 MIN HOLOFIBER     



Mean value (Unit) 14.3 26.8 46.36 49.38 
Standard Deviation (Unit) 3.32 44.74 0.09 0.59 
Standard Error (Unit) 0.13 1.81 0 0.02 
Area under curve 
(Unit*sec.) 539.98 1010.99 1750.52 1864.47 
     
30 MIN HOLOFIBER     
Mean value (Unit) 14.98 17.83 49.69 60.29 
Standard Deviation (Unit) 1.81 7.41 1 0.66 
Standard Error (Unit) 0.07 0.3 0.04 0.03 
Area under curve 
(Unit*sec.) 565.73 673.1 1876.23 2276.41 
     
40 MIN HOLOFIBER     
Mean value (Unit) 14.24 13.77 53.91 59.06 
Standard Deviation (Unit) 1.67 13.84 0.14 2.54 
Standard Error (Unit) 0.07 0.56 0.01 0.1 
Area under curve 
(Unit*sec.) 536.5 519.01 2032.21 2226.07 
     
50 MIN HOLOFIBER     
Mean value (Unit) 15.09 19.44 55.61 61.52 
Standard Deviation (Unit) 2.35 14.84 0.29 0.18 
Standard Error (Unit) 0.1 0.6 0.01 0.01 
Area under curve 
(Unit*sec.) 570.79 735.48 2103.19 2326.66 
     
60 MIN HOLOFIBER     
Mean value (Unit) 14.49 12.54 52.19 52.64 
Standard Deviation (Unit) 1.29 3.37 0.44 0.6 
Standard Error (Unit) 0.05 0.14 0.02 0.02 
Area under curve 
(Unit*sec.) 551.5 476.94 1986.72 2003.69 

 



 

Patient ID: 114 
Holofiber - 

placebo    
     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 16.16 29.8 53.82 26.28 
Standard Deviation (Unit) 1.21 5.2 0.88 0.25 
Standard Error (Unit) 0.05 0.22 0.04 0.01 
Area under curve (Unit*sec.) 569.29 1049.13 1895.28 925.65 
     
10 MIN HOLOFIBER     
Mean value (Unit) 28.72 47.2 49.62 48.58 
Standard Deviation (Unit) 1.08 30.98 0.23 0.3 
Standard Error (Unit) 0.04 1.26 0.01 0.01 
Area under curve (Unit*sec.) 1066.78 1753.81 1842.96 1804.27 
     
20 MIN HOLOFIBER     
Mean value (Unit) 23.56 21.1 53.96 49.08 
Standard Deviation (Unit) 1.88 8.68 0.38 0.23 
Standard Error (Unit) 0.08 0.35 0.02 0.01 
Area under curve (Unit*sec.) 885.25 792.98 2027.29 1844.15 
     
30 MIN HOLOFIBER     
Mean value (Unit) 24.46 23.72 53.66 51.29 
Standard Deviation (Unit) 5.94 3.84 0.21 0.12 
Standard Error (Unit) 0.28 0.18 0.01 0.01 
Area under curve (Unit*sec.) 684.21 663.36 1500.47 1434.21 
     
40 MIN HOLOFIBER     
Mean value (Unit) 22.82 25.35 55.94 52.34 
Standard Deviation (Unit) 1.23 4.94 0.12 0.12 
Standard Error (Unit) 0.06 0.22 0.01 0.01 
Area under curve (Unit*sec.) 697.48 774.94 1709.74 1599.74 
     
50 MIN HOLOFIBER     
Mean value (Unit) 23.18 22.17 58.83 55.01 
Standard Deviation (Unit) 1.78 2.96 1.58 0.46 
Standard Error (Unit) 0.07 0.12 0.06 0.02 
Area under curve (Unit*sec.) 865.23 827.2 2195.65 2053.21 
     
60 MIN HOLOFIBER     
Mean value (Unit) 23.22 34.93 61.01 59.54 
Standard Deviation (Unit) 1.79 36.16 0.4 0.19 
Standard Error (Unit) 0.07 1.47 0.02 0.01 
Area under curve (Unit*sec.) 865.21 1302.78 2273.16 2218.5 
     
10 MIN PLACEBO     
Mean value (Unit) 25.53 18.31 57.44 61.32 
Standard Deviation (Unit) 2 2.59 0.56 0.69 
Standard Error (Unit) 0.08 0.11 0.02 0.03 
Area under curve (Unit*sec.) 925.79 664.25 2083.34 2223.99 
     
20 MIN PLACEBO     
Mean value (Unit) 23.72 23.8 58.36 63.01 
Standard Deviation (Unit) 1.47 3.55 0.06 0.13 
Standard Error (Unit) 0.06 0.15 0 0.01 
Area under curve (Unit*sec.) 776.45 778.68 1910.64 2062.73 



Slope (Unit/sec.) 0.04 0.04 0 0.01 
     
30M MIN PLACEBO     
Mean value (Unit) 23.61 22.49 59.07 61.56 
Standard Deviation (Unit) 1.49 4.2 0.41 0.16 
Standard Error (Unit) 0.06 0.18 0.02 0.01 
Area under curve (Unit*sec.) 834.35 794.72 2087.6 2175.4 
     
40 MIN PLACEBO     
Mean value (Unit) 27.04 22.16 64.38 65.88 
Standard Deviation (Unit) 2.05 3.85 0.67 0.18 
Standard Error (Unit) 0.08 0.16 0.03 0.01 
Area under curve (Unit*sec.) 1009.22 826.95 2402.88 2459.07 
     
50 MIN PLACEBO     
Mean value (Unit) 26.4 25.38 61.35 62.59 
Standard Deviation (Unit) 1.85 6.67 0.14 0.09 
Standard Error (Unit) 0.08 0.28 0.01 0 
Area under curve (Unit*sec.) 959.01 922.03 2228.99 2273.99 
     
60 MIN PLACEBO     
Mean value (Unit) 28 22.28 62.41 60.32 
Standard Deviation (Unit) 1.61 2.87 0.58 0.11 
Standard Error (Unit) 0.07 0.12 0.02 0 
Area under curve (Unit*sec.) 973.76 775.08 2170.64 2098.21 

 



 

Patient ID:115 
Holofiber - 

placebo    
     

BASELINE TCOM HAND LASER HAND 
TCOM 
FOOT LASER FOOT 

Mean value (Unit) 8.01 74 59.65 61.72 
Standard Deviation (Unit) 1.56 7.98 0.33 0.52 
Standard Error (Unit) 0.07 0.34 0.01 0.02 
Area under curve (Unit*sec.) 273.12 2523.81 2034.05 2104.71 
     
10 MIN HOLOFIBER     
Mean value (Unit) 8.98 97.65 50.25 52.22 
Standard Deviation (Unit) 1.26 7.4 0.17 0.13 
Standard Error (Unit) 0.04 0.26 0.01 0 
Area under curve (Unit*sec.) 457.48 4976.38 2560.96 2661.17 
     
20 MIN HOLOFIBER     
Mean value (Unit) 9.42 96.64 49.54 51.55 
Standard Deviation (Unit) 1.21 6.74 0.05 0.1 
Standard Error (Unit) 0.05 0.26 0 0 
Area under curve (Unit*sec.) 402.27 4128.6 2116.07 2202.22 
     
30 MIN HOLOFIBER     
Mean value (Unit) 13.03 103.33 49.93 51.77 
Standard Deviation (Unit) 12.79 7.62 0.19 0.16 
Standard Error (Unit) 0.41 0.25 0.01 0.01 
Area under curve (Unit*sec.) 774.99 6143.45 2968.93 3078.16 
     
40 MIN HOLOFIBER     
Mean value (Unit) 12.19 104.22 52.59 54.61 
Standard Deviation (Unit) 2.28 10.22 0.45 0.51 
Standard Error (Unit) 0.07 0.31 0.01 0.02 
Area under curve (Unit*sec.) 797.03 6816.43 3439.7 3571.91 
     
50 MIN HOLOFIBER     
Mean value (Unit) 13.19 108.65 53.26 55.23 
Standard Deviation (Unit) 2.2 10.52 0.29 0.29 
Standard Error (Unit) 0.07 0.33 0.01 0.01 
Area under curve (Unit*sec.) 836.74 6891.66 3378.19 3503.05 
     
60 MIN HOLOFIBER     
Mean value (Unit) 14.97 107.18 55.44 58.77 
Standard Deviation (Unit) 3.1 10.43 0.32 0.22 
Standard Error (Unit) 0.09 0.32 0.01 0.01 
Area under curve (Unit*sec.) 1010.21 7234.09 3742.32 3967.38 
     
10 MIN PLACEBO     
Mean value (Unit) 21.3 100.68 58.51 62 
Standard Deviation (Unit) 4.84 33.08 0.29 0.51 
Standard Error (Unit) 0.15 1.05 0.01 0.02 
Area under curve (Unit*sec.) 1308.59 6185.51 3595.11 3809.65 
     
20 MIN PLACEBO     
Mean value (Unit) 21.82 110.34 57.2 59.93 
Standard Deviation (Unit) 4.03 22.22 0.3 0.3 
Standard Error (Unit) 0.13 0.69 0.01 0.01 



Area under curve (Unit*sec.) 1383.84 6998.02 3627.8 3801.03 
     
30 MIN PLACEBO     
Mean value (Unit) 24.02 119.21 57.44 59.5 
Standard Deviation (Unit) 4.86 29.74 0.22 0.28 
Standard Error (Unit) 0.16 0.96 0.01 0.01 
Area under curve (Unit*sec.) 1427.97 7087.93 3415.21 3537.56 
     
40 MIN PLACEBO     
Mean value (Unit) 26.29 102.83 57.06 59.07 
Standard Deviation (Unit) 5.46 17.63 0.23 0.25 
Standard Error (Unit) 0.17 0.54 0.01 0.01 
Area under curve (Unit*sec.) 1719.79 6726.44 3732.44 3863.84 
     
50 MIN PLACEBO     
Mean value (Unit) 24.5 112.79 56.39 58.63 
Standard Deviation (Unit) 5.63 38.24 0.25 0.41 
Standard Error (Unit) 0.18 1.21 0.01 0.01 
Area under curve (Unit*sec.) 1506.26 6934.67 3466.66 3604.71 
     
60 MIN PLACEBO     
Mean value (Unit) 25.4 94.83 58.13 60.06 
Standard Deviation (Unit) 5.18 23.13 0.48 0.6 
Standard Error (Unit) 0.15 0.68 0.01 0.02 
Area under curve (Unit*sec.) 1816.98 6780.63 4158.57 4296.31 

 



 
Patient ID:116 placebo - Holofiber    
     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 7.41 8.01 87.64 3.96 
Standard Deviation (Unit) 6.55 0.79 0.44 0.19 
Standard Error (Unit) 0.16 0.02 0.01 0 
Area under curve (Unit*sec.) 764.23 825.69 9036.03 408.23 
     
GENERAL CALCULATIONS : 
AREA 2     
Mean value (Unit) 6.4 27.82 83 7.83 
Standard Deviation (Unit) 7.08 13.25 1.09 0.21 
Standard Error (Unit) 0.25 0.46 0.04 0.01 
Area under curve (Unit*sec.) 323.81 1406.45 4193.85 395.74 
     
GENERAL CALCULATIONS : 
AREA 3     
Mean value (Unit) 10.5 35.26 80.84 8.39 
Standard Deviation (Unit) 17.81 5.49 0.4 0.38 
Standard Error (Unit) 0.63 0.19 0.01 0.01 
Area under curve (Unit*sec.) 515.83 1731.63 3969.49 412.08 
     
GENERAL CALCULATIONS : 
AREA 4     
Mean value (Unit) 5.47 28.88 78.47 6.85 
Standard Deviation (Unit) 0.7 12.07 0.27 1.34 
Standard Error (Unit) 0.02 0.42 0.01 0.05 
Area under curve (Unit*sec.) 279.74 1476.97 4013.99 350.46 
     
GENERAL CALCULATIONS : 
AREA 5     
Mean value (Unit) 6.3 21.09 85.28 3.87 
Standard Deviation (Unit) 0.48 13.81 1.99 0.57 
Standard Error (Unit) 0.02 0.48 0.07 0.02 
Area under curve (Unit*sec.) 321.65 1077.17 4356.58 197.95 
     
GENERAL CALCULATIONS : 
AREA 6     
Mean value (Unit) 6.13 29.34 77.64 6.47 
Standard Deviation (Unit) 0.96 10.12 0.35 0.71 
Standard Error (Unit) 0.03 0.36 0.01 0.03 
Area under curve (Unit*sec.) 291.96 1397.47 3696.87 308.07 
     
GENERAL CALCULATIONS : 
AREA 7     
Mean value (Unit) 6.2 40.39 85.05 2.62 
Standard Deviation (Unit) 3.4 32.59 1.12 0.11 
Standard Error (Unit) 0.12 1.17 0.04 0 
Area under curve (Unit*sec.) 296.25 1927.41 4060.2 124.92 
     
Mean value (Unit) 5.65 36.77 77.14 4.02 
Standard Deviation (Unit) 0.47 16.61 0.93 0.12 
Standard Error (Unit) 0.02 0.75 0.04 0.01 
Area under curve (Unit*sec.) 172.76 1123.05 2358.01 122.96 
     
GENERAL CALCULATIONS : 
AREA 9     
Mean value (Unit) 5.84 55.19 80.92 4.04 



Standard Deviation (Unit) 0.85 19.91 0.55 0.73 
Standard Error (Unit) 0.02 0.45 0.01 0.02 
Area under curve (Unit*sec.) 695.29 6574.94 9637.78 481.01 
     
GENERAL CALCULATIONS : AREA 10    
Mean value (Unit) 6.23 65.39 90.3 4.12 
Standard Deviation (Unit) 2.01 50.18 0.41 0.45 
Standard Error (Unit) 0.07 1.75 0.01 0.02 
Area under curve (Unit*sec.) 318.79 3345.68 4618.86 210.69 
     
GENERAL CALCULATIONS : AREA 11    
Mean value (Unit) 6.05 40.51 93.24 3.9 
Standard Deviation (Unit) 0.79 17.22 0.16 0.33 
Standard Error (Unit) 0.03 0.61 0.01 0.01 
Area under curve (Unit*sec.) 297.11 1989.82 4578.62 191.71 
     
GENERAL CALCULATIONS : AREA 12    
Mean value (Unit) 6.1 25.81 98.14 6.4 
Standard Deviation (Unit) 1.02 22.14 0.25 0.48 
Standard Error (Unit) 0.04 0.77 0.01 0.02 
Area under curve (Unit*sec.) 311.99 1321.22 5019.89 327.57 
     
GENERAL CALCULATIONS : AREA 13    
Mean value (Unit) 5.98 30.97 94.84 6.38 
Standard Deviation (Unit) 0.95 20.91 0.48 0.24 
Standard Error (Unit) 0.03 0.73 0.02 0.01 
Area under curve (Unit*sec.) 305.18 1580.65 4839.29 325.37 
     
GENERAL CALCULATIONS : AREA 14    
Mean value (Unit) 6.11 33.9 92.84 4.68 
Standard Deviation (Unit) 0.67 11.63 1.54 0.35 
Standard Error (Unit) 0.02 0.4 0.05 0.01 
Area under curve (Unit*sec.) 312.45 1733.61 4748.48 239.43 

 



 
Patient ID:117 Holofiber - placebo    
     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 16.44 56.95 52.26 11.02 
Standard Deviation (Unit) 2.73 5.94 0.32 0.08 
Standard Error (Unit) 0.13 0.28 0.02 0 
Area under curve (Unit*sec.) 449.51 1557.22 1428.92 301.3 
     
10 MIN HOLOFIBER     
Mean value (Unit) 28.09 57.14 45.32 8.1 
Standard Deviation (Unit) 2.3 5.74 0.1 0.12 
Standard Error (Unit) 0.1 0.26 0 0.01 
Area under curve (Unit*sec.) 879.4 1789.04 1418.89 253.64 
     
20 MIN HOLOFIBER     
Mean value (Unit) 32.55 62.1 45.13 6.71 
Standard Deviation (Unit) 2.98 10.82 0.13 0.01 
Standard Error (Unit) 0.12 0.45 0.01 0 
Area under curve (Unit*sec.) 1168.61 2229.22 1620.09 241.01 
     
30 MIN HOLOFIBER     
Mean value (Unit) 31.87 63.74 44.1 7.75 
Standard Deviation (Unit) 2.61 6.48 0.14 0 
Standard Error (Unit) 0.12 0.29 0.01 0 
Area under curve (Unit*sec.) 983.99 1968.15 1361.57 239.33 
     
40 MIN HOLOFIBER     
Mean value (Unit) 31.84 59.1 42.44 5.46 
Standard Deviation (Unit) 2.28 6.92 0.06 0.16 
Standard Error (Unit) 0.1 0.3 0 0.01 
Area under curve (Unit*sec.) 1026.69 1905.51 1368.12 176.01 
     
50 MIN HOLOFIBER     
Mean value (Unit) 24.35 68.6 43.17 3.88 
Standard Deviation (Unit) 1.3 4.9 0.44 0.12 
Standard Error (Unit) 0.06 0.21 0.02 0.01 
Area under curve (Unit*sec.) 795.71 2241.93 1410.59 126.72 
     
60 MIN HOLOFIBER     
Mean value (Unit) 28.58 77.73 43.03 4.14 
Standard Deviation (Unit) 3.11 4.23 0.32 0.14 
Standard Error (Unit) 0.14 0.18 0.01 0.01 
Area under curve (Unit*sec.) 934.08 2539.68 1405.82 135.37 
     
10 MIN PLACEBO     
Mean value (Unit) 26.63 67.56 39.01 5.79 
Standard Deviation (Unit) 1.2 90.84 0.39 0.12 
Standard Error (Unit) 0.06 4.33 0.02 0.01 
Area under curve (Unit*sec.) 726.47 1845.6 1064.31 157.92 
     
20 MIN PLACEBO     
Mean value (Unit) 29.83 26.3 39.28 5.85 
Standard Deviation (Unit) 1.74 2.51 0.12 0.19 
Standard Error (Unit) 0.07 0.1 0 0.01 
Area under curve (Unit*sec.) 1083.71 955.64 1427.11 212.48 



     
30 MIN PLACEBO     
Mean value (Unit) 23.12 34.13 41.55 1.77 
Standard Deviation (Unit) 2.09 7.75 0.5 0.11 
Standard Error (Unit) 0.09 0.33 0.02 0 
Area under curve (Unit*sec.) 789.82 1165.97 1419.51 60.42 
     
40 MIN PLACEBO     
Mean value (Unit) 12.47 22.62 42.59 2.24 
Standard Deviation (Unit) 2.26 2.81 0.32 0.1 
Standard Error (Unit) 0.1 0.13 0.01 0 
Area under curve (Unit*sec.) 368.78 668.97 1259.43 66.17 
     
50 MIN PLACEBO     
Mean value (Unit) 11.83 22.53 44.05 2.84 
Standard Deviation (Unit) 5.63 2.79 0.7 0.12 
Standard Error (Unit) 0.23 0.11 0.03 0 
Area under curve (Unit*sec.) 440.22 838.4 1638.59 105.76 
     
60 MIN PLACEBO     
Mean value (Unit) 10.76 25.18 42.46 1.95 
Standard Deviation (Unit) 1.46 1.86 0.22 0 
Standard Error (Unit) 0.06 0.08 0.01 0 
Area under curve (Unit*sec.) 380.94 891.19 1503.29 69.14 

 



 

Patient ID:118 
placebo - 
Holofiber    

RECORDING INFORMATION     
     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 15.59 41.17 31.08 49.12 
Standard Deviation (Unit) 1.53 6.23 1.44 1.37 
Standard Error (Unit) 0.03 0.14 0.03 0.03 
Area under curve (Unit*sec.) 1918.73 5067.54 3825.09 6045.28 
     
10 MIN PLACEBO     
Mean value (Unit) 17.21 52.38 14.69 45.45 
Standard Deviation (Unit) 1.45 4.66 0.96 0.47 
Standard Error (Unit) 0.03 0.09 0.02 0.01 
Area under curve (Unit*sec.) 2596.41 7900.42 2216.16 6855.66 
     
20 MIN PLACEBO     
Mean value (Unit) 16.38 48.01 11.81 47.41 
Standard Deviation (Unit) 1.49 10.4 0.77 0.74 
Standard Error (Unit) 0.03 0.19 0.01 0.01 
Area under curve (Unit*sec.) 2991.91 8767.94 2155.54 8657.17 
     
30 MIN PLACEBO     
Mean value (Unit) 24.19 49.18 13.06 48.14 
Standard Deviation (Unit) 29.59 9.07 0.79 0.3 
Standard Error (Unit) 0.55 0.17 0.01 0.01 
Area under curve (Unit*sec.) 4418.24 8979.26 2384.3 8789.47 
     
40 MIN PLACEBO     
Mean value (Unit) 21.59 50.58 14.66 50.69 
Standard Deviation (Unit) 17.23 8.07 1.27 0.38 
Standard Error (Unit) 0.32 0.15 0.02 0.01 
Area under curve (Unit*sec.) 3941.82 9234.92 2677.09 9255.53 
     
50 MIN PLACEBO     
Mean value (Unit) 22.26 48.09 14.69 51.32 
Standard Deviation (Unit) 9.22 11.02 1.23 0.77 
Standard Error (Unit) 0.17 0.21 0.02 0.01 
Area under curve (Unit*sec.) 3887.79 8400.42 2564.92 8963.13 
     
60 MIN PLACEBO     
Mean value (Unit) 32.42 45.58 20.07 53.5 
Standard Deviation (Unit) 41.87 11.34 0.85 0.67 
Standard Error (Unit) 0.73 0.2 0.01 0.01 
Area under curve (Unit*sec.) 6693.43 9409.93 4142.42 11043.63 
     
10 MIN HOLOFIBER     
Mean value (Unit) 64.13 32.45 33.81 56.45 
Standard Deviation (Unit) 64.22 19.46 1.25 1.88 
Standard Error (Unit) 1.18 0.36 0.02 0.03 
Area under curve (Unit*sec.) 11726.08 5933.78 6182.08 10322.27 
     
20 MIN HOLOFIBER     
Mean value (Unit) 40.82 37.76 29.93 54.97 
Standard Deviation (Unit) 3.67 9.1 1.88 0.75 
Standard Error (Unit) 0.07 0.17 0.03 0.01 



Area under curve (Unit*sec.) 7464.39 6904.57 5473.22 10050.86 
     
30 MIN HOLOFIBER     
Mean value (Unit) 37.24 40.67 30.64 57.15 
Standard Deviation (Unit) 3.53 9.68 1.01 0.45 
Standard Error (Unit) 0.06 0.17 0.02 0.01 
Area under curve (Unit*sec.) 7400.81 8084.58 6090.49 11358.87 
     
