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ABSTRACT

Vascular complications are responsible for most of the morbidity and mortality in diabetic patients. Effective
strategies to improve circulation appear to be another important issue in addition to the interventions of
blood glucose control. Previous studies have shown that the biological effects on humans after using the
materials containing ceramic particles emits far infrared radiation (FIR). The present study is to investigate
the warming effect of the fabrics containing specified metals in diabetic patients. A total of 28 diabetic patients
were blinded and randomly assigned to treatment group (N = 18) and control group (N = 10), respectively.
The subjects of treatment group were ministered with the blankets with fibers containing the specified metals,
while the subjects of control group were provided with blankets of ordinary material. The skin temperature
and microcirculatory perfusion were monitored before and after 20-min use of the blankets at shoulder and
bilateral calves. After warming with blankets, the treatment group revealed a higher increased ratio of skin
perfusion than control (p < 0.05), while there was no prominent variation on the wavelet spectrum of the
perfusion signal. Although it is already a known fact that passive FIR warming has the advantages of safety
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and convenience, our results suggest that warming by wearing the textiles containing the specified metals
with high FIR emissivity is a solution for daily skin care of diabetic patients.

Keywords: Far-infrared; Microcirculation; Diabetes; Laser Doppler flowmetry; Emissivity; Passive warming.

INTRODUCTION

Patients with type 2 diabetes struggle with glycemic
control; however, the outcomes of antihyperglycemic
therapy often vary with multiple factors ™3 The overall
impact of lowering glucose on vascular complication in
patients with type 2 diabetes remains relatively contro-
versial @ As a matter of fact, a disorder of glycemic con-
trol is not directly a proven cause of fatality in diabetes
patients; microvascular and macrovascular complica-
tions are responsible for most of the morbidity, hospital-
izations and death™ Poor circulation on feet easily leads
to skin infections, which could develop into ulcers if
untreated, thus leading to amputation, the major cause
of mortality in diabetic patients. Therefore, the strate-
gies to directly improve circulation of patients with dia-
betes appear to be another important direction worth
considering in addition to the interventions in control-
ling blood glucose levels.

To improve circulation, thermal therapy, which
induces the vasodilation effect is a widely used and
convenient technique, especially in rehabilitation. Com-
pared with heating pad, since far infrared radiation
(FIR) heating is non-contact, it eliminates the risk
of skin infections, especially for those with diabetes.
Besides, FIR can reach deep tissue through a resonance
mechanism® it could be applied for the deep warm-
ing. Based on the division scheme of the International
Commission on Illumination (CIE), FIR is an invisi-
ble light in the wavelength range of 3-1000 pm; besides
heating, the ones with wavelengths ranging between 4
and 14 ym have non-thermal biological effects @ Previ-
ous studies have shown that exposure to FIR attenuates
methamphetamine-induced impairment in recognition
memory in male micé? and promotes rabbit renal prox-
imal tubule cell proliferation and functional character-
istics ¥ Increasing evidence also suggests that FIR can
improve the health problems of patients with cardiovas-
cular disease and diabetes mellitus?

FIR radiation energy can be delivered by either
active (needs to supply external power) or passive tech-
niques. Although active FIR warming could provide
more energy and lead to significant heating effect, it
could likely cause burns because diabetic nerve dam-
age can lessen the agility to feel heat. Passive FIR
warming with advantages of higher safety and requiring

no external power is another choice. Passive FIR warm-
ing could be implemented by wearing the garments
manufactured of FIR emitting materials. Previous stud-
ies have shown that wearing fabrics made out of FIR
emitting ceramic material can be used for treatment
of arthritis and Raynaud’s syndrome1? for the relief of
menstrual pain™ and for pain reduction in patients with
chronic foot pain resulting from diabetic neuropathy or
other disorders™ Even though many clinical studies
have shown the positive efficacy of using non-powered
FIR fabrics, the effect of passive warming on micro-
circulation still needs to be clarified. In the present
report, we attempted to understand the effect of short-
term warming by using fabrics with different FIR emis-
sivity on skin microcirculation in diabetic patients by
analyzing microcirculatory signals both in the domains
of time and frequency. The skin microcirculation and
temperature of diabetic patients were monitored before
and after usage. We suggest the result in this study
could provide an evidence-based alternative method of
improving the microcirculation in diabetic patients.