40 MIN HOLOFIBER     
Mean value (Unit) 38.26 40.09 31.63 55.42 
Standard Deviation (Unit) 7.69 7.08 1.44 0.69 
Standard Error (Unit) 0.13 0.12 0.02 0.01 
Area under curve (Unit*sec.) 7908.95 8286.38 6537.93 11454.59 
     
50 MIN HOLOFIBER     
Mean value (Unit) 42.18 47.87 47.79 60.48 
Standard Deviation (Unit) 4.38 4.97 3.93 2.58 
Standard Error (Unit) 0.08 0.09 0.07 0.05 
Area under curve (Unit*sec.) 8383.18 9514.03 9498.73 12020.27 
     
60 MIN HOLOFIBER     
Mean value (Unit) 41.98 47.64 44.73 63.55 
Standard Deviation (Unit) 4.23 4.51 1.47 1.12 
Standard Error (Unit) 0.09 0.09 0.03 0.02 
Area under curve (Unit*sec.) 6006.76 6815.94 6400.53 9092.94 

 



 
Patient ID:119 placebo - Holofiber    
      
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 23.52 50.95 54.36 50.72 
Standard Deviation (Unit) 2.67 21.02 1.12 0.64 
Standard Error (Unit) 0.21 1.62 0.09 0.05 
Area under curve (Unit*sec.) 243.36 528.2 562.72 525.14 
     
10 MIN PLACEBO     
Mean value (Unit) 35.19 76.8 57.98 67.63 
Standard Deviation (Unit) 12.13 29.13 0.29 0.29 
Standard Error (Unit) 0.39 0.92 0.01 0.01 
Area under curve (Unit*sec.) 2162.32 4714.42 3562.3 4155.21 
     
20 MIN PLACEBO     
Mean value (Unit) 33.85 126.84 62.51 71.14 
Standard Deviation (Unit) 15.21 114.56 1.14 1.61 
Standard Error (Unit) 0.47 3.55 0.04 0.05 
Area under curve (Unit*sec.) 2180.64 8174.5 4026.65 4582.78 
     
30 MIN PLACEBO     
Mean value (Unit) 28.81 108.01 64.33 71.53 
Standard Deviation (Unit) 9.77 54.75 0.52 0.81 
Standard Error (Unit) 0.31 1.75 0.02 0.03 
Area under curve (Unit*sec.) 1740.39 6528.88 3889.06 4323.97 
     
40 MIN PLACEBO     
Mean value (Unit) 23.71 81.12 66.85 72.59 
Standard Deviation (Unit) 6.25 22.46 0.93 0.97 
Standard Error (Unit) 0.2 0.71 0.03 0.03 
Area under curve (Unit*sec.) 1457.23 4984.26 4107.54 4460.26 
     
50 MIN PLACEBO     
Mean value (Unit) 24.28 95.78 69.06 74.7 
Standard Deviation (Unit) 7.34 15.73 0.26 0.24 
Standard Error (Unit) 0.23 0.5 0.01 0.01 
Area under curve (Unit*sec.) 1467.4 5790.62 4174.97 4515.4 
     
60 MIN PLACEBO     
Mean value (Unit) 22.5 94.75 71.84 77 
Standard Deviation (Unit) 4.97 24.66 0.72 0.72 
Standard Error (Unit) 0.14 0.69 0.02 0.02 
Area under curve (Unit*sec.) 1784.94 7516.97 5699.41 6108.26 
     
10 MIN HOLOFIBER     
Mean value (Unit) 33.48 61.25 67.14 71.64 
Standard Deviation (Unit) 11.29 18.59 0.64 0.5 
Standard Error (Unit) 0.29 0.47 0.02 0.01 
Area under curve (Unit*sec.) 3185.63 5829.21 6389.25 6817.88 
     
20 MIN HOLOFIBER     
Mean value (Unit) 30.18 62.35 67.26 70.47 
Standard Deviation (Unit) 5.45 30.2 0.91 1.13 
Standard Error (Unit) 0.14 0.77 0.02 0.03 
Area under curve (Unit*sec.) 2872.32 5934.04 6400.84 6706.8 



     
30 MIN HOLOFIBER     
Mean value (Unit) 29.91 57.79 68.55 69.18 
Standard Deviation (Unit) 6.75 33.9 1.78 1.21 
Standard Error (Unit) 0.17 0.85 0.04 0.03 
Area under curve (Unit*sec.) 2965.03 5729.62 6796.24 6858.19 
     
40 MIN HOLOFIBER     
Mean value (Unit) 28.85 53.47 68.73 71.72 
Standard Deviation (Unit) 5.15 18.13 0.69 0.66 
Standard Error (Unit) 0.13 0.46 0.02 0.02 
Area under curve (Unit*sec.) 2746.16 5088.82 6541.54 6825.3 
     
50 MIN HOLOFIBER     
Mean value (Unit) 31.32 53.98 71.36 75.16 
Standard Deviation (Unit) 6.79 16.96 1.66 1.59 
Standard Error (Unit) 0.15 0.37 0.04 0.04 
Area under curve (Unit*sec.) 3974.71 6850.74 9056.87 9539.52 
     
60 MIN HOLOFIBER     
Mean value (Unit) 31.51 68.69 70.75 75.65 
Standard Deviation (Unit) 5.98 50.86 1.25 1.4 
Standard Error (Unit) 0.16 1.36 0.03 0.04 
Area under curve (Unit*sec.) 2748.83 5993.38 6171.57 6599.18 

 



 

Patient ID:120 
Holofiber - 

placebo    
     
BASELINE TCOM HAND LASER HAND TCOM FOOT LASER FOOT 
Mean value (Unit) 14.62 40.18 48.51 40.05 
Standard Deviation (Unit) 7.77 7.89 0.77 1.08 
Standard Error (Unit) 0.16 0.16 0.02 0.02 
Area under curve (Unit*sec.) 2102.7 5779.24 6977.14 5760.26 
     
10 MIN HOLOFIBER     
Mean value (Unit) 28.53 83.34 39.28 36.6 
Standard Deviation (Unit) 9.34 68.95 2.18 0.93 
Standard Error (Unit) 0.3 2.21 0.07 0.03 
Area under curve (Unit*sec.) 1724.87 5038.3 2374.32 2212.52 
     
20 MIN HOLOFIBER     
Mean value (Unit) 28.54 82.1 39.04 36.32 
Standard Deviation (Unit) 9.1 67.49 2.08 1.13 
Standard Error (Unit) 0.28 2.11 0.06 0.04 
Area under curve (Unit*sec.) 1815.85 5224.97 2483.45 2310.99 
     
30 MIN HOLOFIBER     
Mean value (Unit) 27.55 83.06 38.51 36.63 
Standard Deviation (Unit) 9.97 19.27 0.95 0.75 
Standard Error (Unit) 0.18 0.35 0.02 0.01 
Area under curve (Unit*sec.) 5284.65 15934.12 7388.58 7027.39 
     
40 MIN HOLOFIBER     
Item 1 PU #1 2 PU #2 3 pO2 #3 4 pO2 #4 
Mean value (Unit) 27.13 84.15 34.32 36.2 
Standard Deviation (Unit) 2.22 36.99 3.67 1.08 
Standard Error (Unit) 0.07 1.13 0.11 0.03 
Area under curve (Unit*sec.) 1801.68 5589.37 2278.5 2403.35 
     
50 MIN HOLOFIBER     
Mean value (Unit) 27.7 65.54 42.87 40.44 
Standard Deviation (Unit) 2 15.21 0.86 0.5 
Standard Error (Unit) 0.06 0.48 0.03 0.02 
Area under curve (Unit*sec.) 1729.84 4092.9 2676.46 2524.83 
     
60 MIN HOLOFIBER     
Mean value (Unit) 24.58 60.17 47.49 41.93 
Standard Deviation (Unit) 2.96 13.07 1.14 0.57 
Standard Error (Unit) 0.09 0.42 0.04 0.02 
Area under curve (Unit*sec.) 1510.02 3697.49 2918.27 2576.28 
     
10 MIN PLACEBO     
Mean value (Unit) 24.48 64.62 50.15 51.08 
Standard Deviation (Unit) 6.45 15.49 1.36 0.54 
Standard Error (Unit) 0.13 0.32 0.03 0.01 
Area under curve (Unit*sec.) 3501.99 9244.51 7174.09 7308.01 
     
20 MIN PLACEBO     
Mean value (Unit) 37.31 70.95 47.86 48.42 
Standard Deviation (Unit) 6.23 12.9 0.58 0.71 
Standard Error (Unit) 0.16 0.33 0.01 0.02 



Area under curve (Unit*sec.) 3557.69 6764.93 4564.05 4617.4 
     
30 MIN PLACEBO     
Mean value (Unit) 28.94 71.24 50.17 51.49 
Standard Deviation (Unit) 3.82 13.74 0.96 0.6 
Standard Error (Unit) 0.12 0.44 0.03 0.02 
Area under curve (Unit*sec.) 1720.64 4236.42 2983.25 3061.49 
     
40 MIN PLACEBO     
Mean value (Unit) 21.87 90.2 48.61 50.33 
Standard Deviation (Unit) 3.35 38.99 1.45 0.69 
Standard Error (Unit) 0.09 0.99 0.04 0.02 
Area under curve (Unit*sec.) 2085.7 8600.74 4635.14 4799.81 
     
50 MIN PLACEBO     
Mean value (Unit) 22.24 106.75 45.99 49.16 
Standard Deviation (Unit) 16.45 56.96 1.19 0.87 
Standard Error (Unit) 0.39 1.34 0.03 0.02 
Area under curve (Unit*sec.) 2475.36 11878.13 5116.7 5469.06 
     
60 MIN PLACEBO     
Mean value (Unit) 27.65 79.06 52.92 53.02 
Standard Deviation (Unit) 3.82 26.67 1.56 1.19 
Standard Error (Unit) 0.09 0.65 0.04 0.03 
Area under curve (Unit*sec.) 2850.9 8150.63 5456.89 5466.49 

 



 

Patient ID:121 
placebo - 
Holofiber    

     

BASELINE TCOM HAND 
LASER 
HAND TCOM FOOT LASER FOOT 

Mean value (Unit) 11.2 23.97 25.16 45.37 
Standard Deviation (Unit) 0.62 6.12 0.46 0.6 
Standard Error (Unit) 0.02 0.21 0.02 0.02 
Area under curve (Unit*sec.) 575.41 1231.86 1293.08 2331.88 
     
10 MIN PLACEBO     
Mean value (Unit) 14.15 43.08 8.53 43.96 
Standard Deviation (Unit) 1.06 10.11 0.52 0.19 
Standard Error (Unit) 0.04 0.35 0.02 0.01 
Area under curve (Unit*sec.) 729.86 2222.08 439.98 2267.62 
     
20 MIN PLACEBO     
Mean value (Unit) 15.19 43.84 10.26 43.44 
Standard Deviation (Unit) 0.88 11.52 0.37 0.2 
Standard Error (Unit) 0.03 0.4 0.01 0.01 
Area under curve (Unit*sec.) 776.75 2242.17 524.63 2221.79 
     
30 MIN PLACEBO     
Mean value (Unit) 16.14 43.41 8.78 44.06 
Standard Deviation (Unit) 1.5 12.34 0.32 0.48 
Standard Error (Unit) 0.05 0.43 0.01 0.02 
Area under curve (Unit*sec.) 828.42 2228.4 450.51 2261.66 
     
40 MIN PLACEBO     
Mean value (Unit) 15.29 30.9 12.72 46.69 
Standard Deviation (Unit) 1.08 8.39 0.45 0.27 
Standard Error (Unit) 0.04 0.29 0.02 0.01 
Area under curve (Unit*sec.) 782.91 1582.83 651.3 2390.91 
     
50 MIN PLACEBO     
Mean value (Unit) 14.57 36.58 13.13 45.82 
Standard Deviation (Unit) 0.97 8.63 0.41 0.25 
Standard Error (Unit) 0.03 0.3 0.01 0.01 
Area under curve (Unit*sec.) 746.08 1873.17 672.37 2346.38 
     
60 MIN PLACEBO     
Mean value (Unit) 14.54 35.88 14.19 47.4 
Standard Deviation (Unit) 0.89 7.21 0.44 0.24 
Standard Error (Unit) 0.03 0.25 0.02 0.01 
Area under curve (Unit*sec.) 745.38 1840.17 727.38 2430.56 
     
10 MIN HOLOFIBER     
Mean value (Unit) 16.17 40.79 21.14 50.58 
Standard Deviation (Unit) 5.23 9.34 0.19 0.38 
Standard Error (Unit) 0.18 0.33 0.01 0.01 
Area under curve (Unit*sec.) 825.03 2080.56 1078.75 2581.12 
     
20 MIN HOLOFIBER     
Mean value (Unit) 13.3 39.1 25.39 56.38 
Standard Deviation (Unit) 2.09 8.46 0.25 0.25 
Standard Error (Unit) 0.07 0.29 0.01 0.01 



Area under curve (Unit*sec.) 680.17 2001.13 1298.74 2884 
     
30 MIN HOLOFIBER     
Mean value (Unit) 13.04 39.02 21.29 55.7 
Standard Deviation (Unit) 1.34 9.15 0.46 0.37 
Standard Error (Unit) 0.05 0.32 0.02 0.01 
Area under curve (Unit*sec.) 663.75 1986.12 1083.94 2835.31 
     
40 MIN HOLOFIBER     
Mean value (Unit) 11.87 43.98 24.71 56.22 
Standard Deviation (Unit) 0.99 7.03 0.29 0.43 
Standard Error (Unit) 0.03 0.24 0.01 0.01 
Area under curve (Unit*sec.) 604.74 2241.77 1259.2 2865.29 
     
50 MIN HOL     
Mean value (Unit) 11.76 47.1 26.25 58.05 
Standard Deviation (Unit) 0.77 6.1 0.5 0.51 
Standard Error (Unit) 0.03 0.21 0.02 0.02 
Area under curve (Unit*sec.) 604.95 2423.57 1350.99 2987.11 
     
60 MIN HOLOFIBER     
Mean value (Unit) 13.53 36.17 26.13 60.84 
Standard Deviation (Unit) 2.45 10.83 0.24 0.94 
Standard Error (Unit) 0.09 0.39 0.01 0.03 
Area under curve (Unit*sec.) 631.06 1685.51 1218.38 2836.52 
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As a result of substantial advances in polymer chemistry, relatively recently, infrared radiation-emitting (IR) !bres 
(!laments) have been developed. "ese !bres have a porous core-sheath and groove structure allowing various 
optically active ceramic micron-sized particles to be incorporated into each  !bre1,2. One type of these !bres is 
Celliant (Hologenix, Santa Monica, CA, USA), a polyethylene terephthalate !bre that incorporates micron-sized 
optically active ceramic particles exhibiting the property of temperature-dependent infrared emission. "ese 
!bres have been woven to get high-performance functional  textiles1,2. When such functional textiles are used as 
garments, bandages, or bed linen, the heat energy generated by the human body can be transferred by radiation, 
conduction, convection to the ceramic  particles1–4. "ese ceramic particles act as black-body absorbers and re-
emit the absorbed energy as infrared radiation back to the  body5. According to the classi!cation of the Interna-
tional Commission on Illumination (CIE) and the classi!cation provided in ISO 20473 standard (ISO 20473), 
infrared radiation has three broad categories: near infrared (0.7–1.4 μm and 0.78–3 μm according to CIE and 
ISO 20473, respectively), mid-infrared (0.4–3 μm and 3–50 μm according to CIE and ISO 20473, respectively) 
and far infrared (3–100 μm and 50–1000 μm according to CIE and ISO 20473, respectively). Considering the 
aforementioned data, IR fabrics are suggested to recycle the body’s natural  energy5. At physiological skin tempera-
ture, much of the body’s emissive radiative power is centered between 7 and 14 μm6,7. Generally, infrared radia-
tion penetrates deeply through the layers of the skin to reach the muscles and  bones8. "is radiation moderates 
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 in%ammation9,10 and  pain4. Additionally, it promotes tissue regeneration and wound healing by improving 
 circulation11,12 and/or acting directly on cells to improve mitochondrial  metabolism13, and thereby a number of 
cellular functions including energy generation, calcium signaling, and cell  growth14. Given that infrared radiation 
is non-invasive and painless, it could be a broadly applicable therapeutic option for moderating in%ammation 
and pain 2,8. However, when this radiation is delivered from standard electrically-powered sources (such as IR 
heat lamps and IR saunas), it could cause a prolonged erythemal response due to excessive heating of the  skin2. 
Additionally, when the radiation is delivered from these sources, it is di&cult to delineate e'ects related to the 
increase in the core body temperature (hyperthermia) from the direct biochemical e'ects on living  cells2. It is 
noteworthy that the infrared radiation that does not produce any detectable skin heating e'ects, such as the 
infrared radiation emitted by the ceramic particles enriched IR  fabrics2, can also produce biological  e'ects15,16. 
Indeed, IR fabrics that mainly rely on the energy emitted from the body have been found to reduce in%ammation 
and  pain15, so their therapeutic use may be considered. In this context, it should be added that IR fabrics, may 
be worn for extended periods in the form of clothing or bandages or used as bed linen to attain health  bene!ts2. 
Rheumatoid arthritis (RA) is a chronic in%ammatory autoimmune disease primarily a'ecting the lining of the 
synovial joints, and causing progressive disability, premature death, and high socioeconomic  burdens17,18. "e 
clinical manifestations encompass symmetrical joint involvement including arthralgia (joint pain), swelling, red-
ness, and even a limited range of  motion17,18. Many immune and other cell types and their cytokines play roles in 
the development of  RA17,18. "e synovial compartment is in!ltrated with adaptive immune cells, including both 
T cells and B cells, and innate immune cells (monocytes and macrophages), which interact between themselves 
and with !broblast-like synoviocytes to produce in%ammatory  mediators17. E'ector "17 cells acting together 
with arthritogenic autoantibodies are suggested to be the major driver of non-resolving joint tissue damage, 
and therefore prolonged in%ammation in  RA17,19. Monocytes/macrophages massively in!ltrating the synovial 
membranes in  RA20,21, are shown to be central to the joint  in%ammation22. "e imbalance between monocyte/
macrophages with pro-in%ammatory secretory pro!le and monocyte/macrophages with anti-in%ammatory/
immunoregulatory secretory pro!le is suggested to be particularly important for RA development, as a shi( 
towards the former contributes to osteoclastogenesis (i.e. production of osteoclasts, the cells specialized for bone 
resorption), and thereby to bone loss that ultimately leads to the destruction of the subchondral bone and the 
degeneration of the overlying articular cartilage 22,23. On the other hand, a shi( towards monocyte/macrophages 
with anti-in%ammatory/immunoregulatory secretory pro!le has been suggested to contribute to the regression 
of joint injury and in%ammation in  RA24.

While there is currently no long-term cure for RA, the treatment strategy aims to alleviate arthralgia and 
rapidly achieve a lowering of the disease activity  state17. "e introduction of novel disease-modifying anti-
rheumatic drugs (DMARDs) has dramatically improved the prognosis of RA patients, but a signi!cant propor-
tion of these patients fail to report long-term relief of arthralgia, re%ecting the incomplete disease  control17. In 
this context, signi!cant e'orts have been made to show that is important to put in%ammation under control in 
the early phases of RA  development25. Additionally, even if treatment with DMARDs does reduce arthralgia, 
a proportion of RA patients is still dissatis!ed with its management and continue to rate the pain relief as one 
of their top requirements for improved health and quality of  life17. Considering various side e'ects (including 
gastrointestinal disorders, immunosuppression, and humoral disturbances) of analgesics, which are most com-
monly used in RA, i.e. nonsteroidal anti-in%ammatory drugs and corticosteroids, research into new options to 
control arthritis and arthralgia in RA is of great importance.

"e most widely used RA model is rodent collagen type II (CII)-induced arthritis (CIA). "is model has 
gained acceptance since it is reproducible, well de!ned, and particularly because it has proven useful for the 
development of new therapies for  RA26. It has also been recommended to use rats for studying the anti-arthritic 
e'ects of various agents, as rats are less variable than mice, their joints are bigger and the in%ammatory changes 
are more  reproducible26.

"e present study was primarily undertaken to examine the e'ects of exposure of rats to IR !bres used as cage 
bedding (mimicking exposure to IR fabrics used as bed linen) on the development of autoimmune in%ammation 
of joints in the CIA model. "e study included female Dark Agouti (DA) rats as compared with male rats, they 
exhibit a substantially higher incidence of CIA and more severe  disease27–29. In these rats, joint in%ammation and 
burrowing behaviour were examined. We decided to evaluate burrowing behaviour as it was suggested to be a 
reliable tool to measure outcomes similar to those measured in the clinical trial evaluating e'ects of analgesics 
in chronic pain conditions (viz. spontaneous pain and overall patient healthy status), as it is  RA30. Additionally, 
to elucidate the putative mechanisms standing behind the e'ects of infrared radiation on the development of the 
in%ammation of paw joints in CIA rats, the indicators of ongoing humoral (the serum levels of anti-CII-speci!c 
antibodies) and cellular (the production levels of IL-17, "17 signature cytokine, in in%amed paw cultures from 
CIA rats) immune responses, and in%ammatory response (the production levels of the key pro-in%ammatory 
cytokines, i.e.TNF-α, IL-1β and PGE2 and NO, and anti-in%ammatory/immunoregulatory mediators IL-10 and 
TGF-β in RA, in in%amed paw cultures)31–36 were examined. "e main source of these mediators in RA are sug-
gested to be activated macrophages 31–36 Of note, macrophage activation is shown to be a dynamic process; the 
same cells may initially take part in proin%ammatory and cytotoxic reactions and later participate in the resolu-
tion of in%ammation and wound healing, so in an in%ammatory microenvironment, they are “blend” together 
critically shaping the outcome of the  in%ammation37. Given that the primary results showed that the exposure 
to IR !bres as cage bedding moderated development of both humoral and cellular immune responses, and that 
joint tissue-speci!c antibodies in RA/CIA may cause arthralgia in the absence of overt in%ammation through 
direct action on sensory  neurons38, we extended our research to study the e'ects of exposure to IR !bres as 
cage bedding to the development of carrageenan-induced paw in%ammation (CIPI), a model commonly used 
to assess the production of in%ammatory mediators at sites of in%ammation, the anti-in%ammatory properties 
of agents such as nonsteroidal anti-in%ammatory drugs, and the e&cacy of putative analgesic compounds to 
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reverse cutaneous  hypersensitivity39. Given that rats from cages with bedding from IR !bres developed paw 
in%ammation of lower magnitude compared with those from cages with standard wood shaving bedding, the 
e'ects of rat exposure to IR !bres in a treatment paradigm were examined, as well.

���������������������
�������Ǥ� In the present study four-month-old female Dark Agouti (DA) rats from a breeding colony in the 
Immunology Research Centre “Branislav Janković” (Belgrade, Serbia) were used. Rats were maintained in a fully 
controlled animal facility with a constant temperature (21–23 °C) and humidity (30–50%), a 12 h/12 h light/
dark cycle, and they were provided ad libitum access to water and standard pelleted food. All experiments were 
performed in accordance with the Directive 2010/63/EU of the European Parliament and of the Council on the 
Protection of Animals used for Scienti!c Purposes (revised Directive 86/609/EEC), and were approved by Labo-
ratory Animal Ethical Committee of University of Belgrade—Faculty of Pharmacy (Etička Komisija za ogledne 
životinje, Univerzitet u Beogradu –Farmaceutski fakultet).

����������������������������������������Ǥ� Rats were immunised intradermally at the base of the tail with 
300 μg of bovine CII Sigma-Aldrich Chemie GmbH, Tau.irchen, Germany) emulsi!ed in incomplete Freund’s 
adjuvant (IFA), as previously  described27,28. "e immunisation emulsion was prepared by mixing equal volumes 
of CII solution (2 mg/mL) in 0.1 M acetic acid and IFA. For immunisation 300 µL of this emulsion was injected 
per rat. Before the immunisation, animals were anesthetized with an intraperitoneal injection of anesthetic cock-
tail [50 mg/kg/body weight (BW) of ketamine/5 mg/kg BW xylazine; Ketamidor, Richter Pharma AG, Wels, Aus-
tria; Xylased, Bioveta, Ivanovice na Hané, Czech Republic]. Clinical signs of arthritis were evaluated daily from 
the 7th day post immunisation (d.p.i.) until the 22nd d.p.i., when the clinical severity of the disease reaches the 
maximum 27,28. "e severity of CIA was graded according to an arbitrary scale taking into account joint edema 
and erythema of the hind and front paws (one point for each in%amed metacarpophalangeal/metatarsophalan-
geal or interphalangeal joint, and !ve points for the in%amed ankle)40 by two experienced researchers (MD and 
MS), independently. "us, each paw could receive the maximum score of 15 points giving the highest arthritic 
score of 60. Additionally, paw volumes were measured before the immunisation (basal) and on the 22nd d.p.i. 
Given that pathological changes predominantly occurred in the hind paws of rats, volumes of both hind paws 
were measured. Of note, these measurements and all subsequent analyses were conducted by two investigators 
blind to the rat cage bedding.

�����������������������������������������Ǥ� Paw in%ammation was induced by intraplantar injection of 
1.5 mg carrageenan (λ-carrageenan, Sigma Aldrich, St.Louis, MO, USA) in 150 μL saline or 150 μL of saline 
(controls) into the right hind paw starting from the midline near the heel and continuing toward the base of the 
second or third toe as previously  described39. "e volumes of their right hind paws were measured before injec-
tion of carrageenan or saline (basal) and four times a(erward at one hour intervals. "e temperature of the right 
hind paws was measured using a digital touch-free thermometer (Microlife AG, Widnau, Switzerland) at the 
same time points. Of note, these measurements and all subsequent analyses were conducted by two investigators 
blind to the rat cage bedding.

�������������������Ǥ� For the induction of CIA rats were randomly assigned into two groups (10 rats per 
group). Five days before immunisation one group of rats was housed in cages with bedding composed of IR Cel-
liant !bres (+IRF rats), while the other group of rats was housed in cages with standard wood shaving bedding 
(−IRF rats). Celliant is produced using a total of 13 naturally occurring, thermoreactive minerals. "ese include: 
titanium dioxide, a photocatalyst that e'ectively absorbs light, silicon dioxide, which absorbs and re%ects energy, 
and aluminium oxide, which can help increase energy re%ectivity. All 13 minerals are ground up into an ultra-
!ne powder and then mixed with polyethylene terephthalate to create the ‘Celliant master batch’. Finally, a liquid 
polyester resin is added to the master batch and synthesized into a stable !bre. "e cage-bedding was con-
structed from 16 g Celliant (200 g/m2) of 42 mm !bres (thickness less than 10 μ, ceramic loading 1–1.25% by 
weight) and standard wood shavings (1:10 weight/weight) (Fig. S1). According to the manufacturer, the ceram-
ics absorb the body’s heat, transforming it into full-spectrum infrared energy (https ://celli ant.com/how-it-works 
) with a broad-peak cantered at a wavelength of 9.3 µm, whereas the power density depends on the proximity of 
the heat source (living body), but is approximately 0.25 mW/cm2, so for each hour, an energy density of about 
1 J/cm2 is delivered. "e standard wood shaving and IR Celliant beddings were changed every second day. "e 
burrowing behaviour test was performed on the 21st d.p.i. Following the test animals were anesthetized with an 
intraperitoneal injection of ketamine/xylazine anesthetizing cocktail (80 mg/kg BW ketamine/8 mg/kg BW xyla-
zine) and blood was taken by cardiac puncture. Additionally, from euthanized rats were removed lymph nodes, 
spleens, and hind paws for further analysis.

To examine the e'ects of rat exposure to IR !bres on CIPI, two sets of experiments (each consisting of two 
separate experiments) were performed. In the !rst set of experiments, rats were randomly assigned into three 
groups (6 rats per group). Two groups were administered with carrageenan, whereas one group (6 rats) was 
administered with saline (SAL rats). Five days before administration of rat hind paws with carrageenan one 
group of animals was transferred to cages with Celliant bedding (+IRF rats), while the other groups remained in 
cages with standard wooden shaving bedding (−IRF rats). In the second set of experiments, rats were randomly 
assigned into three groups (6 rats per group). Following the administration of right hind paws with carrageenan 
one group of rats was transferred to cages with Celliant bedding (+IRF rats), one group of rats was administered 
with 5 mg/kg Diclofenac (Diklofen, Galenika AD, Belgrade, Serbia) per os (DIC rats), whereas one group of rats 

https://celliant.com/how-it-works
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remained in cages with standard bedding (−IRF rats). "e dose of Diklofen was chosen to correspond to that 
used in  humans41.

In one experiment from each set of experiments 240 min following the carrageenan/saline administration 
burrowing test (lasting for 120 min) was started. At the end of this test, rats were euthanized by an intraperito-
neal injection of ketamine/xylazine anesthetizing cocktail (80 mg/kg BW ketamine/8 mg/kg BW xylazine), and 
their right paws were retrieved for culturing. In the second experiment from each set of experiments, right paw 
volume and mechanical hyperalgesia were examined at one hour intervals over 240 min from the carrageenan/
saline administration.

����������������������Ǥ� Paw volume was measured using a plethysmometer (Ugo Basile, Gemonio, 
Lombardy, Italy), as described  previously42. "e average of two consecutive volume measurements for each rat 
was used for further calculations. "e results are expressed as the di'erence (dV) between post-immunisation 
or CIPI induction and the basal paw volume according to the following  formula42:

Next, the e'ect of treatment (Celliant !bres or Diklofen) on dV was calculated according to the following 
formula

* CIA/CIPI rats from cages with standard bedding without any treatment; ** rats exposed to Celliant !bres 
or administered with Diklofen/saline42.

�������������������������������������Ǥ� To assess in%uence of Celliant bedding on spontaneous joint 
pain, burrowing test, the test developed with the goal of enhancing the translational potential of preclinical 
!ndings in pain  research43 was used. "is test examines burrowing behaviour, an ancient adaptive behaviour 
conserved across many rodent species, one in which various laboratory strains of mice and rats spontaneously 
engage, and, more important, one which is depressed in both mice and rats experiencing in%ammatory and 
neuropathic  pain44,45. It is noteworthy, that this behaviour is considered to represent a correlate of so-called 
“activities of daily living” in humans—tasks that are essential to satisfactory quality of life and are o(en impeded 
by  pain46. For burrowing training and experiments, long plastic tubes (32 cm in length and 10 cm in diameter), 
with the open-end elevated 6 cm from the cage bottom, were !lled with 2500 g of gravel (2–6 mm diameter par-
ticles). "e training was performed four days before housing in cages with Celliant bedding, and both training 
and burrowing behaviour tests were performed during the dark phase of the daily cycle starting at 6 pm. "e 
training was conducted in social facilitation and individual training formats. For social facilitation, the rats from 
one cage were placed in a cage-burrow setup for 120 min. To estimate burrowing behaviour, the weight of the 
burrowed gravel was calculated (weight of gravel le( in the tube a(er completion of burrowing training or test 
was subtracted from the initial weight of gravel in the tube). Individual training was performed so that a single 
rat was placed in a cage-burrow setup for 120 min per day for three consecutive days and the average amount of 
burrowed gravel was determined as explained above. Rats burrowed less than 500 g (four out of 56) were classi-
!ed as poor burrowers and they were excluded from further experiments as previously  suggested46. "e test was 
performed before immunisation/in%ammation induction (to assess basal burrowing activity) and at a certain 
point following the immunisation/in%ammation induction.

Following the test burrowing activity (BA) of each rat was calculated according to the following formula:

and then increase in burrowing activity was calculated according to the following formula:

* rats exposed to Celliant !bres or rats administered with Diklofen; **rats from cages with standard bedding.

���������������	��������Ǥ� "e mechanical hyperalgesia following carrageenan injection was assessed by 
measuring paw withdrawal thresholds (P, expressed in g) using an electronic Von Frey anesthesiometer (IITC 
Life Science, Woodland Hills, CA, United States) as described  previously47,48. "e rats were placed in transpar-
ent boxes on the top of a metal grid and allowed to acclimatize for 30 min before testing. A plastic, semi-%exible 
!lament coupled with a force transducer was used to deliver the mechanical stimulus. "e tip of the !lament was 
applied perpendicularly to the plantar surface of the right hind paw and the pressure was gradually increased 
until the rat withdrew its paw (that pressure was recorded automatically on a digital screen). Basal Ps were 
measured before in%ammation induction. Basal and post-induction Ps were measured on the right hind paw. 
"e results are expressed as the di'erence (dP) between basal and post-induction Ps according to the following 
 formula47,48:

dV = volume of the inflamed paw (mL) − basal volume of the same paw (mL)

dV reduction (%) =
referent group ∗ average dV − dV of each rat from experimental group ∗ ∗

referent group average dV
×100

BA (%) =
BA after immunisation/inflammation induction

(

g
)

Basal BA
× 100

BA increase (%) =
BA of each rat from treated group ∗ − BA of referent group ∗ ∗

(

average
)

BA of referent group
(

average
) ×100

dP = P before inflammation induction
(

g
)

− P after inflammation induction
(

g
)
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Treatment reducing dP was recognized as antihyperalgesic treatment. "e percentage of the antihyperalgesic 
activity (AHA) was calculated as previously  suggested48:

* rats from cages with standard bedding; ** rats exposed to Celliant !bres or rats administered with Diklofen.

������������������������������Ǥ� To obtain mononuclear single cell suspensions from lymph nodes (LNs) 
for the analysis of migratory capacity of innate immune cells in %uorescein isothiocyanate (FITC) painting test 
and spleens for in vitro analyses of adherence and phagocytic capacity of innate immune cells, LNs draining the 
site of FITC application (DLNs) and spleens were dissociated using a 70 µm nylon cell strainer (BD Biosciences, 
Erembodegem, Belgium) and obtained cells were collected in phosphate bu'ered saline (PBS) supplemented 
with 2% fetal calf serum (FCS, Gibco, Grand Island, NY, USA) and 0.01%  NaN3 (Sigma-Aldrich Chemie GmbH) 
(FACS bu'er), respectively. "e single cell splenocyte suspensions were subjected to  NH4Cl lysis to remove red 
blood cells and then washed in ice-cold FACS bu'er. "e mononuclear single cell suspensions from DLNs and 
spleen of each animal were enumerated using an improved Neubauer hemacytometer and trypan blue dye to 
exclude non-viable cells and adjusted to 1 × 107 cells/mL.

	����������������������� ȋ	��ȌǤ� Brie%y, for FCA single cell suspensions from DLNs and spleen were 
subjected to direct or indirect immunolabeling as previously described in  details49. A(er immunolabeling 50,000 
cell events per sample were acquired on a FACSCalibur %ow cytometer (Becton–Dickinson, Mountain View, CA, 
USA). Data were analysed using FlowJo so(ware version 7.8. (TreeStar Inc, Ashland, OR, USA). Dead cells and 
debris were excluded from the analyses by selective gating based on forward scatter (FSC) and side scatter (SSC).

������������������������������������Ǥ� To assess the migration capacity of innate immune cells FITC 
painting test was  used50. Brie%y, rat le( %ank was shaved and painted with 300 μL of 5 mg/mL FITC dissolved 
in equal volumes of acetone and dibutylphthalate. A(er 24 h, ipsilateral (the side subjected to FITC painting) 
inguinal and axillary DLNs were extirpated and divided into two portions. From one portion single mononu-
clear cell suspensions were prepared as described above, whereas another portion was used to examine CCL19 
and CCL21 expression using Reverse Transcription-Quantitative Polymerase Chain Reaction. Aliquots of 100 
µL of DLN suspensions were processed for indirect immunolabeling with biotin-conjugated anti-CD11b and 
PerCP-conjugated streptavidin as primary and second step reagent, respectively. Following washing, cells were 
acquired for analysis using a FACSCalibur %ow cytometer as described above. Results were expressed as % of 
FITC + cells within the CD11b + LN cells.

Innate immunity cells isolated from spleen were tested for cell adherence ability using a modi!cation of 
previously described  method51. Aliquots of 500 µL of splenocyte suspension (1 × 106 cells/ml) were placed in 
an adherence column consisting of a 1 mL syringe packed with 50 mg of nylon !bres to a height of 1.25 cm. 
A(er 10 min, the e2uent containing the non-adherent cells was drained by gravity. Initial cell suspensions and 
e2uents were processed for immunolabeling with FITC-conjugated anti-CD11b (clone ED8; Serotec, Oxford, 
UK) antibody. "e cells were incubated with saturating concentrations of the %uorochrome-labeled antibody for 
30 min, washed with FACS bu'er, and subsequently subjected for FCA. Results were expressed as

To assess the phagocytic capacity of innate immune cells a previously described method was  used49. Brie%y, 
100 µl aliquots of splenocyte suspensions (1 × 106 cells/ml) described, were incubated with sonicated (2 min at 
room temperature) 1 µm sized yellow-green %uorescent carboxylated polystyrene latex beads (Sigma-Aldrich 
Chemie GmbH) in complete RPMI-1640 culture medium supplemented with 5% FCS (bead:cell ratio of 50:1) 
for 1 h at 37 ºC. To arrest phagocytosis, the cells were placed on ice for 5–10 min. Following this step, cells were 
washed with ice cold PBS and incubated with biotin-conjugated anti-CD11b (BD Biosciences, Mountain View, 
CA, USA) antibody for 30 min at 4 ºC and then again washed with FACS bu'er. In the next step, cells were 
incubated with PerCP-conjugated streptavidin (BD Biosciences) as the second step reagent for another 30 min, 
washed with FACS bu'er and acquired for analysis using a FACSCalibur %ow cytometer. Cells incubated with 
the latex beads at 4 ºC were used to set up the positive/negative cut-o' for Latex + cells in FCA. Results were 
expressed as % of Latex + cells within the CD11b + cell population.

�������� �������������Ǧ������������� ����������� ������ ��������Ǥ� Total RNA was extracted by 
the ABI Prism 6100 Nucleic Acid PrepStation system (Applied Biosystems, Foster City, CA, USA) using the 
total RNA Chemistry Starter Kit (Applied Biosystems) and DNAse wash solution (Absolute RNA Wash Solu-
tion; Applied Biosystems). cDNA was synthesized using the High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems). Triplicate 25-μL RT-qPCR reactions were performed using the TaqMan Gene Expression 
Master Mix (Applied Biosystems) and premade TaqMan Gene Expression Assays (Applied Biosystems) under 
the default Applied Biosystems 7500 Real-Time PCR System conditions. All the procedures were described in 
 detail52. "e following TaqMan Gene Expression Assays were used: CCL19 (Ccl19, Rn01439563_m1), CCL21 
(Ccl21, Rn01764651_g1), and β-actin (Actb, Rn00667869_m1). Target mRNA expression was determined using 
the comparative threshold cycle (dCt) method with β-actin as a reference and SDS v1.4.0. so(ware (Applied 

AHA (%) =
dP of referent group ∗

(

average
)

− dP of each rat in treated group ∗ ∗

dP of referent group
(

average
) × 100

adherence index =
% of total CD11b+ cells − % of non-adherent CD11b+ cells

% of total CD11b+ cells
× 100%
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Biosystems). Relative amounts of target mRNAs were shown as  2–dCt values, representing the ratio of target to 
reference genes, where dCt = Ct target – Ct reference.

����Ǧ������������������Ǥ� Serum samples were obtained by centrifugation of blood at 2000g for 15 min at 
4 °C. Aliquots of sera were de-complemented (56 °C, 30 min) and stored at -20 °C until analysis. "e serum level 
of CII-speci!c antibodies was assayed by ELISA in 96-well plates (MaxiSorp, Nunc). "e plates were coated (50 
μL/well) with 5 μg/mL of CII in 50 mM carbonate bu'er (pH 9.6) by overnight adsorption at + 4 °C and then 
incubated with 2% bovine serum albumin (BSA) in PBS (100 μL/well) for 1 h at room temperature. Serum sam-
ples were added to the plate (50 μL/well) in duplicate and incubated overnight at + 4 °C. "e biotin-conjugated 
anti-IgG antibody was added to the plate (50 μL/well) and incubated 1 h at room temperature followed by 1 h 
incubation with a streptavidin–horseradish peroxidase. At each step, the plate was washed with 0.05% Tween 
20/PBS (4 × 200 μL/well). Antigen–antibody interactions were visualized using the extrAvidin-peroxidase/o-
phenylenediamine system (Sigma, Steinheim, Germany). Dilutions of sera (1: 100), biotin-conjugated anti-IgG 
antibody (1: 1000; Biolegend Inc., San Diego, CA, USA) and extrAvidin-peroxidase (1: 3000) were prepared in 
2% BSA/PBS. "e reaction was stopped by the addition of 1 M  H2SO4 (50 μL/well) and absorbance was read 
at 492/620 nm  (A492/620). "e cuto' value was de!ned according to the  A492/620 value obtained from “negative 
control” wells (2% BSA/PBS) plus 3 × Standard Deviation. Samples were considered positive when the  A492/620 
value exceeded the cut o' value.

������������������Ǥ� In%amed paws collected by incising at the fur line. Paws from CIA rats were weighed, 
carefully cut into small pieces and cultured in RPMI 1640 medium (Sigma-Aldrich Chemie GmbH) supple-
mented with 2 mM  l-glutamine (Serva, Heidelberg, Germany), 1 mM Na pyruvate (Serva), 100 U/mL peni-
cillin (ICN, Costa Mesa. CA, USA), 100 μg/mL streptomycin (ICN) and 10% fetal bovine serum, at 37 °C, in 
a humidi!ed air atmosphere of 5% v/v CO2, for 4 h (for  PGE2 assay) or overnight (for analyses of NO and 
cytokine production levels, and redox status parameters), as previously  described28,29,53. Following extirpation of 
carrageenan-in%amed paws, so( paw tissues were carefully removed, weighed, cut into small pieces and cultured 
as described above.

�
�͸ǡ� ��������������������������Ǥ� Paw tissue culture supernatants were examined for in%amma-
tory/pain mediators using the following commercial ELISA kits: IL-17A (BioLegend, San Diego, CA, USA), 
IL-1β ("ermo Scienti!c, Pierce Biotechnology, Rockford, IL, USA), PGE2, IL-10 and TGF-β (R&D Systems, 
Minneapolis, MN, USA), according to the manufacturer’s instructions. Standard curve was calculated for each 
assay with limits of detection for IL-17 = 8  pg/ml, IL-1β = 6.5  pg/mL, TNF-α = 2  pg/mL, IL-10 < 10  pg/mL, 
TGF-β = 4.6 pg/mL and PGE2 < 39 pg/mL. Cytokines and PGE2 concentrations were normalized to paw weight.

"e concentration of nitrite, as the end-product of NO production, was measured in the paw tissue culture 
supernatants using a method based on the Griess  reaction54. "e nitrite concentration was calculated using a 
 NaNO2 standard curve with a range from 1 to 40 μM and normalized to paw weight.

�������������������������������������Ǥ� "e parameters of redox status were measured in sera and 
in%amed paw cultures. "e levels of superoxide anion radical  (O2

• ᓕ) were estimated from the rate of reduction 
of nitroblue tetrazolium (NBT) as described by Auclair and  Voisin55. Results were expressed as μM of reduced 
NBT/min/L.

Total oxidant capacity (TOC) was determined by a modi!ed spectrophotometric method using o-dian-
isidinine56,57. The assay was calibrated with hydrogen peroxide (aqueous solution, concentration range 
10–200 mmol/L) and the results were expressed in µmol/L hydrogen peroxide per liter (mmol  H2O2 eq./L).

Cu/Zn superoxide dismutase (SOD) activity was determined by a modi!ed spectrophotometric method 
based on the ability of the SOD enzyme to inhibit the autoxidation of epinephrine in an alkaline medium or 
bicarbonate bu'er 0.05 mmol/L pH 10.258. "e SOD activity was calculated as the percentage inhibition of 
epinephrine autooxidation.

"e level of SH-groups (SHG) was determined by Ellman’s  method59 using 10 mM DTNB (dinitrodith-
iobenzoic acid) as a reagent. DTNB reacts with aliphatic thiol compounds in the base medium (pH 9.0) and this 
reaction generates 1 mol of p-nitrophenol anion per mole of thiol. Calibration of the method was achieved using 
reduced glutathione in the concentration range from 0.1 to 1.0 mM.

Pro-oxidative-antioxidant balance (PAB) was determined by a modi!ed PAB assay using 0.6% 3.3 ’, 5,5ƍ-tetra-
methylbenzidine (TMB) in dimethyl sulfoxide (DMSO) as a  chromogen60. "e PAB test measures the concen-
tration of  H2O2 in an antioxidant environment, as TMB can react at the same time with  H2O2 (a peroxidase-
catalyzed reaction) as well as with reducing substances such as uric acid (chemical, non-catalyzed reaction). "e 
enzymatic reaction leads to the oxidation of TMB to a blue product and its reduction to a non-colored product. 
"e net reaction is the di'erence between the two opposite oxidative and reductive processes on the same sub-
strate. "e reaction is calibrated with a mixture of  H2O2 and uric acid at di'erent ratios, ranging from 0 to 100%.