MATERIALS AND METHODS
Participants

After the investigation plan and the consent form were
approved by the ethics committee of Kuang Tien Gen-
eral Hospital in Taichung city (approval number: ktgh
10616), 28 type 2 diabetic subjects were recruited. All
participants received written and verbal description
of experimental procedures and potential risks before
signing the informed consent form. Exclusion criteria
include: (1) with the habit of alcohol consumption or
having a history of cigarette smoking; (2) heart fail-
ure; (3) cerebrovascular accident; (4) diabetic compli-
cations such as: retinopathy, renal failure, diabetic foot
disorders, or peripheral arterial disease; and (5) anemia.
The diabetic histories of all subjects were less than 10
years, and the HbAlc were lower than 8.0. To avoid the
subconscious influences from participants, all of them
were blinded and were randomized for group assign-
ment. The 18 subjects assigned to treatment group
were ministered with the blankets made of fiber with
special metals, denoted as treatment blanket in our
later discussion. The other 10 subjects (control group)
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were provided with the blankets made of silk strings of
the same composition but without the special metals,
named as control blankets. Since the treatment blan-
kets and the control blankets were fabricated with the
same weaving process and silk strings of the same color,
both were identical in appearance and touch and it is
difficult to distinguish the difference between the two
under naked eyes and with touching.

Study Design

After the consent forms were received, the subjects were
asked to rest in a supine position in a quiet room, and
the blood pressure and heartbeat were measured. The
room temperature was controlled at 23 + 1°C. In the
same day, participants were also required to avoid exer-
cising, or drinking alcoholic or caffeinated beverage for
at least six hours prior to the trial. To obtain a con-
sistent skin microcirculation signals, all measurements
were conducted after at least a rest for 30 min. There
were two measurements for each subject. Before being
covered with the assigned blanket, the skin tempera-
ture and microcirculation were measured for 200 s, after
which the whole body of the subjects in the treatment
group were then covered with the assigned blanket for
20 min. By contrast, the control blankets were minis-
tered with subjects of the control group. After that, a
second 200-s measurement was conducted while using
the blanket for both parties. During the measurements,
the subjects remained awake, and the subjects were pre-
vented from speaking and limb movements to avoid the
motion artifacts. The skin temperature and skin micro-
circulation were monitored at three positions: right
shoulder and both calves around the maximal circum-
ference of the anterior tibial muscle. The microcircula-
tion was evaluated by laser Doppler flowmetry (LDF),
which offers the advantages of non-invasive and real-
time measurements. LDF includes two optical fibers:
one of the fibers transmits the laser light to the target,
whereas the other one receives the light refracted back
from the target. If the laser light is refracted by the
moving blood cells, the light frequency will be shifted.
This phenomenon is termed as the Doppler shift. The
frequency shift is proportional to the velocity of moving
cells. The microcirculatory blood flow (also named as
“Flux”) can be obtained by analyzing the intensity and
Doppler shift of the refracted light. The algorithm used
to compute “Flux” is defined as shown in Eq. ():

w2 P
Flux:k/w w~<]‘;7)cdw

— noise,
1

(1)

where w is the frequency of Doppler shift, P(w) is the
power of signal at frequency w, DC is the intensity of all
detected light, wq is the high-pass filter frequency (nom-
inal 250 Hz), ws is the low-pass filter frequency (nominal
15kHz), k is scaling constant used for calibration, noise
is the shot and dark noise of the system. A high-laser-
power LDF (VMS-LDF1-HP, Moor Instruments, UK)
with a 785 nm, 20 mW laser (Class 3R per IEC 60825-
1:2007), and a wider separation (4.0 mm) non-invasive
skin probe (VP1-V2-HP) were utilized. According to
Clough’s study, the sampling depth could reach a dis-
tance greater than 1.4 mm™3 Calibration of the probes
was performed using aqueous suspension of polystyrene
latex particles before tests. The standard value was pro-
vided from the Brownian motion in the suspension. The
LDF signals were acquired with a sampling frequency
of 40 Hz and were analyzed by software provided by the
manufacturer (moorVMS-PC, version 3.1).