All analyses were performed on ILAB 300 Plus analyzer (Instrumentation Laboratory, Milan, Italy) except 
the PAB, which was measured on the Spectro star Nano ELISA reader (BMG Labtech, Ortenberg, Germany).

��������������������Ǥ� All statistical analyses were performed using GraphPad Prism Version 7 (GraphPad 
So(ware, Inc., La Jolla, CA, USA) and SigmaPlot 11 (Systat So(ware Inc., Richmond, CA) so(wares. Data are 
expressed as mean ± SEM. Di'erences between groups were tested by Student’s unpaired t-test, except di'er-
ences in paw volume, temperature, and hyperalgesia in carrageenan-induced paw in%ammation that were ana-
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lysed by two-way repeated measures ANOVA followed by Bonferroni test for post hoc comparisons. Values of 
p ≤ 0.05 were considered signi!cant.

�������
������������ơ�������� ���Ƥ�������������������������������ǡ� ��ƪ�����������������������
����������������Ǧ�ơ����������Ǥ� CIA-a!ected rats from cages with IR "bre bedding exhibit better burrowing 
performance compared with their counterparts from cages with standard bedding. Generally, the kinetics of CIA 
development in rats housed in cages with standard bedding followed that described in our previous  studies27,28 
(Fig. S2). In rats housed in cages with IR !bre bedding, the onset of the disease was slightly postponed (from the 
13th to the 15th d.p.i. compared with −IRF controls (Fig. 1A). "e analysis of the di'erences in the daily arthritic 
score using repeated measures two-way ANOVA showed a clear tendency to signi!cance (p = 0.051) in the re-
duction of the clinical severity of the disease in rats exposed to IR !bres compared with their −IRF counterparts 
(Fig. 1A). Additionally, the cumulative score of the disease (the sum of daily clinical scores of each individual rat 
during the observation period) was lower (p ≤ 0.05) in +IRF rats (72.1 ± 9.70) when compared with −IRF ones 
(47.4 ± 5.56). Rats were also examined for the volumes of in%amed hind paws. In all CIA-a'ected rats the vol-
umes of hind paws were increased (Fig. 1A). "is increase was less (p ≤ 0.01) pronounced in +IRF rats compared 
with their −IRF counterparts, indicating that the exposure to infrared radiation from IR !bre bedding e&ciently 
reduces the in%ammation-induced increase in paw volume (Fig. 1A).

Furthermore, rats were examined for burrowing behaviour. Rats housed in cages with IRF bedding showed 
better (p ≤ 0.05) burrowing performance compared with −IRF rats (Fig. 1B, Fig. S3).

Lower serum levels of serum CII-speci"c IgG antibodies in CIA-a!ected rats from cages with IR "bre bedding and 
diminished IL-17 production in cultures of their hind paws. Given that (i) arthritogenic anti-CII antibodies are 
essential for the development of  CIA61,62 and (ii) particularly that the arthritogenic antibodies (including those 
speci!c for CII) are shown to cause pain even in the absence of overt signs of  in%ammation38,63, serum levels 
of CII-speci!c IgG antibodies in CIA rats were examined. "eir levels were lower (p ≤ 0.01) in sera from rats 

Figure 1.  In%uence of exposure to IR !bres on daily arthritis score, paw edema and burrowing behaviour in 
CIA-a'ected rats. (A) Line graph shows daily arthritis score from the 12th–22nd day post-immunisation (d.p.i.) 
in CIA rats housed in cages with IR-!bre bedding (+IRF rats) or in cages with standard wooden shaving bedding 
(−IRF rats). Of note, rats were transferred to cages with IR !bre bedding !ve days before immunization. Scatter 
plot indicates CIA-induced increase in hind paw volume (dV) in +IRF and −IRF rats. Bar graph shows the dV 
reduction (%) in +IRF rats relative to −IRF rats (see Material and Methods). Photographs show representative 
arthritic front and hind paw joints from rat with CIA. (B) Scatter plot indicates the burrowing activity (BA) of 
each +IRF and −IRF rat expressed as the percentage of the BA before immunisation (basal activity). Bar graph 
shows the increase in BA (%) in +IRF rats relative to −IRF rats (see Material and Methods). All graphs were 
created using GraphPad Prism version 7.00 for Windows, GraphPad So(ware, La Jolla, California, USA (https 
://www.graph pad.com). Photograph shows a cage-burrow setup and burrowed gravel. Results are expressed as 
mean ± SEM. n = 10 rats/group. * p ≤ 0.05 and ** p ≤ 0.01.

https://www.graphpad.com
https://www.graphpad.com


;

Vol:.(1234567890)

�������Ƥ��������� |         (2021) 11:2882  |  �����ǣȀȀ���Ǥ���ȀͷͶǤͷͶ͹;Ȁ�ͺͷͻͿ;ǦͶ͸ͷǦ;ͷͿͿͿǦͽ

www.nature.com/scientificreports/

transferred to cages with IR !bres bedding (!ve days before CIPI induction) compared with their counterparts 
housed into cages with standard bedding (Fig. 2A).

Considering the crucial role of "17 cells in driving joint damage and consecutive  in%ammation64, the pro-
duction levels of IL-17, "17 cell signature cytokine, were examined in supernatants of in%amed paw tissue 
cultures. "e production levels of this cytokine were lower (p ≤ 0.05) in supernatants of in%amed paw tissue 
cultures from +IRF rats compared with −IRF ones (Fig. 2B).

Impaired migration, but greater phagocytic capacity of innate immune CD11b + cells from CIA-a!ected rats exposed 
to IR "bres. Considering the role of innate immune CD11b + cells in the development of joint impairment and 
in%ammation in  CIA65, and the signi!cance of their in!ltration into in%amed joint tissue, migratory, adherence 
and phagocytic capacity of CD11b + cells from CIA rats housed in cages with IR !bre and standard bedding were 
examined.

"e analysis of the frequency of FITC-labelled CD11b + cells in DLNs in the FITC painting test revealed that 
their frequency was lower (p ≤ 0.01) in +IRF rats than in −IRF controls, indicating impaired migration capacity 
of CD11b + cells in rats from cages with IR !bre bedding (Fig. 3A). Considering that CD11b cells express CCR7 
receptor so that their tra&cking is substantially in%uenced by CCL19 and CCL21  chemokines50,66, the expres-
sion of mRNAs for these chemokines in DLNs was examined, as well. Indeed, the exposure to IR cage bedding 
reduced (p ≤ 0.01) the expression of mRNAs for both chemokines (Fig. 3A).

Next, considered that in the response to tissue in%ammation CD11b + cells leave the spleen en masse to accu-
mulate in injured tissue, and participate in the control of in%ammation by phagocyting dead cells and necrotic 
tissue, and secreting anti-in%ammatory/immunoregulatory  mediators67,68, the adherence and phagocytic capacity 
of CD11b + cells from spleen were examined. We failed to show any statistically signi!cant di'erence between 
the adherence capacity of CD11b + splenocytes from +IRF rats and those from −IRF rats (Fig. 3B). "e analysis 
of Latex bead phagocytosis showed higher (p ≤ 0.001) phagocytic capacity of CD11b + splenocytes from rats 
exposed to IR !bres had compared with those from rats housed in cages with standard bedding (Fig. 4).

Exposure of CIA-a!ected rats to IR "bres decreases the production levels of pro-in#ammatory mediators, but 
increases production levels of anti-in#ammatory/immunoregulatory mediators in cultures of in#amed paws. To 
elucidate molecular mechanisms underlying less prominent paw swelling and better burrowing performance 
of +IRF rats, the production of the key pro-in%ammatory mediators with algogenic properties  (PGE2, NO, 
TNF-α and IL-1β)69,70 and anti-in%ammatory/immunoregulatory mediators with analgesic properties (IL-10 
and TGF-β)71,72 was examined in cultures of their hind paws.

Figure 2.  In%uence of exposure to IR !bres on the level of CII-speci!c IgG antibodies in sera and the 
production of IL-17 in in%amed paws from CIA-a'ected rats. (A) Scatter plot indicates the level of anti-CII IgG 
antibodies  (OD492nm × 1000) in sera from CIA rats housed in cages with IR !bres bedding (+IRF rats) and with 
standard wooden shaving bedding (−IRF rats). Of note, rats were transferred to cages with IR !bre bedding 
!ve days before immunization. (B) Scatter plot shows IL-17 production level in the supernatants from hind 
paw tissue cultures (normalized to the paw weight) from +IRF and −IRF rats. Scatter plots were created using 
GraphPad Prism version 7.00 for Windows, GraphPad So(ware, La Jolla, California,USA (https ://www.graph 
pad.com). Results are expressed as mean ± SEM. n = 10 rats/group. * p ≤ 0.05 and ** p ≤ 0.01.

https://www.graphpad.com
https://www.graphpad.com
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"e production levels of  PGE2, a pro-in%ammatory lipid mediator present at high levels in the synovial %uid 
of patients su'ering from  RA73–75, were lower (p ≤ 0.01) in paw cultures from +IRF rats when compared with 
those from −IRF rats (Fig. 5).

Additionally, production levels of NO, the pro-in%ammatory mediator with an important role in the develop-
ment of joint injury and  in%ammation76, were also lower (p ≤ 0.01) in in%amed paw cultures from rats exposed 
to IR-emitting !bres than in those from rats housed in cages with standard bedding (Fig. 5).

On the other hand, we failed to show statistically signi!cant di'erences in the production levels of pro-
in%ammatory cytokines (TNF-α and IL-1β), which are shown to signi!cantly contribute to the joint injury and 
in%ammation, and consequently arthralgia in  RA77 in in%amed paw tissue cultures from +IRF rats and their −IRF 
counterparts (Fig. 5).

Considering that the ratio between pro-in%ammatory to anti-in%ammatory/immunoregulatory mediators 
(IL-10 and TGF-β) in in%amed tissue is more important for RA severity than their absolute  levels37 and that both 
IL-10 and TGF-β act as endogenous  analgesics71,72, their production levels in hind paw cultures were explored, 
as well. "e levels of IL-10 and TGF-β were higher (p ≤ 0.05 and p ≤ 0.001, respectively) in cultures of in%amed 
paws from +IRF rats compared with IRF rats (Fig. 5).

CIA-a!ected rats from cages with IR "bres exhibit improved serum redox status compared with their counterparts 
from cages with standard bedding. Given that oxidative stress has been also implicated in the development of 
in%ammation in chronic autoimmune diseases, including RA and its experimental  models78, the redox status 
was examined in both sera and in%amed joint tissue cultures.

Figure 3.  In%uence of exposure to IR !bres on the migration and adherence capacity of innate immune 
CD11b + cells from CIA-a'ected rats. (A) Representative %ow cytometry dot plots show the frequency of FITC-
stained CD11b + cells in lymph nodes draining the site of FITC application (DLN) in FITC painting test (see 
Material and Methods) in CIA rats housed in cages with IR !bre bedding (+IRF rats) and with wooden shaving 
bedding (−IRF rats). Of note, rats were transferred to cages with IR !bre bedding !ve days before immunization. 
Bar graphs show the expression of mRNA for CCL19 and CCL21 in DLNs from +IRF and −IRF rats, as 
determined by RT-qPCR. Results are represented as  2−dCt relative to β-actin. (B) Representative %ow cytometry 
dot plots show CD11b expression on splenocytes from +IRF and −IRF rats before (upper dot plots) and a(er 
(lower dot plots) passage through nylon wool in the adherence assay (see Material and Methods). Scatter plot 
indicates the adherence index, i.e. the percentage of adherent cells of CD11b + cells from spleens of +IRF and −
IRF rats (calculated as indicated in Material and Methods). (A, B) Flow cytometry pro!les were generated using 
FlowJo So(ware for Windows, Version 7.8. FlowJo, LLC, Ashland, Oregon, USA (https ://www.%owj o.com). 
Bar graphs (A) and (B) scatter plot were created using GraphPad Prism version 7.00 for Windows, GraphPad 
So(ware, La Jolla California, USA (https ://www.graph pad.com). Results are expressed as mean ± SEM. n = 10 
rats/group. ** p ≤ 0.01.
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"e exposure of rats to IR-emitting !bres had no e'ects on the serum level of  O2
• − and SOD activity in CIA 

rats (Fig. 6). However, lower (p ≤ 0.05) TOC levels accompanied by higher SHG (p ≤ 0.001) levels were found in 
sera from +IRF rats compared with control rats (Fig. 6). Consistently, lower (p ≤ 0.05) PAB value was detected 
in sera from +IRF rats compared with −IRF rats (Fig. 6).

We failed to detect any statistically signi!cant di'erences in the examined redox parameters in the in%amed 
paw cultures (Fig. S4).

�������������������������������	�Ƥ����������������������ͻ��������������������������������Ǧ
����������������������������������Ǥ� Given that rats from cages with IR bedding exhibited dimin-
ished antibody and "17 cell responses, and that anti-CII antibodies are found to induce pain behaviour acting 
directly on sensory neurons, viz. independently of their pro-in%ammatory action as pathological  antibodies38, 
the study was extended to encompass CIPI model, a “classical” model of the non-autoimmune in%ammatory 
response and in%ammatory pain.

Exposure to IR "bres reduces temperature, swelling and hyperalgesia of carrageenan-in#amed rat paws and 
improves burrowing behaviour of CIPI-a!ected rats. In rats housed in the cages with IR !bre bedding the sur-
face temperature of carrageenan-injected in%amed paw was lower than in rats housed with standard bedding 
at 120 min (p ≤ 0.05), 180 min (p ≤ 0.001) and 240 min (p ≤ 0.05) a(er the injection of carrageenan (Fig. 7). "e 
surface temperature of paws injected with saline did not change during the period of observation, and it was 
lower when compared with the surface temperature of carrageenan-injected paws from −IRF rats at 120 min 
(p ≤ 0.05), 180 min (p ≤ 0.001) and 240 min (p ≤ 0.001) post-injection (Fig. 7). Besides, it was lower when com-
pared with the surface temperature of carrageenan-injected paws from +IRF rats at 180  min (p ≤ 0.05) post-
injection (Fig. 7). Additionally, in rats housed in the cages with standard bedding, the intraplantar injection 
of carrageenan elicited paw swelling, as one of the cardinal signs of in%ammation (Fig. 8A). In −IRF rats this 
increase in paw volume was at the maximum at 180 min post injection of carrageenan and remained at this level 
until the end of observation (Fig. 8A). In the rats transferred to cages with IR !bre bedding !ve days before the 
administration of carrageenan, the paw volume gradually increased until 240 min post the injection of carra-
geenan (Fig. 8A). Control SAL rats exhibited a transient increase in the a'ected paw volume 60 min a(er injec-
tion of saline, but even at this increase was lower (p ≤ 0.05) than in carrageenan-injected −IRF rats (Fig. 8A). In 
rats exposed to IRF as cage bedding, the increase in the volume of the carrageenan-administered paw was lower 
(p ≤ 0.05) at 60 min a(er the injection than in −IRF rats, and it remained lower (p ≤ 0.001) when examined at 
later time points (Fig. 8A).

"e analysis of burrowing performance showed that carrageenan markedly impaired (p ≤ 0.01) burrowing 
activity of both −IRF and +IRF rats compared with SAL control rats (Fig. 8B, Fig. S5). However, this carrageenan-
induced decrease in burrowing performance was less (p ≤ 0.05) prominent in +IRF rats compared with their −IRF 
counterparts (Fig. 8B, Fig. S5), indicating that infrared radiation from IRF cage bedding ameliorates burrowing 
performance of CIPI rats (Fig. 8B, Fig. S5).

Figure 4.  In%uence of exposure to IR !bres on the phagocytic capacity of innate immune CD11b + cells from 
CIA-a'ected rats. Representative %ow cytometry histograms show latex particle phagocytosis at + 4° C and + 37° 
C by CD11b + cells (gated as shown in representative %ow cytometry dot plots generated using FlowJo So(ware 
for Windows, Version 7.8. FlowJo, LLC, Ashland, Oregon, USA; https ://www.%owj o.com.) from CIA rats housed 
in cages with IR !bre bedding (+IRF rats) and with standard wooden shaving bedding ( –IRF rats). Rats were 
transferred to cages with IR !bre bedding !ve days before immunization. Note that a signi!cant di'erence 
between the groups was apparent only at 37° C. Scatter plot (created using GraphPad Prism version 7.00 for 
Windows, GraphPad So(ware, La Jolla, California, USA; https ://www.graph pad.com) indicates the percentage 
of phagocyting (latex +) cells among CD11b + cells from the spleen of +IRF and –IRF rats (see Material and 
Methods). Results are expressed as mean ± SEM. n = 10 rats/group. *** p ≤ 0.001.
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Considering that di'erently from chronic pain conditions, in acute pain models reliability of tests evaluating 
spontaneous behaviours or activities of rodents in their home environments, as it is burrowing test, have not been 
systematically  evaluated79, pain behaviour in CIPI model was also examined using classic mechanical stimulus-
evoked von Frey test (Fig. 8C). Using this test we found that, compared with the administration of saline, the 
administration of carrageenan produced paw hyperalgesia (p ≤ 0.001) at all examined time points (Fig. 8C). 
Additionally, at all examined time points following carrageenan administration rats housed in cages with IR !bre 
bedding developed markedly less prominent (p ≤ 0.001) paw hyperalgesia compared with rats housed in cages 
with standard bedding (Fig. 8C). "e analysis of infrared radiation e&cacy showed that its anti-hyperalgesic 
e&cacy decreased from 180 min onwards (Fig. 8C).

Exposure to IR "bres diminishes production of proin#ammatory mediators, but increases production of anti-in#am-
matory mediators in cultures of carrageenan-in#amed paws. "e production of  PGE2 and NO, pro-in%amma-
tory mediators implicated in the development of  CIPI80, was examined in the cultures of carrageenan-in%amed 
paws. "e production levels of  PGE2 were reduced (p ≤ 0.05) in cultures of in%amed paw tissues from +IRF rats 
compared with their −IRF counterparts (Fig. 9). On the other hand, the production levels of NO were compara-
ble in in%amed paw tissue cultures from +IRF rats and −IRF ones (Fig. 9).

Considering the signi!cant role of TNF-α and IL-1β in development CIPI and related  allodynia81,82, their 
production levels in cultures of in%amed paws were also examined. "e production of IL-1β by in%amed paw tis-
sues from +IRF rats was lower (p ≤ 0.01) when compared with its production by in%amed paw tissues from −IRF 

Figure 5.  In%uence of exposure to IR !bres on the production of  PGE2, NO and cytokines by in%amed paws 
from CIA-a'ected rats. Scatter plots (created using GraphPad Prism version 7.00 for Windows, GraphPad 
So(ware, La Jolla, California, USA; https ://www.graph pad.com) show  PGE2, NO, TNF-α, IL-1β, TGF-β 
and IL-10 production levels in the supernatants from 4 h (PGE2) and overnight hind paw tissue cultures 
(normalized to the paw weight) (see “Material and methods”) from CIA rats were housed in cages with IR !bre 
bedding (+IRF) and their counterparts housed in cages with standard wooden shaving bedding (−IRF rats). Rats 
were transferred to cages with IR !bre bedding !ve days before immunization. Hind paws were excised from 
CIA rats on the 22nd day post immunisation. Results are expressed as mean ± SEM. n = 10 rats/group. * p ≤ 0.05, 
** p ≤ 0.01 and *** p ≤ 0.001.
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rats (Fig. 9). Di'erently, the production levels of TNF-α in in%amed paw tissue cultures from +IRF rats did not 
statistically signi!cantly di'er from those in in%amed paw cultures from −IRF rats (Fig. 9).

On the other hand, the production levels of TGF-β were higher (p ≤ 0.01) in cultures of in%amed paw tissues 
from +IRF rats compared with those from −IRF ones, whereas those of IL-10 were comparable between these 
cultures (Fig. 9).

Figure 6.  In%uence of exposure to IR !bres on the redox status in sera from CIA-a'ected rats. Scatter plots 
show pro-oxidant parameters: superoxide anion radical (O2• ᙐ) level and total oxidant capacity (TOC); 
antioxidant parameters: superoxide dismutase (SOD) activity, and sul4ydryl groups (SHG) level; and pro-
oxidant-antioxidant balance (PAB) in sera from CIA rats housed in cages with IR !bre bedding (+IRF) and their 
counterparts housed in cages with standard wooden shaving bedding (−IRF rats). Of note, rats were transferred 
to cages with IR !bre bedding !ve days before immunization. Sera were obtained from CIA rats on the  22nd 
day post immunisation. All graphs were created using GraphPad Prism version 7.00 for Windows, GraphPad 
So(ware, La Jolla, California, USA (https ://www.graph pad.com). Results are expressed as mean ± SEM. n = 10 
rats/group. * p ≤ 0.05 and *** p ≤ 0.001.

Figure 7.  In%uence of exposure to IR !bre bedding on the paw temperature of rats with carrageenan-in%amed 
paws. Rats housed in cages with IR !bre bedding (+IRF) or in cages with standard wooden shaving bedding 
(−IRF) were injected with carrageenan. Of note, rats were transferred to cages with IR !bre bedding !ve days 
before immunization. Rats housed in the cages with standard wooden shaving bedding were injected with 
saline to serve as an additional control (SAL rats). Line graph (created using GraphPad Prism version 7.00 for 
Windows, GraphPad So(ware, La Jolla California USA; https ://www.graph pad.com) indicates the surface paw 
temperature measured before and a(er carrageenan or saline injection in +IRF, –IRF and SAL rats. Of note, 
rats were transferred to cages with IR !bre bedding !ve days before immunization. Results are expressed as 
mean ± SEM. n = 6 rats/group.* p ≤ 0.05 and *** p ≤ 0.001 vs –IRF; and # p ≤ 0.05 vs +IRF.
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Figure 8.  In%uence of exposure to IR !bre bedding on paw edema, mechanical stimulus-evoked pain 
behaviour, and burrowing behaviours of rats with carrageenan-in%amed paws. Right hind paws of rats housed 
in cages with IR !bre bedding (+IRF) or in cages with standard wooden shaving bedding (−IRF) were injected 
with carrageenan. Of note, rats were transferred to cages with IR !bre bedding 5 days before immunization. 
A group of rats with right hind paws injected with saline from cages with standard wooden shaving bedding 
served as an additional control (SAL rats). (A) Line graph indicates the increase in paw volume (dV) in 
carrageenan or saline administered rats relative to that before the administration. Bar graph shows the dV 
reduction (%) in +IRF rats relative to −IRF rats (see “Material and methods”). (B) Scatter plot indicates the 
burrowing activity (BA) of each rat following carrageenan or saline administration expressed as the percentage 
of the BA before the administration (basal activity). Bar graph shows the increase in BA (%) in +IRF rats relative 
to −IRF rats (see “Material and methods”). (C) Line graph indicates the di'erence between the paw withdrawal 
thresholds a(er and before carrageenan or saline injection (dP) in +IRF, –IRF and SAL rats. Bar graph shows 
the antihyperalgesic activity (AHA) of exposure to IR !bre bedding (+IRF) in rats with carrageenan-induced 
paw in%ammation (see “Material and methods”). All line graphs and scatter plots were created using GraphPad 
Prism version 7.00 for Windows, GraphPad So(ware, La Jolla, California, USA (https ://www.graph pad.com). 
Results are expressed as mean ± SEM. n = 6 rats/group.* p ≤ 0.05 and *** p ≤ 0.001 vs −IRF; and ## p ≤ 0.01 ### 
p ≤ 0.001 vs +IRF.
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�ơ������������������������������ơ���������������������	�Ƥ���������������������������������Ǧ
�������������Ǥ� Exposure to IR "bres in the treatment paradigm reduces swelling and hyperalgesia of car-
rageenan-in#amed rat paws and improves burrowing behaviour of CIPI-a!ected rats. As described above, the 
carrageenan-injected paws from rats housed in the cages with standard bedding showed the increase in the 
volume at the examined time points, but at 180 min following the administration of carrageenan, this increase 
reached a plateau (Fig. 10A). At 120 min following the administration of carrageenan (p ≤ 0.01) and at all the lat-
ter examined time points this increase was less (p ≤ 0.05) prominent in rats transferred to cages with IR bedding 
following carrageenan administration compared with their counterparts housed in cages with standard bedding 
(Fig. 10A). Similarly, Diklofen reduced (p ≤ 0.001) the increase in the volume of in%amed paw at all time points 
from 120 min onwards (Fig. 10A). Comparing the e'ects of IR !bres and Diklofen on the increase in the volume 
of in%amed paws, we found that this analgesic drug was more (p ≤ 0.001) e&cient than infrared radiation at 
120 min (p ≤ 0.001) and 240 min (p ≤ 0.001) following carrageenan administration (Fig. 10A).

"e exposure of rats to infrared radiation from cage bedding increased (p ≤ 0.001) their burrowing perfor-
mance, but to a lower extent (p ≤ 0.05) than the administration of Diklofen (Fig. 10B, Fig. S6). Accordingly, 
the subsequent analysis of infrared radiation e&cacy showed that this treatment was less (p ≤ 0.01) e&cient in 
increasing rat burrowing performance than Diklofen administration (Fig. 10B, Fig. S6).

As expected from the previous experiment, carrageenan increased paw hyperalgesia at all examined time 
points following carrageenan administration (Fig. 10C). "e exposure to IR !bres reduced hyperalgesia (p ≤ 0.01) 
at 120 min and at all examined time points onward (Fig. 10C). Di'erently, Diklofen decreased (p ≤ 0.001) hyper-
algesia at all examined time points (Fig. 10C). Compared with Diklofen infrared radiation from the cage bedding 

Figure 9.  In%uence of exposure to IR !bre bedding on the production of PGE2, NO, and cytokines by 
carrageenan-in%amed paws. Scatter plots (created using GraphPad Prism version 7.00 for Windows, GraphPad 
So(ware, La Jolla California USA; https ://www.graph pad.com) show PGE2, NO, TNF-α, IL-1β, TGF-β and 
IL-10 production levels in the supernatants from 4 h (PGE2) or overnight right carrageenan-in%amed hind 
paw tissue cultures (normalized to the paw weight) (see Material and Methods) from rats housed in cages 
with IR !bre bedding (+IRF) and with standard wooden shaving bedding (−IRF rats). Results are expressed as 
mean ± SEM. n = 6 rats/group. * p ≤ 0.05 and ** p ≤ 0.01.
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was less e&cient (p ≤ 0.001) in this respect at all examined time points (Fig. 10C). "e analysis of Diklofen and 
infrared !bres anti-hyperalgesic e&cacy showed that Diklofen was more e&cient at 120 min, 180 min, and 
240 min that the exposure to IR !bres, whereas their e&cacy was comparable at 60 min (Fig. 10C).

Exposure to IR "bres in treatment paradigm diminishes production of proin#ammatory mediators, but increases 
production of anti-in#ammatory mediators in cultures of carrageenan-in#amed paws. In accordance with the 
e'ects of IRF on paw in%ammation, the production levels of PGE2 and NO were diminished (p ≤ 0.001) in 
cultures of in%amed paw tissues from rats exposed to IRF as cage bedding in immediacy following e treatment 

Figure 10.  In%uence therapeutic exposure to IR !bre on paw edema, mechanical stimulus-evoked pain 
behaviours and burrowing behaviour of rats with carrageenan-in%amed paws. Immediately a(er their right hind 
paws were injected with carrageenan rats were transferred in cages with IR !bre bedding (+IRF rats) or le( in 
standard wooden shaving bedding (−IRF rats). Right paws from a randomly chosen group of −IRF rats were 
administered with 5 mg/kg Diklofen per os (DIC rats). (A) Line graph indicates the increase in paw volume 
a(er carrageenan injection (dV) in respect to that before the administration of carrageenan. Bar graph shows 
the dV reduction (%) in +IRF and DIC rats relative to −IRF rats (see “Material and methods”). (B) Scatter plot 
indicates the burrowing activity (BA) a(er carrageenan injection in +IRF, −IRF and DIC rats. Bar graph shows 
the increase in BA (%) in +IRF and DIC rats relative to −IRF rats (see “Material and methods”). (C) Line graph 
indicates the di'erence between the paw withdrawal thresholds a(er and before carrageenan injection (dP) 
in +IRF, –IRF and DIC rats. A bar graph shows the antihyperalgesic activity (AHA) of exposure to IR !bre 
bedding in a treatment paradigm (+IRF) and Diclofenac treatment (DIC) in rats with carrageenan-induced paw 
in%ammation (see Material and Methods). All line graphs and bar graphs were created using GraphPad Prism 
version 7.00 for Windows, GraphPad So(ware, La Jolla, California, USA (https ://www.graph pad.com). Results 
are expressed as mean ± SEM. n = 6 rats/group.* p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001 vs −IRF; and # p ≤ 0.05, ## 
p ≤ 0.01 and ### p ≤ 0.001 vs +IRF.

https://www.graphpad.com


ͷͼ

Vol:.(1234567890)

�������Ƥ��������� |         (2021) 11:2882  |  �����ǣȀȀ���Ǥ���ȀͷͶǤͷͶ͹;Ȁ�ͺͷͻͿ;ǦͶ͸ͷǦ;ͷͿͿͿǦͽ

www.nature.com/scientificreports/

carrageenan administration when compared with those from in%amed paw tissues from rats le( in cages with 
standard bedding (Fig. 11).

"e production of proin%ammatory cytokines (IL-1β and TNF-β) was comparable in in%amed paw tissue 
cultures from −IRF and +IRF rats (Fig. 11).

On the other hand, the production levels of TGF-β were higher (p ≤ 0.001) in in%amed paw tissue cultures 
from +IRF rats compared with −IRF rats, whereas IL-10 production levels were comparable in in%amed paw 
tissue cultures from these two groups of rats (Fig. 11).

����������
"e study showed clearly e'ects of IR cage bedding constructed from Celliant !bre on the burrowing per-
formance (re%ecting a global pain score) in CIA rat model. Generally, mechanisms underlying joint pain in 
CIA involve direct action of in%ammatory mediators and/or CII-speci!c antibodies on nociceptors, special-
ized primary a'erent sensory neurons in the pain  pathway38,83. Our results, for the !rst time to the best of our 
knowledge, showed that infrared radiation may diminish the generation of (auto)antigen-speci!c potentially 
harmful IgG antibodies. By using modi!ed anti-CII antibodies and transgenic or chimeric mice it was estab-
lished that the interaction of these antibodies with the IgG receptor (FcγRI) on sensory  neurons84 is important 
for their pronociceptive  properties38. "ese !ndings are suggested to be of translational  value38. In favor of the 
in%ammation-independent pronociceptive properties of CII-speci!c antibodies, are data indicating that: (i) 
joint pain precedes the appearance of visible signs of arthritis in both RA and CIA, and (ii) depending on the 
levels of joint tissue-speci!c antibodies, the perception of pain may di'er between individuals with otherwise 
similar severity of joint  in%ammation38. In keeping with these data, our study showed that rats housed in cages 
with IR bedding exhibited less prominent burrowing de!cit although clinical arthritis score of the disease was 

Figure 11.  In%uence of rat exposure to IR !bre bedding in a treatment paradigm on the production of PGE2, 
NO, and cytokines by carrageenan-in%amed paws. Scatter plots (created using GraphPad Prism version 7.00 for 
Windows, GraphPad So(ware, La Jolla, California, USA; https ://www.graph pad.com) show PGE2, NO, TNF-α, 
IL-1β, TGF-β and IL-10 production levels in the supernatants from 4 h (PGE2) or overnight carrageenan-
in%amed paw tissue cultures (normalized to the paw weight) (see Material and Methods) from rats transferred 
in cages with IR !bre bedding (+IRF rats) or in cages with standard wooden shaving bedding (−IRF rats) 
immediately following administration of carrageenan. Results are expressed as mean ± SEM. n = 6 rats/group. *** 
p ≤ 0.001.
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only slightly, but not statistically signi!cantly, lower compared with those housed in cages with standard bed-
ding. However, given that CII-speci!c antibodies form immune complexes that bind to joint cartilage leading 
to attraction of in%ammatory cells (a key step in the development of arthritis)85, their contribution to burrowing 
de!cit via promotion of tissue damage and in%ammation could not be ruled out. Indeed, our results showed 
the increase in the average volume of the paws (in%ammatory parameter which is not included in the arthritic 
score) was lower from +IRF rats compared with their −IRF counterparts. "is suggested the bene!cial e'ect 
of infrared radiation on paw swelling. Consequently, the less pronounced compression of edematous %uid on 
nociceptors may be expected. "is !nding most likely did not solely re%ect the e'ect of infrared radiation on 
the degree of CII-speci!c antibody-mediated tissue injury, but possibly also its in%uence on the paw in!ltra-
tion with monocytes/macrophages, as suggested by analysis of CD11b + cell migration in the painting test. To 
the best of our knowledge, there is no data on the in%uence of infrared radiation on monocyte/macrophage 
migration. However, there is data indicating that short exposure to near-infrared laser light may in%uence the 
migration of migratory dendritic  cells86. "us, it may be speculated that the rat exposure to infrared radiation 
from IR bedding impaired CD11 + dendritic cell migration into DLN. "is could a'ect follicular helper T cell 
priming and consequently their capacity to provide help to the cognate germinal center B cells to di'erentiate 
into antibody-producing plasma  cells88. To corroborate this assumption, our results showed that the exposure to 
IR !bres down-regulated the expression of CCL19 and CCL21, the key chemokines governing not only dendritic 
cell migration, but also their positioning within DLN, which is crucial for their interactions with T cells and 
productive T cell  response87,88. Additionally, in favor of our assumption could be also added that the produc-
tion of IL-17, "17 signature cytokine, was diminished in in%amed paw cultures from +IRF rats compared with 
their −IRF counterparts. Furthermore, considering that the development of autoimmune response-induced 
damage and consequently in%ammation critically depends on the magnitude of the autoimmune response in 
LN draining the site of  immunisation89, the delayed appearance of the !rst signs of in%ammation in +IRF rats 
compared with their –IRF counterparts is also consistent with the negative in%uence of infrared radiation from 
IR cage bedding on the development of humoral and cellular autoimmune response in this rat CIA model. To 
corroborate di'erent e'ects of the infrared radiation on dendritic cell and monocyte/macrophage migration are 
data indicating that their migration is in%uenced by many  factors90, and that all of them are not equally important 
for these two types of innate immunity  cells66.

To further assess mechanisms underlying the development of autoimmune in%ammation and in%ammatory 
pain in CIA, the production levels of in%ammatory mediators in in%amed paw culture supernatants (mimicking 
their content in “in%ammatory soup”) were examined. "e results showed that the infrared radiation-induced 
changes in the production of in%ammatory mediators were the mediator speci!c. Namely, the decrease in the 
levels of proin%ammatory mediators  (PGE2 and NO) was followed by the increase in the levels of anti-in%am-
matory/immunoregulatory mediators (IL-10 and TGF-β), suggesting that infrared radiation did not a'ect only 
autoimmune response, but also in%ammatory response. Considering the central role of monocytes/macrophages 
in in%ammation in RA/CIA22, the shi( in the in%ammatory mediator pro!le in supernatants from in%amed CIA 
rat paws could be related to the enhanced phagocytic capacity of CD11b + cells from +IRF rats compared with 
their −IRF counterparts. Namely, the phagocytosis of apoptotic cells has been shown to change monocytes/
macrophages secretory pro!le from pro-in%ammatory into anti-in%ammatory/immunoregulatory  pro!le91. 
Several lines of !ndings taken conjointly support our results. Firstly, far infrared radiation was shown to aug-
ment  phagocytosis92. Secondly, even short-term exposure of mice a'ected by chemically induced peritonitis to 
far infrared radiation may decrease the production of pro-in%ammatory mediators by peritoneal  macrophages9 
"irdly, endothelial cell exposure to far infrared radiation in vitro enhanced the expression of heme oxyge-
nase-110, the enzyme promoting anti-in%ammatory response of monocytes/macrophages93–95. In keeping with our 
!ndings suggesting anti-in%ammatory (independent on immunomodulatory) action of infrared radiation from 
cage bedding are data indicating that far infrared radiation from bioceramics may produce an anti-in%ammatory 
e'ect on lipopolysaccharide-induced knee joint arthritis in  rabbits96. Moreover, it should be pointed that the 
reduced NO production in in%amed tissues from +IRF rats could contribute to the less prominent in%amma-
tory response in +IRF rats through lessening NO-mediated breakdown of cartilage  tissue97,98. To add additional 
weight to our !nding are data indicating that the exposure to far infrared radiation may negatively a'ect NO 
synthesis in in%amed  tissue9.

To further evaluate the anti-in%ammatory properties of infrared radiation, we investigated the development 
of CIPI in rats transferred to cages with bedding constructed from IR !bres !ve days before carrageenan admin-
istration. We found that paw in%ammation (judging by the increase in paw volume, and paw pain) was markedly 
less prominent in these rats compared with their counterparts from cages with standard bedding. "e analysis of 
in%ammatory mediator production in carrageenan-in%amed paw cultures showed that the exposure to infrared 
radiation led to the shi( in in%ammatory mediator pro!le towards a more anti-in%ammatory/immunomodula-
tory phenotype, as the production levels of  PGE2 and IL-1β decreased, whereas that of TGF-β increased. "is 
!nding may indicate that the e'ects of infrared radiation from IR ceramic particles incorporated into !bres on 
in%ammatory mediator production depend on the type of in%ammation and/or duration of the exposure period. 
It should be underscored that the exposure of rats to IR !bres immediately a(er carrageenan administration 
(treatment paradigm) also reduced the paw edema and exerted a bene!cial e'ect on both mechanical-stimulus 
evoked pain (as shown by von Frey test) and burrowing performance. "ese e'ects of infrared radiation were 
less prominent than those induced by Diklofen. However, given that nonsteroidal anti-in%ammatory drugs, 
including diclofenac, cannot entirely control severe joint pain in RA and that these drugs have (particularly 
at higher doses) many side-e'ects, it is highly likely that a combination of the exposure of in%amed joints to 
IR emitting material and usage of non-steroidal in%ammatory drugs could (i) be more e&cient in the control 
of this RA symptom than usage of nonsteroidal anti-in%ammatory drugs alone and (ii) allow usage of these 
drugs at lower doses to achieve the optimal therapeutic e'ect. According to our literature search, the e'ects of 
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infrared radiation on in%ammation/pain have not been compared in other studies. "e analysis of in%ammatory 
mediator production in carrageenan-in%amed paw cultures showed that the exposure to IR !bres in the treat-
ment paradigm also decreased the production of proin%ammatory mediators  (PGE2 and NO), but increased 
the production of TGF-β. "us, it may be speculated that e'ects of infrared radiation from Celliant !bres on 
in%ammatory mediator production depends on the duration of exposure to these !bres, although the in%uence 
of the temporal relationship between the treatment initiation and in%ammatory stimulus application could not 
be completely excluded.

Furthermore, it should be pointed out that infrared radiation could in%uence the pain behaviour of CIA 
and CIPI rats, not only by reducing the intensity of in%ammation and consequently the degree of tissue edema, 
but also by modulating the secretion of in%ammatory mediators, which modulate the peripheral and central 
nervous sensitization and thereby nociception. "e reduced level of  PGE2, a classic lipid in%ammatory mediator 
shown to exert algogenic e'ects by increasing peripheral and central nervous  sensitization83, in paw cultures 
from +IRF rats could be associated with inhibitory e'ects of far infrared radiation from ceramic material on 
cyclooxygenase-2 expression and  PGE2 synthesis by cultured macrophages and/or chondrocyte cell  lines99. It 
should be pointed out that  PGE2 may also exert pro-nociceptive e'ects indirectly, by promoting the di'erentia-
tion of " cells producing IL-17100. "us, the reduced production of IL-17 in paw cultures from CIA rats seems 
to be consistent with the reduced  PGE2 production. It should be added that IL-17 does not have only an essential 
role in the development of joint in%ammation and thereby in the in%ammatory pain in CIA-a'ected  rats28, but 
also participate in the development of joint pain through sensitization of sensory  neurons101. Additionally, in 
rats su'ering from CIPI, the reduced production of IL-1β may contribute to the moderating e'ects of IR !bres 
on in%ammatory pain. In favor of this assumption are !ndings indicating that exposure to infrared radiation 
from a pad impregnated with IR ceramic placed on the bottom of the housing unit decreases IL-1β production 
in skin tissue from paws administered with complete Freund’s adjuvant to induce  in%ammation102. Furthermore, 
bene!cial e'ects of infrared radiation from cage bedding on rat pain behaviour in both CIA and CIPI models 
may re%ect the enhanced production of IL-10 and/or TGF-β in in%amed tissue, as they are shown to moderate 
peripheral and central sensory nerve sensitization, and thereby  nociception103–106. To support this notion are 
data indicating that the exposure to far infrared radiation from ceramic materials diminishes IL-10 production 
from complete Freund’s adjuvant-in%amed mice  paws102. In favor of the contribution of diminished production 
of TGF-β in in%amed tissues to the moderating e'ect of infrared radiation from cage bedding on in%ammatory 
pain in CIA and CIPI models are literature reports indicating that: (i) TGF-β family members act as modula-
tors of acute and chronic pain perception through the transcriptional regulation of genes encoding endogenous 
 opioids106, and (ii) the anti-hyperalgesic e'ects of IR ceramics involve the opioid  system107.

Finally, it should be pointed that CIA is associated with adverse changes in the blood redox state re%ecting not 
only joint cartilage destruction, but also the development of in%ammatory changes in other tissues or  organs108. 
"us, the increased burrowing capacity, re%ecting reduced global pain score and consequently better animal 
 welfare46 in +IRF rats compared with their −IRF counterparts was consistent with the improved redox status 
in their blood, as indicated by PAB. "is !nding was corroborated by previous studies indicating the bene!cial 
e'ects of IR ceramics on the systemic levels of oxidative stress  biomarkers109.

In conclusion, our study (i) showed that the exposure of rats to infrared radiation from IR cage-bedding 
moderates the development of autoimmune joint in%ammation, and consequently has bene!cial e'ects on 
global spontaneous pain score and welfare and (ii) pointed to rather complex immunomodulatory and anti-
in%ammatory mechanisms underlying this phenomenon. While further translational studies are warranted, our 
!ndings support the use of infrared emitting bed linen, bandages, or garments as adjuvant non-pharmacological 
treatments for RA patients, and possibly for those su'ering from other in%ammatory antibody-mediated auto-
immune diseases. Additionally, the study showed that the exposure to such infrared radiation may have also 
bene!cial e'ect on the development of sterile in%ammation and the in%ammatory pain, as well as a therapeutic 
e'ect when a sterile in%ammation is induced; the !ndings that also may have signi!cant translatory value.
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Abstract: The infrared optical properties of textiles are of great importance in numerous 
applications, including infrared therapy and body thermoregulation. Tuning the spectral 
response of fabrics by engineering of composite textile materials can produce fabrics targeted 
for use in these applications. We present spectroscopic data for engineered polyester fabric 
containing varying amounts of ceramic microparticles within the fiber core and report a 
spectrally-dependent shift in infrared reflectance, transmittance and absorptance. A thermal 
transport model is subsequently implemented to study the effect of these modified properties 
on the spectral distribution of infrared radiation incident upon the wearer of a garment 
constructed of this fabric.    

© 2017 Optical Society of America 
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1. Introduction 
The engineering of textiles to exhibit desired optical properties has long been explored, with 
success demonstrated in various methods including: co-spinning of different materials, 



introduction of gradients in fiber cross-sectional shape, inclusion of inorganic content, or use 
of dyes and other additives [1,2]. Recently, increased attention has been paid to the 
interactions between textile products and infrared radiation, due to the potential impact in 
applications ranging from body cooling to industrial drying processes to infrared therapy [3–
6]. Mid-infrared optical properties are of particular importance when considering interactions 
with the human body, as at nominal skin temperature much of the body’s emissive radiative 
power is centered in the mid-infrared between 7 and 14 µm, and infrared heat losses account 
for approximately 50% of body cooling in typical indoor conditions [7,8].  

In the work presented herein, we utilized Fourier transform infrared (FTIR) spectroscopy 
to assess the spectral optical properties – namely the near-normal reflectance, transmittance, 
and emittance – of textile fabrics knitted with varying percentages of ceramic-bearing 
polymeric fibers. The biological effects of garments manufactured from these fabrics are 
presently under investigation [6]. The fabrics, which we also studied in our previous work [3], 
were nominally identical in thickness, basis weight, knit structure, and color. All fabrics 
consisted of 8% elastane fibers and 92% polyethylene terephthalate (PET, i.e., polyester) 
based fibers; the only difference between the samples was the fraction of these fibers that 
contained a core of polyester blended with ceramic particles (e.g., titanium dioxide) for 
optical property modification. 