The treatment blankets (Green Energy Nano Tech-
nology Co. Ltd., Taiwan) were made of silk with spec-
ified metals (e.g. titanium, germanium, and zinc). The
silk strings were drawn from granules fabricated from
polymer containing assigned metal powder mixture in
a specific ratio™ Far-infrared emissivity (wavelength
2-22 um) of both treatment and control blankets were
measured with apparatus (TSS-5X, Japan Sensor Cor-
poration, Japan) in temperature 25°C.

Data Analysis

The microcirculatory blood flow was normalized to the
baseline by dividing the warming microcirculation value
(measured after 20-min warming) by the personal base-
line to adjust the individual differences, which was
denoted as the normalized blood flow in the later dis-
cussion. Therefore, if the value is greater than one,
it implies that the blood flow was higher than base-
line. In addition to performing time domain analysis,
the spectrum of the blood flow signals was also ana-
lyzed to investigate the mechanisms of microvascular
regulations. It has been reported that the LDF sig-
nal in the interval of 0.005 and 0.15Hz is influenced
by different physiological activities ™18 The frequency
interval from 0.005 to 0.0095Hz is influenced by NO-
independent endothelial activity; that from 0.0095 to
0.02 Hz to NO-dependent endothelial activity; and the
interval from 0.02 to 0.06 Hz to sympathetic neurogenic
activity of the vessel wall; and that from 0.06 to 0.15 Hz
to the myogenic activity of vascular smooth muscle. In
order to cover the low-frequency information extending
to 0.005Hz, the signal for spectral analysis must be a
minimum of 200s in length. The spectral analysis of the
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LDF signal was conducted by complex Morlet wavelet
transform (by Matlab 2017a, the MathWorks, Natick,
MA, USA). Like the Fourier transform, the continuous
wavelet transform measures the similarity between a
studied signal and an analyzing function. In the Fourier
transform, the analyzing functions are complex expo-
nentials, e/“t. In the continuous wavelet transform, the
analyzing function is a wavelet, ¥, ;(u). The continuous
wavelet transform of a signal f(u) used in the spectral
analysis is defined as follows:

f(s.t) = / "W () f )

where f(s, ) is a wavelet coefficient. W ,(u) is a shifted
and compressed or stretched version of a Morlet wavelet
function defined as follows:

veut) = 70 ()

where s is a scale parameter, s > 0, and t is a posi-

tion parameter. The Morlet wavelet is a Gaussian func-
tion that gives the best time-scale localization™ The
wavelet coefficients were then averaged in time-period
to produce the power spectrum. Before calculating the
spectrum of each 200-s signal, the mean value of the
200-s signal was subtracted to remove the DC compo-
nent. Finally, the integrals of the spectral density for
the following frequency intervals (I) 0.005 to 0.0095Hz,
(IT) 0.0095 to 0.02Hz, (III) 0.02 to 0.06Hz and (IV)
0.06 to 0.15Hz were derived respectively to obtain the
parameters representing the power of each frequency
band. To exclude individual variations, the normalized
wavelet amplitudes were used and defined as the ratio
of the amplitude of the frequency band obtained after
warming to that of the same frequency band of the basal
value.

The data are expressed as mean=+SD (standard
deviation). Paired Student’s ¢-test is used to study the
variation of the microcirculatory perfusion between the
baseline and post-warming within each group. Indepen-
dent Student’s t-test was used to evaluate the differ-
ence of perfusion characteristics and skin temperature
between groups. When the difference is statistically sig-
nificant, the p-value will be marked. Statistical analy-
sis was performed using SPSS (release 19.0, SPSS Inc.,
Chicago, 1L, USA).

RESULTS

The demographic characteristic data of participants in
treatment and control groups are shown in Table [
There were no significant differences for all param-
eters. The FIR emissivity of the treatment blankets

Table 1. Demographic Characteristic Data of the Par-
ticipants. Data were Expressed as Mean+ Standard
Deviation.

Treatment Control
Sex (male/female) 10/8 6/4
Age (years) 65.7 + 8.6 63.8 £ 12.0
Systolic pressure (mmHg) 138.7+£9.4 136.1 £ 7.4
Diastolic pressure (mmHg) T7.7T£8.8 74.6 £5.9
Heart rate (bpm) 70.9 + 4.6 72.6 £ 8.0
BMI (kg/m?) 26.3 + 3.5 26.3 +3.5

and control blankets in wavelength range 2-22 ym was
0.92 + 0.00 and 0.89 + 0.01, respectively; the difference
was statistically significant. Since the standard devia-
tion of the skin temperature measured in the last 1-min
warming was less than 0.01°C and the blanket was in
close and direct contact with skin, we can say that the
skin and the blanket were in the state of thermal equi-
librium and had the same temperature. After 20-min
warming, the skin temperature increased from 29.6°C,
29.2°C, 29.2°C (right shoulder, right calf, and left calf,
respectively) in baseline to 33.8°C, 33.7°C, 33.8°C for
treatment group; whereas the temperatures increased
on the control group were from 29.8°C, 29.2°C, 29.2°C
(right shoulder, right calf, and left calf, respectively) in
baseline to 33.2°C, 33.0°C, 33.1°C; both groups show-
ing a significant increase in three locations (p < 0.05).
However, some subtle differences did exist between the
two groups. Figure [[[A) shows the amount of temper-
ature elevation of skin after being covered with the
blankets while measurements were taken. The subjects
using treatment blankets displayed higher temperature
increase in three locations, even the differences between
groups were not statistically significant. The skin blood
perfusion also rose and was significantly higher than
baseline (p < 0.05) after warming in three locations
for both groups. Figure[IB) reveals the increased ratio
of skin blood perfusion (normalized blood flow). The
treatment group revealed a higher normalized blood
flow in three locations. The discrepancies between sub-
jects using treatment and control blankets were statis-
tically significant (p < 0.05) on both legs.
TableRlillustrates the normalized wavelet amplitudes
of the microcirculatory signal after covering with the
designated blankets for 20 min in four particular fre-
quency intervals: (a) from 0.005 to 0.0095Hz, (b) from
0.0095 to 0.02 Hz, (c) from 0.02 to 0.06 Hz, and (d) from
0.06 to 0.15 Hz, respectively. Although there was a sig-
nificant increase of blood perfusion after 20-min warm-
ing for both the treatment group and the control group
in time domain, there were no significant increases in
the normalized amplitude of each frequency band after
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Fig. 1 The warming effect on shoulders and calves after being covered with the designated blankets: (A) the temperature elevation
on the skin and (B) the increased ratio of skin blood perfusion. The p-value is shown if the difference between treatment group and

control group is statistically significant.

Table 2. The Normalized Wavelet Amplitudes of the Microcirculatory Signal After
Covering with the Designated Blankets for 20 min. Values are Means + Standard Errors.

Treatment (N = 18)

Control (N = 10)

Shoulder Right Leg

Left Leg Shoulder Right Leg Left Leg

0.005 to 0.0095 Hz 1.5+£0.3 1.3+0.2
0.0095 to 0.02 Hz 1.1+0.1 1.24+0.1
0.02 to 0.06 Hz 1.3+£0.2 1.44+0.2
0.06 to 0.15 Hz 1.9+0.6 2.2£0.7

1.44+04 33+14 1.2+£0.3 1.1+0.2
1.24+0.2 2.3+£0.8 1.0+0.2 1.3+0.3
1.8+£0.5 24413 1.3+£0.3 1.3+0.3
1.9+£0.6 1.24+0.2 1.6 +0.4 1.3£0.2

warming both groups, because the increases were not
prominent compared with the variations. There was
also no significant difference in the variations of the
normalized amplitude between the two groups for all
frequency bands.

DISCUSSION

The present study illustrates the passive warming effect
in the type 2 diabetic patients without history of dia-
betic complications and with the HbAlc lower than
8.0. The function of temperature regulation of skin is
intact for all subjects, because the skin blood perfu-
sion of the subjects using both treatment blankets and
control blankets showed a significant increase after 20-
min warming. Our primary results revealed that the
20-min use of the blanket made with the special metal
fibers is indeed more effective than that in the con-
trol group, whose blanket is of ordinary material in the
enhancement of the skin microcirculatory blood flow on
diabetic patients. Surprisingly on the other hand, the
warming induced by using both treatment blankets and

control blankets did not reveal prominent variation
on the wavelet spectrum of the microcirculatory
signal.