The measured optical properties were subsequently utilized in a first-principle-based heat 
transfer model, accounting for emitted, reflected and transmitted radiant energy as well as 
thermal transport via conduction and convection, to determine the magnitude and spectral 
distribution of infrared energy received by a wearer of each fabric in the 0.8 – 16.7 µm 
spectral region. It is demonstrated that with increasing added ceramic content, the modified 
textile fabrics reflect and transmit less infrared energy and thus absorb more. This is 
particularly evident at wavelengths shorter than 6 µm. As a result, the modified fabrics with 
added ceramic content can absorb incoming radiation from the sun in the near-IR region, and 
emit increased levels of infrared energy at longer wavelengths, as compared to the same 
fabric without ceramic content. Thermal modeling indicates that this effect persists over a 
broad range of environmental and fit factors; such a fabric could be utilized when the physical 
properties of a polyester blend warrant its selection over alternative fabric materials, yet 
modified near- and mid-infrared optical properties are desired.    

2. Experimental Methods 
A Nicolet iS50 FTIR spectrometer (Thermo-Fisher Scientific) was used to measure the 
spectral reflectance (ȡȜ) and transmittance (ʏȜ) of the fabric samples with differing 
percentages of ceramic-bearing fibers. Because of the diffuse nature of reflection and 
transmission from composite surfaces [9], a mid-IR IntegratIRTM integrating sphere (Pike 
Technologies) with a reflective gold inner coating and a deuterated triglycine sulfate detector 
was used to measure the reflected or transmitted infrared radiation from the fabric samples. 
Mid-IR measurements were conducted across a wavenumber range of 4000 – 600 cm-1 
(corresponding to wavelengths, Ȝ, ranging from 2.5 – 16.7 µm), using a potassium bromide 
(KBr) beam splitter. Near-IR measurements, ranging from wavenumbers of 12000 – 4000 cm-

1 (0.8 < Ȝ < 2.5 µm) were conducted using a near-IR Nicolet iS50 NIR integrating sphere 
module (Thermo-Fisher Scientific) with an indium gallium arsenide detector.  

A schematic of the FTIR setup, indicating the sample placement relative to the IR source 
and detector for the various reflectance and transmittance measurements is shown in Fig. 1.  
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Equations (8) - (10) are circularly defined with dependence upon one another. They are 
made independent by substituting Eq. (10) into Eq. (9) and solving explicitly for jsf (Ȝ): 
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An iterative solution procedure can be used to solve for the required fabric temperature to 
satisfy the energy balance given in Eq. (6). The specific heat transfer correlations used to 
determine the effective heat transfer coefficients in determining the non-radiative heat 
transfer components Qi and Qo, as well as the procedure for adjusting the epidermis skin 
temperature based on the external heat transfer rate, can be found in the Appendix.  

4.2 Spectral shift in incident infrared radiation to the body 

Of interest for therapeutic applications is the magnitude and spectral distribution of radiation 
received by the body as a result of wearing a fabric, namely jfs (Ȝ) given by Eq. (10). A 
common set of baseline input parameters, provided in Table 2, are used in the thermal model. 
The fabric gap, ambient temperature, air velocity and solar incidence angle can all be adjusted 
in the model to evaluate sensitivity to these environmental and fit factors.   

Table 2. Thermal model simulation parameters 

Property Value Notes 
dermis temp (Tderm)  35°C regulated by vasoconstriction/vasodilation [12] 
skin emittance (İskin)  0.98 greybody, opaque (ȡskin = 1 – İskin) [10] 
height (a) 0.3 m estimate of torso dimensions [12] 
width (w) 0.3 m estimate of torso dimensions [12] 
fabric gap (b) 5 mm adjustable parameter 
ambient temp (Tamb) 23°C adjustable parameter 
air velocity (v) 1 m/s  adjustable parameter 
solar angle (ߠ௦) 45° adjustable parameter 

 
Under the baseline conditions of Table 2, Fig. 7 shows the resulting spectral distribution 

of infrared radiation incident on the skin jfs (Ȝ) for the fabrics with the maximum (1.18 wt. %) 
and minimum (0 wt. %) added ceramic content.  

 
Fig. 7.  Comparison of spectral distribution of infrared radiation received by the skin in the 
near-IR (left) and mid-IR (right) regions for the maximum (1.18 wt. %) and minimum (0 wt. 
%) added ceramic content fabric. 



In the near-IR spectrum, the body will receive more infrared when wearing a garment 
composed of fabric with no added ceramic, due to the higher transmittance in this spectral 
region relative to the fabric with added ceramic. In contrast, the fabric with 1.18 wt. % added 
ceramic is able to absorb more of this solar near-IR radiation which is then re-emitted by the 
fabric at longer wavelengths. This shift in spectral incident radiation can be seen in the mid-
IR portion of Fig. 7, where there is an increase in jfs for wavelengths greater than 4 µm.  

To determine if the increase in incident mid-IR radiation persists over a variety of 
environmental and fit factors, the model was run at different skin-fabric gap distances, 
ambient temperatures, wind speeds, and incident solar angles. The results of these 
simulations, used to calculate the total incident radiation in the mid-IR spectrum from 2.5 – 
16.7 µm by integrating over this wavelength region for both the 0 wt. % and 1.18 wt. % 
added ceramic fabrics, are reported in Table 3. For the baseline case, all model input 
parameters match those listed in Table 2. For the other cases, only the parameter noted is 
changed from the baseline; the other parameters are held at the baseline state.  

Table 3. Infrared radiation (2.5 – 16.7 µm) received by skin under various environmental and fit conditions 

    Mid-IR Power [mW/cm2] 

 Parameter Value 0 wt. % 1.18 wt. % ѐ 
——— baseline ——— 30.7 32.6 1.9 

fabric gap (b) 10 mm 30.3 32.5 2.2 
1.0 mm 31.8 32.8 1.0 

ambient temp (Tamb) 
30 °C 32.4 34.4 2.1 
10 °C 27.7 29.4 1.8 

air velocity (v) 3.0 m/s 30.1 31.6 1.5 
0.1 m/s 31.3 33.6 2.4 

solar angle (ߠ௦) 
70° 30.4 31.3 0.9 
20° 30.8 33.4 2.6 

 

Table 3 illustrates that the spectral shift in incident radiation to the wearer of a ceramic-
embedded garment to the mid-IR region is present under a variety of scenarios. The incidence 
angle of solar irradiation appears to have the most significant effect on the magnitude of the 
shift; a similar effect to a less-normal incidence angle would be expected for cloudy days 
where the intensity of solar irradiation is reduced.  

Increased solar absorption and subsequent re-emission of energy at longer wavelengths 
may be beneficial in numerous textile applications. The impacts of infrared radiation 
consisting of wavelengths ranging from 3 – 12 µm on tissue oxygenation and cell stimulation 
are under investigation [6]. Additionally, performance thermal outerwear designed for cold-
weather applications could benefit from additional absorption from the solar spectrum to 
warm the outer surface of the garment and provide this heat to the wearer of the garment. 
Experimental studies of such ceramic-modified garments incorporating the use of thermal 
manikins or similar techniques should be conducted to assess these potential applications. 

In summary, this study employed spectrophotometric measurements of textile fabrics 
modified with ceramic particles, finding favorable agreement with prior measurements using 
a scientific grade infrared camera on such fabrics. The increase in absorptance and emittance 
was mainly found to be focused in wavelengths below 6 µm, below the typical wavelength of 
human body radiation. However, in applications where the fabric receives radiation in this 
near-IR spectral region (e.g., via sunlight), thermal modeling indicates that the wearer will 
receive increased infrared radiation at wavelengths in the mid-IR (2.5 – 16.7 µm) portion of 
the electromagnetic spectrum, encompassing the wavelengths of human body radiation.   
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Appendix 

A.1 Mathematical relationship to determine reflectance through the indirect method  

Equation (1) shows the mathematical relationship between the spectral reflectivity with (ȡƍȜ) 
and without (ȡȜ) a reflective backing (cf. Fig. 1). This relationship can be derived by 
considering the additional radiation reflected by the sample when a highly reflective backing 
is present, as shown in Fig. A-1.  

 
Fig. A-1.  Reflection from a semi-transparent sample with reflective backing.  

From Fig. A-1, it can readily be seen that:  

 2 21 ...λ λ λ λ λρ ρ τ ρ ρª º= + + + +¬′ ¼    (A.1) 

Because the reflectivity must be less than 1, each term inside the brackets moving 
rightward becomes increasingly smaller, and Eq. (A.1) can be rewritten as: 

 1
2 1 j

j
λ λ λ λρ ρ τ ρ∞

=ª º= + + ¦¬′ ¼    (A.2) 

A.2 Heat transfer correlations for non-radiative thermal transport coefficients  

The general form of the convection heat flux (units, W/m2) from a surface to its surrounding 
medium is given by Newton’s law of cooling: 

 ( )surface surroundingsQ h T T= ⋅ −     (A.3) 

where h is the average convective heat transfer coefficient, which is a function of the 
geometry and external flow characteristics [10]. Dimensionless variables describing the flow 
and geometry, such as the Reynolds number (ReL) and/or Grashof number (GrL) are first 
calculated to understand the characteristics of the heat and momentum transfer, and along 
with the fluid’s Prandtl number (Pr) these values are used to calculate an average 
dimensionless heat transfer coefficient (.Nu.=.f.(ReL,.GrL,.Pr).). The dimensional average heat 



transfer coefficient h  is then the Nusselt number multiplied by the characteristic length (Lc) 
divided by the fluid thermal conductivity ( )c fluidh L kNu= ⋅ [10,11].  

In certain geometries, such as the gap between two parallel plates at different 
temperatures (i.e., between the skin and fabric), Eq. (A.3) can be employed regardless of 
whether conduction or convection is the dominant mode of heat transfer. If dimensionless 
analysis indicates that viscous dissipation forces outweigh the buoyancy forces generated by 
local differences in fluid density, conduction will prevail over convection and the Nusselt 
number will become unity (when 1 /c fluidNu kh L= ⋅= , it follows that /fluid ckh L= , where 
the characteristic length Lc is the width of the gap between the plates). It can readily be seen 
that in this scenario, Eq. (A.3) becomes /fluid ch T LQ k T⋅ ∆ = ∆= ⋅  which is simply Fourier’s 
law for steady-state one-dimensional conduction through a solid of uniform thermal 
conductivity.  

A.2.1 Outer convection heat transfer coefficient 

Convective heat transfer from the fabric to the ambient surroundings can occur by forced 
convection (resulting from external flow, such as wind, with a “free stream” velocity u�), free 
convection (driven by local buoyancy differences induced by a temperature gradient), or a 
combination of both. To determine which of these (or both) is significant; the Reynolds and 
Grashof numbers must be calculated [10,11]. 
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where ȡ is the fluid density, Lc is the characteristic length (in this case, the width of the plate 
w in Table 2), ȝ is the dynamic viscosity of the fluid, g is acceleration due to gravity, ȕ is the 
coefficient of thermal expansion (reciprocal of absolute temperature for an ideal gas), and Ȟ is 
the kinematic viscosity (Ȟ=ȝ/ȡ). All fluid properties are evaluated at the “film temperature,” 
or the average of the fabric and ambient temperature. Three scenarios are possible and must 
be considered in estimating the average convective heat transfer coefficient: 

1. The wind velocity u� is sufficiently high for forced convection to dominate natural 
(free) convection. This is the case when GrL⁄ReL

�ا 2 1.  If GrL⁄ReL
2 ൏� ͲǤ1, the average 

Nusselt number should be calculated based on forced convection correlations.  If the 
Reynolds number is less than the critical Reynolds number of Recrit = 5.5×105, the 
flow is laminar and Eq. (A.6) applies. If not, the flow is turbulent and Eq. (A.7) is 
used [11].  
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2. In cases where the wind velocity is low, natural convection may dominate forced 
convection (GrL⁄ReL

Ǥ1). If GrL⁄ReLب 2
2 ൐� 10, the dimensionless Rayleigh number 

(RaL = GrL·Pr) must be calculated and used to determine the average Nusselt 



number from natural convection correlations. The Rayleigh number is first used to 
calculate both the laminar and turbulent Nusselt numbers [11]. 
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where Clam and Cturb,V  are dimensionless parameters given by:  
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The average Nusselt number can then be determined by asymptotically averaging the 
laminar and turbulent Nusselt numbers through the following empirical formula: 

 ( ) ( )
1/66 6

, ,nc nc lam nc turbNu Nu Nuª º= +
¬ ¼

  (A.12)

  

3. If the Grashof number is of the same order of magnitude as the square of the 
Reynolds number (0.1൏� GrL⁄ReL

2 ൏� ͳͲ), the average Nusselt number can be 
determined by asymptotically averaging the natural and forced convection Nusselt 
numbers from Eqs. (A.6) – (A.12) through the following empirical formula [11]: 

 ( ) ( )
1/333

nc fcNu Nu Nuª º= +« »¬ ¼
  (A.13) 

Once the average Nusselt number is determined, the outer convection heat transfer 
coefficient can be determined [10,11]. 

 /o fluidNu wh k= ⋅   (A.14) 

A.2.2 Convection heat transfer coefficient between skin and fabric 

Similar dimensional analysis can be used to determine the inner convection heat transfer 
coefficient. It is assumed that the fabric is impermeable and, as such, no bulk flow exists in 
the space between the fabric and the skin. For the case of two vertically-oriented parallel 
plates, the convection coefficient will again depend on the Rayleigh number. In this case, the 
characteristic length is the gap between the parallel plates (b), as opposed to the plate width 
[10,11]: 
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Abstract: Composite textile materials, created from a blend of different 
fibers, have long been used to engineer the properties and performance of 
fabrics to combine comfort with functionality, such as to create materials 
with differing optical properties. Some changes to the optical properties of 
materials in the infrared are subtle and difficult to measure. We present a 
measurement technique, experimental apparatus, and associated data 
analysis procedure for detecting small changes in the emissivity of 
fabrics in the mid-infrared wavelength range (7.5–14 µm). Using this 
technique, we demonstrate that the emissivity of polyester fabric can be 
engineered controllably via the inclusion of ceramic microparticles 
within the fabric fibers. 
©2016 Optical Society of America 
OCIS codes: (110.3175) Infrared imaging; (110.6820) Thermal imaging; (120.6810) Thermal 
effects. 
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1. Introduction

Optical properties of textile fibers can be modified by incorporating a large variety of dyes 
and other additives, varying the fiber cross-sectional shape, or co-spinning of multi-materials 
[1,2]. The optical properties of the fabrics constructed from fibers are related to the fiber 
optical properties. While this has been extensively studied for optical properties in the visible 
region, less has been published on the optical properties of fabrics and other engineered 
fibrous structures in the infrared regime. Optical properties of fabrics in the infrared regime 
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are of current commercial interest. Manipulation of the infrared absorption and emission 
characteristics of fabrics may find applications across a range of different fields, for example 
in radiative heat management systems that require flexible surfaces or in thermal camouflage 
coverings. 

In the work presented in this article, the infrared optical effects resulting from 
incorporation of ceramic particles within polyester fibers utilized in textile fabrics were 
studied. In particular, changes in the mid-infrared (MIR) emissivity of fabrics that are knitted 
with differing amounts of ceramic-bearing fibers were investigated. Specifically, we 
developed a method to measure the emission of textile fabrics between 7.5 and 14 µm. While 
this region is sometimes referred to as the far-infrared (FIR), especially in the textile field [3], 
we are using the ISO definition of the divisions of the infrared spectrum [4], and therefore 
will refer to this region as the MIR in this report. The method we present incorporates 
spatially resolved radiance imaging and data analysis techniques to enable increased 
sensitivity when measuring small differences in emissivity between samples. 

The amount of radiation emitted from an object at a given temperature, T , is proportional 
to the emissivity, � , of the surface. Ideal emitters, known as black bodies, have an emissivity 
of 1 and emit a power spectrum as a function of wavelength, λ , described by Planck’s law 
[5] 

 ( )
2

2

2, ,
exp 1

B

hcP T

T
hc

k

λ
λ

=
§ ·§ · −¨ ¸¨ ¸© ¹© ¹

 (1) 

where h , c , and Bk  are the Planck constant, the speed of light in a vacuum, and 
Boltzmann’s constant, respectively. The radiance of a black body, bW , is given by the integral 
of the power spectrum, ( ),b P T dW λ λ= ³ . 

Non-ideal emitters, such as the fabric samples in this study, have an emissivity of 
0 1< <� , which may vary with temperature and wavelength. If the ranges of wavelengths and 
temperatures under investigation are narrow compared to the spectral variability of the object, 
a useful approximation is to assume that the object is a grey body and exhibits a temperature-
dependent radiance given by 

 ( ) ( ).g bT TW W= �  (2) 

The radiance of an object is thus determined by both the object temperature and its 
emissivity. Consequently, manipulation of an object’s emissivity enables the total radiated 
power of an object at a given temperature to be varied. 

In the present study, we approximate textile fabrics as grey body emitters and test this 
assumption over temperature ranges of interest. We measure fabrics that were engineered to 
have varying degrees of emissivity in the MIR and show that, by including ceramic particles 
in the core of the fibers used in the fabric, the MIR emissivity can increase over 2%. We 
observed a statistically significant positive correlation between the amount of ceramic-bearing 
fibers added to the fabric and the increase in emissivity. 

2. Sample information 

Fabric samples, made from fibers produced by Hologenix, LLC (Santa Monica, CA), 
contained varying amounts of ceramic-bearing polymeric fibers. These specialty fibers are 
similar in construction to multimode optical fibers, except the core of the fiber is a blend of 
polyethylene terephthalate (PET, i.e., polyester) and ceramic particles (e.g., titanium dioxide), 
and the cladding of the fiber, which dictates visual appearance and shields the fiber core [6], 
is PET. Fabrics were knitted using differing amounts of the ceramic-containing fibers to 
produce fabrics with three different compositions, along with a control fabric that contained 
no added specialty fibers. All the fabrics were reported to contain 8% elastane fibers, with the 
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remaining 92% made from polyester or a blend of polyester and ceramic-containing polyester 
fibers. The fabrics were nominally identical except for the percentage of ceramic-containing 
polyester fibers. 

The ceramic content of the fabrics was measured using an ash analysis technique. 
Approximately 2 g of each fabric was heated in air at 850°C for 2.5 hours to burn off the 
polyester and elastane fibers. The mass remaining was composed of the inorganic material 
contained by the samples. The increased percentage mass remaining of the three ceramic-
bearing samples, compared with that of the control sample, gives the percentage mass of these 
fabrics due to the additional ceramic particles. Table 1 shows the ceramic content, along with 
the thickness, measured in general accordance with the American Society for Testing and 
Materials (ASTM) standard ASTM D 1777 [7] under a mass delivering 0.045 g/mm2 of 
pressure, and the basis weight, measured in general accordance with ASTM D 3776 [8] for 
each of the four sample fabrics. 

Table 1. Physical Properties of Sample Fabrics a 

Sample No. Thickness 
(mm)b 

Basis weight 
(g/m2)c 

Ceramic content 
(% mass) 

1 0.58 152 1.22 ± 0.04 
2 0.58 152 1.03 ± 0.06 
3 0.59 156 0.53 ± 0.03 
4 0.58 150 0 

aSample 4 is the control and contains no ceramic material; samples 3 to 1 contain increasing 
amounts of ceramic material as indicated. Errors bars are derived from the standard deviation 
of multiple measurements. 
bThickness was measured under a compression of 0.045 g/mm2; standard deviations are ≤ 
0.01 mm. 
cStandard deviations are ≤ 3 g/m2. 

Optical microscopy was used to confirm that all the fabric samples exhibited the same 
color, knit structure, and texture, as shown in Fig. 1. 

 

Fig. 1. Color optical microscope images of the fabric samples confirm that all samples have the 
same color and knit structure. Sample identifier numbers are overlaid in white. 
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3. Experimental details 

Briefly, we used an MIR-sensitive camera to measure the infrared emission from a set of 
fabric samples as they were all held at the same temperature, as shown in Fig. 2. To obtain 
statistically significant results, we used temporal averaging over 50 images to reduce the 
effects of pixel noise and spatial averaging to reduce effects due to variations across fabric 
surfaces. Finally, the spatially and temporally averaged infrared emission values were used, in 
conjunction with measured values for blackbody and background ambient reflected radiation, 
to calculate the emissivity of each fabric sample. 

3.1. Experimental apparatus 

As shown in Fig. 2(a), four fabric samples, nominally 32-mm-square swatches, were placed 
on a 152.4-mm-diameter copper disk, with all samples being placed at the same radial 
distance from the disk center and each sample positioned within its own 72° segment. A plate 
of polished brass (emissivity of 0.03 [9]) was placed in the remaining segment to act as a 
surface with approximately 100% reflectivity. To provide good thermal contact between the 
copper disk and the samples, the fabric and brass were adhered to the copper disk using 
thermal paste with a conductivity of 0.92 W/myK. A uniform and consistent thickness of the 
thermal paste was ensured by first placing a thin template with a square cutout matching the 
dimensions of the fabric sample on the copper disk, then using a blade extended across the 
template to pull the paste down the application area. Upon removal of the template, a square 
section of paste with a thickness matching that of the template was left behind. To ensure that 
each fabric sample was placed on the thermal paste with uniform contact pressure, a 19-mm-
thick copper square with dimensions matching that of the fabric sample was briefly placed on 
top of each fabric sample once it was situated on top of the thermal paste. To aid with the 
automatic image analysis described below, the brass plate was framed with high emissivity 
tape. 

A circular resistive heating pad (Omega P/N SRMU0206D-P) with a diameter equal to 
that of the copper disk was placed under the copper disk and connected to a variable voltage 
supply (Payne Controls, McMaster-Carr P/N 3641K43). The cylindrical symmetry of the 
apparatus helped ensure that each sample position was exposed to nominally identical thermal 
conditions during the experiment. To confirm a uniform, and minimum in magnitude, radial 
temperature gradient, six high-aspect-ratio holes (3.18-mm diameter by 19-mm deep) were 
drilled into the 25.4-mm-thick copper disk: one in the disk center and five near the edge of the 
disk in the angular centers of each of the 72° segments. These holes acted as blackbody 
resonant cavities, with an effective emissivity of 1, and enabled accurate measurement of the 
local temperature and maximum possible (i.e., blackbody) emissive power of the heated 
copper disk. Using the measured cavity temperature of each hole, the maximum deviation in 
temperature from center to edge of the disk was measured to be less than 0.2°C for a nominal 
disk temperature of 35°C. The deviation in temperature between the outer holes in different 
segments was measured to be less than 0.1°C, confirming uniform thermal conditions for all 
sample positions. 
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Fig. 2. Experimental apparatus: a) samples mounted to copper disk, four fabric samples 
containing different amounts of ceramic additive and one highly reflective brass plate are 
positioned around the disk at a constant radial distance; b) the copper disk within the 
measurement rig, an infrared camera is positioned above the disk, melamine foam reduces the 
radial temperature gradient of the copper and a clear acrylic tube limits convection. 

Figure 2(b) shows the experimental apparatus configuration used for measurements. The 
copper disk was surrounded in melamine foam to reduce the radial temperature gradient, and 
a clear poly(methyl methacrylate) (PMMA) cylindrical tube was mounted around the copper 
disk to limit the effects of convective heat transfer in the vicinity of the samples. A scientific 
grade thermal imaging camera (FLIR Systems, Inc., Model T650sc, Wilsonville, OR) was 
mounted directly over the samples to acquire images at an angle normal to the surface of the 
copper disk. The camera was set to detect the radiance in the MIR wavelength range between 
7.5 – 14.0 µm using a 640 x 480 array of microbolometer sensors with a pitch of 25 µm, and 
the vertical distance between the camera and the samples was 430 mm. 

3.2. Measurement methodology and image processing 

With the samples mounted, the copper disk was heated to a nominal temperature of 35°C by 
adjusting the voltage controller. For these thin fabrics with a ~0.6-mm measured thickness, it 
was assumed that the temperature gradient across the thickness of the fabric could be 
neglected. At thermal equilibrium, the temperature of the fabric surface was taken to be equal 
to that of the copper disk, and differences in radiance measured were due solely to emissivity 
differences of the materials. 

Once the copper disk and fabric samples reached a temperature of 35°C and stabilized for 
a minimum of 1 minute, a series of 50 images were acquired by the camera at a frequency of 
7.5 Hz. The images were processed to create a single composite image in which each pixel is 
the mean radiance of the corresponding pixels in every image within the series. This process 
was used to temporally average the images, thereby smoothing out random noise fluctuations 
in the camera sensors to increase the signal-to-noise ratio. 
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Fig. 3. Example composite radiance image and regions extracted for analysis: a) The fabric 
samples, cavity holes, and the tape framing the brass plate show up as regions of high radiance. 
The position of the cavity holes and the center of the copper disk, as detected by the automatic 
image analysis are indicated with green crosses and a red circle, respectively; b) The regions 
from which radiance data were extracted from each segment are indicated with fabric surface 
regions shown in white and the brass region shown in pink. 

The spatial average of the radiance over the surface of each sample was extracted from the 
composite image via an image processing analysis technique. An example composite image is 
shown in Fig. 3(a), the location of the cavity holes and the disk center are indicated with 
green crosses and a filled red circle, respectively. Using the disk center, the copper disk was 
divided into equal-sized 72° segments that each contained one sample position. Thresholding 
and image masking techniques were used to extract and average the values of the pixels from 
each of the fabric samples and the brass plate. To avoid capturing any emission from the 
thermal paste, which can extrude slightly beyond the edge of samples, values near the edge of 
the sample regions were not included in the spatial averaging. Figure 3(b) shows the image 
from Fig. 3(a) with the regions from which radiance values were extracted for each of the 
fabric samples and the brass plate indicated. The spatial averaging, which reduces the 
measurement variation over the surface of the samples due to fabric sample properties, 
allowed an average value of detected radiance to be extracted from each fabric sample and the 
brass plate. In addition, the radiance values from the six cavity holes were calculated. 

The emissivity of the fabric samples was calculated from the average detected radiance 
values. Other laboratory measurements have confirmed that the fabrics are opaque to this 
region of infrared radiation, so it is a valid assumption that no radiation from the copper disk 
penetrates the fabric. The detected radiance from a given fabric sample, dW , was taken to be 
comprised of two components: radiation directly emitted by the fabric sample and ambient 
radiation that is reflected from the fabric sample. The radiance due to emission from the 
fabric is the product of the radiance of a black body at the sample temperature, taken as the 
average radiance from the cavity holes in the copper block, and the emissivity of each sample 
surface. The radiance due to the reflected ambient radiation, aW , was calculated as the 
average detected radiance from the polished brass plate with a reflectivity of ~1. Thus, the 
emissivity of each fabric sample was obtained as 
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d b a

d a

b a

W WW
W W

WW

= + −
−

� =
−
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�
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where bW�  is the component directly emitted by the fabric and ( )1 aW− �  is the component 
reflected from the fabric sample due to ambient radiation from the surrounding environment. 
Note that as the sample temperature approaches the ambient room temperature, aW  
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approaches dW  and bW , leading to a reduction in the signal-to-noise ratio for the measured 
emissivity. Thus, Eq. (3) dictates that measurements using this experimental method must be 
made at sample temperatures that are above or below the ambient room temperature. 

The above experiment was repeated several times with different fabric samples in each 
position of the copper block. Since the magnitude of the measured changes in emissivity were 
small, the cumulative measured emissivity results were monitored, using the standard 
deviation for each fabric type, to estimate the reliability of the measured emissivity values as 
data were accumulated. After 12 experimental runs, it was determined that further repeated 
measurements were yielding little change to the average calculated emissivity of each sample 
and would therefore not increase the measurement reliability. For each experimental run, the 
location of the different samples was varied to ensure that any measured changes in infrared 
emissive power were not due to non-ideal cylindrical symmetry of the sample thermal 
environment. 

4. Results and discussion 

Figure 4 shows the emissivity of the fabric samples as a function of the percentage mass of 
ceramic material in the fabric, cx . The data points are the mean value of the 12 independent 
measurements and the error bars have a length of one standard deviation above and below the 
mean. A linear fit to the data yields a trend line described by 0.014 9 98 0. 03cx +=� , and the 
resulting line of best fit to these mean values, shown in black on the figure, has an 2R  value 
of 0.976. 

 

Fig. 4. Emissivity of the fabric samples as a function of the percentage mass of added ceramic 
material. Data points are the mean of 12 independent measurements and the error bars a range 
of one standard deviation above and below the data point values. The black line shows a linear 
fit to the data with an R2 value of 0.976. 

The emissivity of the fabric is 0.904 ± 0.003 when the fabric contains no added ceramic 
particles, 0.913 ± 0.006 when the fabric contains 0.53 ± 0.03 wt% added ceramic particles, 
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0.918 ± 0.004 when the fabric contains 1.03 ± 0.06 wt% added ceramic particles, and 0.923 ± 
0.006 when the fabric contains 1.22 ± 0.04 wt% added ceramic particles. When ceramic 
material is added to be 1.22% of the fabric mass, the emissivity is increased by 2.1% over the 
case where no additional ceramic is added to the polyester/elastane blend. 

The experimental methods described above were used to investigate the effects of 
temperature on the fabric sample that contained 1.22% added ceramic material by mass, 
achieved by mounting four samples of the 1.22% fabric on the copper disk, along with the 
high reflectivity brass plate. Figure 5 shows that the resulting emissivity is independent of 
temperature over the wavelength range of 7.5 – 14 µm; there is no statistically significant 
correlation between the emissivity and temperature with a p-value for linear correlation of 
0.216. 

 

Fig. 5. Emissivity of the fabric containing 1.22% mass of added ceramic particles as a function 
of temperature over the wavelength range of 7.5 – 14 µm. 

These experiments center on the range of temperatures that may be encountered by fabrics 
in garments during typical wearing activities in temperate climates. The increase in emissivity 
as more ceramic is incorporated into the fabric, combined with the temperature-independent 
nature of the emissivity, offer encouragement that these results may be extrapolated to a 
broader range of scenarios involving more extreme temperature ranges and larger ceramic 
contents. 

This methodology for measuring small variations in the emissivity of fabric surfaces, and 
possibly other surfaces, may find applications across a variety of fields ranging from textile 
technology to research into the properties and deposition of thin-film materials. An immediate 
application of this work is to use the techniques detailed above to investigate the emissive 
properties of other fabrics, such as cotton or man-made fibers. This could enable, for 
example, effects on the thermal performance of garments due to modifications of fabric 
structure, surface texture or coating, and fiber or additive content, to be assessed. In addition, 
such investigations could be used to optimize fabric structure or composition for use in 
specific thermal conditions. 
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 Ferne Infrarotstrahlung: Biologische Effekte und medizinische Anwendungen  

  Abstract 
 Far infrared (FIR) radiation ( λ   =  3 – 100  μ m) is a subdivision 
of the electromagnetic spectrum that has been investi-
gated for biological effects. The goal of this review is to 
cover the use of a further sub-division (3 – 12  μ m) of this 
waveband, that has been observed in both  in vitro  and  
in vivo  studies, to stimulate cells and tissue, and is consid-
ered a promising treatment modality for certain medical 
conditions. Technological advances have provided new 
techniques for delivering FIR radiation to the human body. 
Specialty lamps and saunas, delivering pure FIR radiation 
(eliminating completely the near and mid infrared bands), 
have became safe, effective, and widely used sources to 
generate therapeutic effects. Fibers impregnated with FIR 
emitting ceramic nanoparticles and woven into fabrics, 
are being used as garments and wraps to generate FIR 
radiation, and attain health benefits from its effects.  

   Keywords:    far infrared radiation;   radiant heat;   black body 
radiation;   biogenetic rays;   FIR emitting ceramics and 
fibers;   infrared sauna.  

  Zusammenfassung 
 Ferne Infrarotstrahlung (far infrared, FIR) ( λ   =  3 – 100  μ m) 
ist ein Unterbereich des elektromagnetischen Spektrums, 
der hinsichtlich seiner biologischen Effekte von wissen-
schaftlichem Interesse ist. Das vorliegende Review kon-
zentriert sich auf den Spektralbereich von 3 – 12  μ m, der 
sowohl in  In-vitro - als auch in  In-vivo -Studien mit Blick auf 
die Stimulation von Zellen und Gewebe untersucht wurde 
und der eine vielversprechende Behandlungsmodalit ä t 
f ü r verschiedene medizinische Konditionen darstellt. 

 Dank des technischen Fortschrittes konnten verschie-
dene neue Techniken zur Applikation von FIR-Strahlung 

am menschlichen K ö rper entwickelt werden. Spezielle 
Lampen und Saunas, die reine FIR-Strahlung (ohne 
Anteile von Nahinfrarot- und Mittelinfrarotstrahlung) 
liefern, sind immer sicherer und effektiver geworden und 
werden verbreitet f ü r therapeutische Zwecke genutzt. 
Fasern, die mit FIR-emittierenden Keramik-Nanopartikeln 
impr ä gniert und zu Stoffen weiterverarbeitet werden, 
finden Verwendung als Kleidung oder Verbandsstoffe, die 
aufgrund der generierten FIR-Strahlung gesundheitliche 
Vorteile bewirken k ö nnen.  

  Schl ü sselw ö rter:   Ferne Infrarotstrahlung (FIR);   Strah-
lungsw ä rme;   Schwarzk ö rperstrahlung;   biogenetische 
Strahlen;   FIR-emittierende Keramiken und Fasern; 
  Infrarotsauna.  
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1    Introduction 
 All living organisms are subjected to the natural electro-
magnetic radiation reaching the earth from the sun. Living 
organisms experience the beneficial as well as adverse 
effects of it at all levels, starting from sub-cellular orga-
nelles and ending with the whole body. Thermal radiation 
(or infrared) is a band of energy in the complete electromag-
netic spectrum and it has been used effectively for millen-
nia to treat/ease certain maladies and discomforts. Heated 
saunas are only one of the avenues (and perhaps the oldest) 
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to deliver the radiation in a controlled environment and 
within a convenient treatment time. With the development 
of better technology to deliver pure far infrared radiation 
(FIR), the benefits from its effects have widened. Nowadays, 
specialty FIR emitting heat lamps and garments made up of 
filaments (fibers) impregnated with FIR emitting nanopar-
ticles are becoming used to deliver these thermal radiation 
effects. In this paper we explore the use of FIR as a promis-
ing treatment modality for certain medical conditions. We 
cover both traditional applications and novel applications, 
and survey the latest technological advancements and 
most recent scientific studies in the field. 

1.1    What is FIR radiation ?  

 With respect to the complete electromagnetic radiation 
spectrum, the infrared radiation (IR) band covers the 
wavelength range of 750 nm – 100  μ m, frequency range of 
400 THz–3 THz, and photon energy range of 12.4 meV –
 1.7 eV. It lies between the long wavelength red edge of 
the visible and the short edge of the terahertz (starting at 
3 THz) spectral bands (Figure  1  ). 

 The classification of the International Commission on 
Illumination (CIE) has three sub-divisions for the IR radia-
tion as given in Table  1  . An alternative classification pro-
vided in ISO 20473 standard for the sub-division of the IR 
ranges is given in Table  2  . 

 In the IR radiation bands, only FIR transfers energy 
purely in the form of heat which can be perceived by the 
thermoreceptors in human skin as radiant heat  [1] . Not 
only is FIR absorbed by the human body but it is also 
emitted by the body in the form of black body radiation 
(3 – 50  μ m with an output peak at 9.4  μ m). 

 The term  “ black body ”  was first used by Gustav 
Kirchoff in 1860. In essence, all matter absorbs electromag-
netic radiation to some degree and an object that absorbs 
all radiation falling on it (at all wavelengths and frequen-
cies) is called a black body, i.e., a perfect absorber. When 
a black body is at a uniform temperature state, it emits 
back this absorbed energy, and it is termed as  “ black body 
radiation ” . This is a type of radiation and has continu-
ous frequency/intensity which depends only on the black 
body ’ s temperature, and the type of spectrum it generates 
is called the Planck spectrum. In this type of spectrum, 
spectral peaks at characteristic frequencies are shifted to 
higher values (shorter wavelengths) with increasing tem-
perature values. For instance, at room temperature most 
of the emission of the black body is in the infrared region 
of the electromagnetic spectrum. At a typical environmen-
tal background temperature, which is around 300 K, the 
peak emission is at about 9.7  μ m (and the curve covers 
the FIR region as well); at around 1800 K (temperature of 
molten steel), the peak is shifted to 1.6  μ m; at around 6000 
K (surface temperature of the sun), the peak is shifting 
even further, 0.48  μ m, which now is in the visible (blue) 
region of the spectrum. Peak shifts of some representative 
black body temperatures and the range of electromag-
netic radiation they fall into are given in Figure  2  A, B. This 
type of shift in the emission peaks of the black bodies (to 
shorter wavelengths at higher temperatures) is governed 
by Wien ’ s displacement law.  

1.2    Biological effects of FIR 

 FIR application in medicine requires understanding 
and knowledge of the interactions of electromagnetic 

 Figure 1    The spectrum of electromagnetic radiation and some 
biological changes it may induce.    

Name/abbreviation Wavelength Photon 
energy (THz)

Near infrared/IR-A 0.7 – 1.4  μ m (700 – 1400 nm) 215 – 430
Mid infrared/IR-B 1.4 – 3.0  μ m (1400 – 3000 nm) 100 – 215
Far infrared/IR-C 3.0 – 100  μ m (3000 nm – 0.1 mm) 3 – 100

 Table 1      CIE classification of IR radiation.  

Name/abbreviation Wavelength ( μ m)

Near IR, NIR 0.78 – 3
Mid IR, MIR 3.0 – 50
Far IR, FIR 50 – 1000

 Table 2      ISO 20473 standard for sub-division of the IR.  
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radiation at FIR range with biological structures (includ-
ing cells, cell membranes, cell fluids – especially water, 
DNA/proteins) and functioning of the living systems in 
general. At the cellular level, the underlying biophysical 
mechanisms of the interaction of electromagnetic radia-
tion with living cells can be framed in terms of altered cell 
membrane potentials and altered mitochondrial metabo-
lism  [2] . FIR energy (photons with quantum energy levels 
of 12.4 meV – 1.7 eV) is absorbed by vibrational levels of 
bonds in molecules. There are six vibrational modes 

covering symmetric and antisymmetric stretching, scissor-
ing, rocking, wagging and twisting. Considering the high 
concentration of water in biological systems, association 
of water molecules with ions (solvation effect), the dielec-
tric properties of the water and the large dipole moment 
that this effect generates, this will be a dominant factor in 
biological solutions. It is known that at lower frequencies 
water molecules are able to rotate freely in an oscillating 
electric field with little or almost no energy loss. However, 
if the frequency of the electric field reaches 10 8  Hz levels, 
the rotational mode becomes hindered (due to  “ dielectric 
friction ”  effect) and the absorbed energy starts dissipating 
by collision or nearest neighbor interactions in the media 
 [2] . The dielectric relaxation of water at 310 K is around 25 
GHz where the rotational response of the dipoles to the 
electromagnetic field is spread over a broad frequency 
range. 

 In living systems, in addition to the water molecules 
association with the electromagnetic field and effects 
of that, one has to consider the  “ meso-structure ”  effect 
where proteins and charged groups (located at specific 
sites on the proteins) are crucial for the overall biological 
activity. These specifically located charged groups associ-
ate with the water molecules and by doing this influence 
the dielectric behavior of the whole molecular-assembly, 
which in turn effects its biologic functioning. Thus, the 
dielectric properties of tissues (even at cellular level) 
depend on and vary with the water content. In addition, 
the relaxation of these molecular  “ meso-structures ”  can 
show variations with frequency. For these reasons, water 
content is a critical factor in the interaction between FIR 
and living organisms. 

 In this regard, the dynamics of water-clusters has 
attracted considerable interest since there is a notice-
able difference with respect to the dynamics of bulk-
liquid-water, and this may have significant implications 
in biological environments. Local changes in the mole-
cular environment (caused by solvation or confinement) 
are shown to affect substantially the translational and 
vibrational modes in FIR frequency range. It is found that 
water cluster size and temperature affect the FIR absorp-
tion spectrum significantly  [3] .   

2    Medical applications of FIR 
 For FIR used as a therapeutic modality the alternative 
terms  “ biogenetic radiation ”  and  “ biogenetic rays ”  
have been coined and widely used in the popular lit-
erature. FIR wavelength is too long to be perceived by 
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 Figure 2    (A) Planck ’ s law. Dependence of spectral radiant 
emittance ( ω  λ ) for perfect black bodies as a function of wavelength 
( λ ). (B) Wien ’ s displacement law. The wavelength of maximal radiant 
exitance ( λ  max ) as a function of the absolute temperature (T) for a 
perfect black body (dashed line) and different bodies.    
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the eyes, however, the body experiences its energy as a 
gentle radiant heat which can penetrate up to 1.5 inches 
(almost 4 cm) beneath the skin. FIR energy is sufficient 
to exert rotational and vibrational modes of motion in 
bonds forming the molecules (including the water mol-
ecules) as well as resonate with cellular frequencies. 
Resulting epidermal temperature is higher when the 
skin is irradiated with FIR than if similar thermal loads 
from shorter wavelengths are used. The prolonged ery-
thermal response due to FIR exposure has been pro-
posed to be due to increased epidermal temperatures 
associated with it, but levels of FIR that do not produce 
any detectable skin heating can also have biological 
effects. 

2.1     Biomedical laboratory studies using 
FIR sources 

2.1.1    FIR heat lamps 

 There have been many attempts to use FIR as a therapeu-
tic intervention where devices known as  “ infrared heat 
lamps ”  that emit more or less FIR are been used. Unfortu-
nately,  “ pure ”  FIR emitting lamps are expensive, and thus, 
in some instances lamps that have  “ mixed ”  emission, i.e., 
emit in shorter (mid infrared, MIR; near infrared, NIR 
and even visible light) wavelength ranges are been used. 
A common type of specialized infrared heat lamp emits 
2 – 25  μ m radiation. IR saunas are often used and the most 
effective types have ceramic FIR emitting panels that 
remain cool to the touch. However, most IR saunas on the 
market do not use the expensive FIR panels, which can be 
touched since they remain always cold. 

 There have been a few laboratory studies that have 
reported the biological effects of FIR. A recent impor-
tant paper describes the  in vitro  use of an FIR generator 
(WS TY-301R    ; M/s WS Far Infrared Medical Technol-
ogy Co., Ltd., Taipei, Taiwan; see Figure  3  ) as a radia-
tion source to irradiate human umbilical vein endothe-
lial cells (HUVECs)  [4] . In the study, FIR exposure (a low 
non-thermal irradiance) of 0.13 mW/cm 2  for 30 min inhib-
ited proliferation and the vascular endothelial growth 
factor (VEGF)-induced phosphorylation of extracellular 
signal-regulated kinases in HUVECs. Furthermore, FIR 
exposure induced the phosphorylation of endothelial 
nitric oxide synthase (eNOS) and nitric oxide (NO) gen-
eration in VEGF-treated HUVECs. Both VEGF-induced 
NO and reactive oxygen species (ROS) generation was 
involved in the inhibitory effect of FIR. Nitrotyrosine for-
mation increased significantly in HUVECs treated with 

 Figure 3    Medical FIR sources. (A) WS TY-301R     and (B, C) WS 
TY-101N     FIR lamps (both by WS Far Infrared Medical Technology Co., 
Ltd., Taipei, Taiwan).    

VEGF and FIR together. Inhibition of phospho inositide 
3-kinase (PI3K) by wortmannin abolished both the FIR-
induced phosphorylation of eNOS and serine/threonine-
specific protein kinase in HUVECs. In addition to that, 
FIR exposure upregulated the expression of PI3K p85 at 
the transcriptional level. It was observed that FIR expo-
sure induced the nuclear translocation of promyelocytic 
leukemia zinc finger protein in the cells. These data 
provide information on how FIR exposure could affect 
microcirculation, independent from thermal effects. The 
same group had previously shown that non-thermal FIR 
therapy increased skin blood flow in rats  [5] . Toyokawa 
et al.  [6]  used home-made ceramic FIR emitters to stimu-
late full thickness excisional skin wound healing in rats. 
After constant exposure to FIR, wound healing was signifi-
cantly quickened and transforming growth factor (TGF)-
beta1 expressing myofibroblasts and collagen content 
were increased. 

 Along the same lines, Akasaki et al.  [7]  studied  in vivo  
the effects of repeated FIR irradiation on angiogenesis in 
a mouse model of hindlimb ischemia. Following reports 
that FIR therapy upregulated the expression of arterial 
eNOS in hamsters (and it is known that NO constitutively 
produced by eNOS plays an important role in angiogen-
esis) they took a step further to investigate whether the 
FIR therapy increases angiogenesis in mice with the 
hindlimb ischemia. In their study, unilateral hindlimb 
ischemia was induced in apolipoprotein E-deficient 
mice and the group to receive the FIR irradiation was 
placed in a FIR dry sauna at 41 ° C for 15 min and then 
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at 34 ° C for 20 min once daily, with total duration of the 
experiment of 5 weeks. Laser-Doppler perfusion imaging 
demonstrated that at the ischemic limb, blood perfu-
sion ratio in the irradiated group increased significantly 
in comparison with the control group (0.79  ±  0.04 vs. 
0.54  ±  0.08, p  <  0.001). Also, in the treated group, signifi-
cantly greater capillary density was observed (757  ±  123 
per mm 2  vs. 416  ±  20 per mm 2 , p  <  0.01). Western blotting 
showed that thermal therapy has increased markedly the 
hindlimb eNOS expression. Furthermore, to study pos-
sible involvement of eNOS in thermally induced angio-
genesis, the same FIR therapy was given to mice with 
hindlimb ischemia with or without N(G)-nitro-L-arginine 
methyl ester (L-NAME) administration for the dura-
tion of 5 weeks. It was observed that L-NAME treatment 
eliminated angiogenesis induced using the FIR thermal 
therapy and that the therapy did not increase angiogen-
esis in eNOS-deficient mice. The study led to the conclu-
sion that angiogenesis can be induced via eNOS using 
FIR thermal therapy in mice with hindlimb ischemia. 

 Ishibashi et al.  [8]  did an  in vitro  study with 
five human cancer cell lines (A431, vulva; HSC3, 
tongue; Sa3, gingival; A549, lung; and MCF7, breast) 
to assess the effects of FIR irradiation. For that 
purpose, they used a tissue culture incubator with 
an imbedded FIR lamp that could continuously irra-
diate cells with FIR (lamp operating wavelength 
range being 4 – 20  μ m with an emission peak height at 
7 – 12  μ m). The overall observation was that the FIR effect 
varied in these five cancer cell line types, as can be 
expected. The study results showed that basal expres-
sion level of heat shock protein (HSP) 70A mRNA was 
higher in A431 and MCF7 cell lines in comparison with 
the FIR-sensitive HSC3, Sa3, and A549 cell lines. The 
study showed that the over expression of HSP70 inhib-
ited FIR-induced growth arrest in HSC3 cells, and that 
HSP70 siRNA inhibited the proliferation of A431 cells 
after FIR treatment. A summary of the results of this 
study indicated that the proliferation-suppressing effect 
of FIR, in some cancer cell lines, is controlled by the 
basal expression level of the HSP70A. These findings 
suggest that FIR irradiation may be used as an effective 
medical treatment avenue for some cancer cells which 
have low levels of HSP70.  

2.1.2    FIR emitting ceramics and fabrics 

 FIR emitting ceramics have been known for some time 
 [9, 10] . All ceramics have the property of emitting IR 
radiation depending on their temperature. In the age 

of gas lighting, ceramic mantles were heated by gas 
flames to emit both IR and visible radiation depending 
on the temperature attained. The exact chemical compo-
sition of the ceramic material governs the relationship 
between the temperature and the amount of IR radia-
tion. The radiated energy follows the Stefan-Boltzmann 
law which says that the total energy radiated per unit 
of surface area per unit of time is directly proportional to 
the fourth power of the black body ’ s absolute tempera-
ture. The wavelength range also depends strictly on the 
temperature according to Wien ’ s displacement law  [11] .

The boron-silicate mineral, tourmaline (known as 
a gemstone in its crystalline form) when milled into fine 
powders also emits FIR  [12]  and the characteristics of the 
FIR emission depend on the particle size. Preparations 
containing tourmaline powder have been applied to the 
skin with the aim of affecting the blood flow  [13] . In a 
similar manner discs of FIR emitting ceramics have been 
attached to the skin with the intent of producing a benefi-
cial effect (see later).

Small particles (nanoparticles and microparticles) 
of FIR-emitting ceramic material have been incorporated 
into fibers that are then woven into fabrics. These fabrics 
can be manufactured into various garments that can be 
worn on different parts of the body.

When FIR emitting ceramics or fabrics are employed 
as therapeutic devices, it is pertinent to analyze the ther-
modynamics of the process. The first law of thermodynam-
ics states that energy can neither be created nor destroyed. 
Heat (molecular vibrational energy) is transferred from 
one body to another in three forms: radiation, convec-
tion and conduction. Thus, it is clear that the principle 
source of energy needed to power the FIR emission from 
the garments comes from the human body, since it is at 
a significantly higher temperature than the surrounding 
air. So energy from the human body is transferred to these 
ceramic particles, which are acting as  “ perfect absorb-
ers ” , maintain their temperature at sufficiently high levels 
and then emit FIR back to the body. It is plausible that FIR 
emitted from the skin is absorbed by the ceramic parti-
cles, which then re-emit the same FIR back to the skin. 
Although this may appear to be an energy neutral process 
and to cancel itself out, this is not in fact the case because 
the FIR emitting material will prevent the loss of FIR that 
would otherwise have escaped through normal clothing. 
However the same effect could have been achieved with 
a FIR reflective foil suit or suchlike. Other sources of heat 
that can transfer energy from the body to the ceramic par-
ticles with a net gain of FIR are either convection, conduc-
tion, or both. The balance between conduction and con-
vection will depend on how close the contact is between 
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the garment and the skin. If the garment is skin tight, then 
conduction may be important, while if it is loose fitting 
then convection (heating up a layer of air between the skin 
and the garment) may be important.

Ting-Kai Leung and colleagues have studied the 
effect of FIR-emitting ceramic powders in a range of bio-
logical studies  [14 – 19] . In one set of studies, they cul-
tured murine myoblast cells (C2C12) with bags of ceramic 
powder under the culture plates and found that FIR 
irradiation improved cell viability and prevented lactate 
dehydrogenase release under hydrogen peroxide (H 2 O 2 )-
mediated oxidative stress, and also elevated the intracel-
lular levels of NO and calmodulin  [14] . In the study, they 
used electro-stimulation of amphibian skeletal muscle 
and found that FIR emitting ceramics delayed the onset of 
fatigue, induced by muscle contractions  [14] . In another 
set of studies, they showed that ceramic-emitted FIR 
(cFIR) could increase the generation of intracellular NO 
in breast cancer cells  [15]  and inhibit growth of murine 
melanoma cells  [16] . Similarly, they found that cFIR 
increased calmodulin and NO production in RAW 264.7 
macrophages  [17] . cFIR also has been shown to increase 
the viability of murine macrophages with different con-
centrations of H 2 O 2   [15] . In this study  [15]  it was shown 
that cFIR significantly inhibited intracellular peroxide 
levels and lipopolysaccharide (LPS)-induced peroxide 
production by macrophages. In the same study, it was 
also demonstrated that cFIR blocked ROS-mediated cyto-
toxicity (shown by measurements of cytochrome c and 
the ratio of NADP + /NADPH)  [15] .

The same research group went on to study a rabbit 
model of rheumatoid arthritis in which rabbits received 
intra-articular injections of LPS to induce inflam-
mation that mimics the rheumatoid arthritis  [18] . 
Fluorodeoxyglucose( 18 F) coupled with positron emission 
tomography (FDG-PET) scans were used to monitor the 
inflammation in 16 h and 7 days after the LPS injection. 
Rabbits to be treated with cFIR were placed in a cage sur-
rounded by paper sheets impregnated with a thin layer 
of the ceramic powder, while the control group was sur-
rounded by the same sheet without the material. Compari-
son of the final and initial uptakes of FDG isotopes in the 
LPS-injected left knee-joints of the rabbits indicated larger 
decreases in the cFIR exposed group than in the control 
group indicating that FIR reduced inflammation.

In their most recent study the Leung group studied 
the repair effect of cFIR in human breast epithelial cells 
(MCF-10A) after H 2 O 2  and after ionizing radiation from an 
X-ray source  [19] . Their results show that in both, H 2 O 2  toxi-
city and radiation exposure models, the cFIR treated cells 
demonstrated significantly higher cell survival rates than 

the control groups. In view of the experimental results 
and taking into account the relationship between indirect 
ionizing radiation and the oxidative stress-induced cell 
damage, and accumulation of free radicals, they proposed 
that the ionizing radiation protective ability of cFIR occurs 
predominantly through an antioxidant mechanism. They 
are suggesting that cFIR provides cells with a defensive 
mechanism during the irradiation process and promotes 
cell repair during post exposure period through hydrogen 
peroxide scavenging and COX-2 inhibiting activities.   

2.2     Means that are used to deliver the 
FIR radiation 

 We analyzed the peer-reviewed applications of therapeu-
tic FIR delivery systems and realized that there are three 
main techniques for FIR radiation delivery: i) FIR saunas, 
ii) FIR ray devices and iii) FIR emitting ceramics and 
fabrics. 

2.2.1    FIR saunas 

 In these cabins, the heating elements are typically heated 
to about 300 – 400 ° C and the emission is in the FIR range, 
that is, the heat exchange between the body and the envi-
ronment is almost purely radiative (radiant heating) with 
cabin air temperature being at around 40 ° C or less (Figure 
 4  ). Heating of the skin with FIR warming cabins is faster 
(in comparison with the conventional saunas) but higher 
irradiance of the skin must be applied in order to produce 
noticeable sweating. These cabins are frequently used in 
Japan where the practice is called  “ Waon therapy ”   [20, 
21] . Waon therapy has been used extensively in Japan 
 [22]  and Korea  [23]  for cardiovascular conditions and 
diseases, particularly chronic heart failure  [24, 25]  and 
peripheral arterial disease  [26, 27] . FIR sauna therapy 
has been used to improve cardiac and vascular func-
tion and reduce oxidative stress in patients with chronic 
heart failure  [28] . Beever  [29]  asked whether FIR saunas 
could have a beneficial effect on quality of life in those 
patients with type II diabetes. The study consisted of 
20 min, three times weekly infrared sauna sessions, over 
a period of 3 months. Physical health, general health, 
social functioning indices, and visual analogue scales 
(VAS) measurements for stress and fatigue all improved 
in the treatment group. A study of patients with rheuma-
toid arthritis and ankylosing spondylitis showed a reduc-
tion in pain, stiffness, and fatigue during infrared sauna 
therapy  [30] .  
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2.2.2    FIR ray devices 

 Common devices are WS TY-101N     and WS TY-301R     
(made by WS Far Infrared Medical Technology Co., Ltd., 
Taipei, Taiwan; see Figure 3). A report from Hu and Li 
 [31]  describes the treatment of allergic rhinitis. A WS 
TY-101N     FIR emitter was placed 30 cm from the patient ’ s 
nasal region. The treatment was performed for 40 min 
every morning for 7 days. Every day, patients recorded 
their symptoms in a diary before and during treatment. 
Each symptom of rhinitis was rated on a 4-point scale 
(0 – 3) according to severity. During the period of FIR 
therapy, the symptoms of eye itching, nasal itching, 
nasal stuffiness, rhinorrhea, and sneezing were all sig-
nificantly improved. Smell impairment was improved 
after the last treatment. Lin et al.  [32]  used a WS TY-101N     
FIR emitter to treat vascular access malfunction with 
an inadequate access flow (Qa) in hemodialysis (HD) 
patients. This randomized trial demonstrated that 
FIR therapy could improve access flow and potency of 
the native arteriovenous fistula (AVF) in a total of 145 
HD patients (73 in the control group and 72 in the FIR-
treated group). FIR was used for 40 min, and hemody-
namic parameters were measured by the HD02 monitor 
(M/s Transonic System Inc.), during the hemodialysis. In 
comparison with control subjects, patients who received 
FIR therapy for 1 year had a lower incidence (12.5 vs. 
30.1 % ; p  <  0.01) and relative incidence (one episode per 
67.7 vs. one episode per 26.7 patient-months; p  =  0.03) of 
AVF malfunction. Hausswirth et al.  [33]  showed that FIR 

therapy reduced symptoms of exercise-induced muscle 
damage in athletes after a simulated trail running race.  

2.2.3    FIR emitting ceramics and fabrics 

 Discs and garments manufactured of FIR emitting ceramic 
material have been applied to the human body (Figure  5  ). 
For instance, a blanket containing discs has been reported 
to improve quality of sleep  [34]  and single discs were 
applied to the breasts of women who encountered diffi-
culty in producing sufficient breast milk during lactation 
 [35] . Gloves have been made out of FIR emitting fabrics and 
there have been reports that these gloves can be used to 
treat arthritis of the hands and Raynaud ’ s syndrome  [36] . 

 Belts made out of these fabrics have been used for 
weight reduction. In one study, Conrado and Munin  [37]  
investigated whether the use of a garment made with 
synthetic fibers embedded with powdered ceramic led 
to a reduction in body measurements. The study popula-
tion comprised 42 women divided into two groups: active 
and placebo. The volunteers used clothing either impreg-
nated or not impregnated with ceramic powder for at least 
8 h/day for 30 days. The experimental data showed a 
reduction in body measurements, which may be a conse-
quence of an increment in microcirculation and peripheral 
blood flow, and these changes might promote improved 
general health.

A belt containing FIR-emitting sericite mineral (a fine 
grained mica) was used to study the relief of menstrual 

FIR sauna

A B

Hot
stove

C
Conventional sauna

 Figure 4    FIR sauna. (A, B) Comparison of FIR sauna with conventional heated sauna. (C) Cabin incorporating FIR emitting  “ cold ”  unit(s) 
(Anhui Hi-Tech Electronic Commerce Co., Ltd., Hefei, China).    
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pain  [38] . In this study, 104 patients with primary dys-
menorrhea were randomized to wear a sericite or 
placebo belt during sleep for three menstrual cycles, and 
then followed up for two additional menstrual cycles 
with no belt. Hot packs were used to heat the ceramics 
and ensure slight pain relief in both groups. Although 
the severity of dysmenorrhea decreased during the treat-
ment period in both groups, it was found that during 
the follow-up period, the decreased VAS (pain) score 
was maintained in the experimental group, whereas the 
VAS score gradually returned to baseline in the control 
group, which resulted in significant difference between 
the groups (p  =  0.0017).

In their recent clinical study, Liau et al.  [39]  looked 
into the benefits of using an FIR emitting belt for manag-
ing the discomfort of primary dysmenorrhea in female 
patients. Taking into account several parameters, such 
as body temperature, abdominal blood flow, pain assess-
ment, and heart rate variability, they showed that FIR 
belts used increased the local surface body temperature 
as well as the abdominal blood flow; in addition to reduc-
ing the pain and the discomfort from it. In this particular 
study, a THERMEDIC FIR belt (LinkWin Technology Co., 

Ltd., Taiwan) with the capability to generate 11.34 mW/
cm 2  at 50 ° C was used.

Rao et al.  [40]  used garments made out of bioceramic-
coated neoprene in conjunction with a  “ topical cream ”  to 
treat cellulite of the legs. Each subject was randomized 
to receive occlusion by the garment on either the right or 
left leg, with the contralateral side serving as a control 
with no occlusion. Of the 17 subjects who completed the 
study, 76 %  noticed an overall improvement in their cellu-
lite, with 54 %  reporting greater improvement in the thigh 
that received garment occlusion. Further, the evaluators 
found the occluded thighs to show greater improvement 
than the non-occluded thighs in 65 %  of subjects. Biocer-
amic-coated neoprene garment occlusion potentiated the 
effect of the topical agent in cellulite reduction. A follow 
up two-center, double-blinded, randomized trial found 
similar results  [41] .

Celliant     (Hologenix, Santa Monica, CA, USA) is a 
polyethylene terephthalate (PET) fiber that incorporates 
FIR emitting ceramic nanoparticles. York and Gordon 
 [42]  studied socks manufactured from Celliant     fiber 
material in patients with chronic foot pain resulting from 
diabetic neuropathy or other disorders. A double-blind, 
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 Figure 5    FIR emitting garments and fabrics manufactured from fibers impregnated with ceramic nanoparticles (Celliant    , Hologenix, 
Santa Monica, CA, USA). (A) fibers, (B) yarns, (C) fabrics, (D) knee bandage brace, (E) socks, (F) gloves, (G) elbow bandage brace, 
(H) multi-purpose bandage, (I) performance apparel, (J) mattress, and (K) puppy blanket.    
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randomized trial with 55 subjects (38 men, 17 women, 
average age 59.7  ±  11.9 years) enrolled 26 patients with 
diabetic neuropathy and 29 with other pain etiologies. 
Subjects twice completed the VAS, brief pain inventory 
(BPI), McGill pain questionnaire (MPQ), and a multipur-
pose, short form health survey with 36 questions (SF-36) 
a week apart [W(1 + 2)] before receiving either control or 
Celliant     socks. The same questionnaires were answered 
again 1 and 2 weeks later [W(3 + 4)]. The questionnaires 
provided nine scores for analyzing pain reduction: one 
VAS score, two BPI scores, five MPQ scores, and the 
bodily pain score on the SF-36. Mean W(1 + 2) and W(3 + 4) 
scores were compared to measure pain reduction. More 
pain reduction was reported by Celliant     subjects for 
eight of the nine pain questions employed, with a signifi-
cant (p  =  0.043) difference between controls and Celliant     
for McGill question III. In neuropathic subjects, Celliant     
caused greater pain reduction in six of the nine questions, 
but not significantly. In non-neuropathic subjects eight of 
nine questions showed better pain reduction with the 
Celliant     socks.    

3     Hypothesis for molecular 
and cellular mechanisms of 
FIR effects 

 Despite all these different uses of FIR in medical applica-
tions, the exact mechanisms of the hyperthermic effects 
and biological activities of FIR irradiation are still poorly 
understood. It is clear that two kinds of FIR therapy may 
exist. The first type (FIR saunas and some FIR generators 
powered by electricity) uses irradiances or power densi-
ties (tens of mW/cm 2 ) that are sufficient to heat up the 
tissue, while others such as ceramic discs, powders, and 
fabrics (that use no external power but rely on energy 
from the body) have such low irradiances that they do 
not heat the tissue (0.1 – 5 mW/cm 2 ). The question arises 
to what extent are the fundamental mechanisms of these 
two forms of FIR therapy the same, and to what extent are 
they different ?  Furthermore, the question may be posed 
as to what degree of similarity that FIR therapy has with 
the reasonably well-established therapy called low level 
laser (light) therapy (LLLT) also known as photobiomo-
dulation (PBM). Pertinent to this question is the fact that 
many devices used to deliver therapeutic visible or NIR 
light were approved by the US Food and Drug Adminis-
tration as being equivalent to an  “ infrared heat lamp ” .
The cellular and molecular mechanisms of LLLT/PBM 

are to some extent understood and involve absorption of 
red or NIR light by mitochondrial chromophores such as 
cytochrome c oxidase (CCO, unit IV of the mitochondrial 
respiratory chain)  [43] . This photon absorption activates 
the enzyme possibly by photo-dissociating the inhibitory 
molecule, NO, from the copper B (CuB) site  [44] . This loss 
of NO allows electron transport, oxygen consumption, 
and adenosine triphosphate (ATP) to rapidly increase 
and results in a marked rise in mitochondrial membrane 
potential (MMP) that gives rise to a brief burst of ROS  [45] . 
Signaling pathways are activated by ATP, NO, and ROS 
and these lead to activation of transcription factors (such 
as NF- κ B)  [46]  that lead to the long-term effects on tissue 
(healing, anti-inflammatory and pain relief  [47] ) seen after 
relatively transient periods of illumination.

Since the principle chromophore at FIR wavelengths 
is not CCO but rather water, we must ask ourselves how 
can the biological effects of red and NIR absorption be 
so similar to those seen with FIR ?  Perhaps some clue 
can be obtained by considering the difference between 
the two types of FIR therapy (heating and non-heating). 
While heating FIR therapy is reported to increase blood 
flow, this result may be the simple response of increased 
thermoregulation that is known to occur when tissue 
is warmed. However, it is possible that the increase in 
blood flow, seen in non-heating FIR therapy, may be 
similar in nature to that seen in LLLT, in other words, a 
vasodilation due to NO release from stores in CCO  [48]  
as well as from NO bound to hemoglobin and myoglo-
bin  [49] . How are we to explain cellular responses from 
low fluences of FIR that are insufficient to produce 
bulk heating of water in the tissue ?  Perhaps the answer 
lies in the concept of nanostructured water layers  [50] . 
These are thin (nano meters) layers of water that build 
up on hydrophobic surfaces such as cellular mem-
branes, and they can be considered as  “ concentrated 
water ”   [51] . If this description is correct, it is reasonable 
to assume that relatively small amounts of vibrational 
energy delivered by non-heating FIR could perturb the 
structure of the membrane underlying the nanoscopic 
water layer without bulk heating. Small perturbations 
in membrane structure could have big effects at the 
cell level if the membrane contains an ion channel. Ion 
channels (many kinds for both cations and anions  [52] ) 
are present in all cell membranes, but are particularly 
common in mitochondrial membranes (both inner and 
outer  [53] ). If mitochondrial ion channels (particularly 
calcium channels  [54] ) could be opened by non-heating 
FIR, thus increasing mitochondrial respiration, it would 
explain how the overall therapeutic outcomes of LLLT 
and non-heating FIR therapy are so similar.
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It cannot be excluded that FIR could itself have effects 
on CCO activity. A recent study has elucidated the exist-
ence of weakly H-bonded water molecules in bovine 
CCO that might change during catalysis  [55] . Fitting with 
Gaussian components indicated the involvement of up 
to eight waters in the photolysis transition. The fact that 
Fourier transform infrared (FTIR) spectroscopy is exten-
sively employed to study the structure, function, and 
dynamics of CCO  [56, 57]  suggests that it is possible that 
the same wavelengths (FIR uses comparable wavelengths 
to FTIR) could produce changes in conformation affecting 
enzyme activity or binding of NO to the CuB site.

It must be emphasized that the above remains a hypo-
thetical explanation at present, but is clearly a testable 
hypothesis. One could ask whether exposure of cells to non-
heating FIR can affect mitochondria by for instance increas-
ing ATP, increasing oxygen consumption, producing NO 
and ROS, affecting MMP and calcium levels. One could also 
ask whether cells that are rich in mitochondria respond well 
to non-heating FIR, in the same way as they do to LLLT.  

4    Conclusion 
 If it can be proved that non-heating FIR has real and sig-
nificant biological effects, then the possible future appli-
cations are wide ranging. Not only could bandages and 
dressings made out of NIR emitting fabrics be applied 
for many medical conditions and injuries that require 
healing, but there is a large potential market in lifestyle 
enhancing applications. Garments may be manufactured 
for performance enhancing apparel in both leisure activi-
ties and competitive sports areas. Cold weather apparel 
would perform better by incorporating FIR emitting capa-
bility and sleeping environments could be improved by 
mattresses and bedding emitting FIR.   
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