According to Stefan—Boltzmann’s law of radiation,
the total electromagnetic energy radiated per unit sur-
face area of an object across all wavelengths per unit
time is directly proportional to the fourth power of the
object’s absolute temperature. When the body temper-
ature is higher than the ambient temperature, the main
channel of heat loss from the human body is the radi-
ation dissipation, if air convection is not considered.
Take for example, the body surface area of a human —
weight 60kg and height 170cm — is about 1.65m? 18
The total power of radiation dissipated by the human
with body surface temperature 35°C in ambient tem-
perature 21°C is about 140 W, which is much higher
than the metabolic heat production of the body. There-
fore, the basic way to keep warm is to reduce the radia-
tive heat loss on the surface of the body. A textile
for passive warming should be effective on reducing
the radiative heat loss, under the condition of breatha-
bility. According to Wien’s law which descripts the
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spectrum of thermal radiation, the wavelength of the
maximal intensity of radiation emitted from an object
is inversely proportional to the absolute surface tem-
perature of the object. When the skin temperature is
about 29-33°C, the wavelength of electromagnetic wave
emitted from the human body is around 9.4-9.6 um,
which is in the range of FIR. Therefore, a textile for
effective passive-warming should reduce the radiative
loss in the frequency range of FIR. When a radiation,
such as FIR, is applied to a material, the light could
either be absorbed, reflected, or transmitted (dissipated
to the environment), which is the so-called Kirchhoff’s
Law of thermal radiation. In another word, the more the
energy is absorbed by the textile, the less the energy
is dissipated out to the environment. When energy is
stored (or absorbed) in the textile, it also sends out
the energy via radiation. It is because the emissivity
is equal to the absorptivity for any given wavelength
when the material is in the state of thermal equilibrium
and people usually evaluate the efficiency of the energy
storage of a textile by emissivity of the textile surface.
The higher the emissivity, the less the FIR energy is
dissipated into the ambient environment, and therefore
more energy will be stored. Since the emissivity of the
treatment blankets was higher than that of the con-
trol blankets at FIR range, we suggest the efficiency of
energy storage of the treatment blankets is better.
Since energy is conserved and the blankets were in
the state of thermal equilibrium, the energy stored in
blankets will also be returned to human body. The blan-
kets could release heat energy in the form of convection
and conduction. As for the ratio of heat conduction or
heat convection, it is based on the conditions of the
contact between the skin and the garment. If the gar-
ment is skintight, conduction is more important, while
if it is loose fitting then there will be more convec-
tion. In addition, the stored heat energy will also be
transferred from the blankets to the body via radia-
tion with wavelength in infrared range (about a few
microns to a dozen microns and the wavelength of max-
imal radiant is around 9.5 um according to Wien’s law).
Different wavelengths have different penetration depths
and can cause various biological effects. Near-infrared
(wavelength ~1 pum) penetrates deepest into the skin; it
reaches more than 1 mm where it is in the dermis (and
upper hypodermis) layer in which the microcirculatory
blood vessels are located. Radiations with longer wave-
length penetrate the skin only very shallowly, such as
the wavelength of 2 um at around 0.4 mm depth. In gen-
eral, the longer the wavelength of IR, the shallower the
penetration into tissues, which is due to the absorption

of water.?%2! As mentioned above, the radiations emit-
ted from body is around 9.5 pm; most of the FIR radi-
ations emitted from body could reach only the most
superficial layer of skin, which implies that most of the
radiant energy is absorbed in a very thin layer of the
dermis. The heat energy absorbed by the thin layer of
skin will transfer into deeper tissues (via conduction
or non-radiation relaxation of absorbed FIR photons),
enhancing the skin temperature and then trigger the
thermoreceptors to induce the dilatation of blood ves-
sel. Figure [Il shows the significant elevations of both
skin temperature and skin microcirculation for the sub-
jects of both treatment and control groups after pas-
sive warming, whereas the increases of temperature and
blood perfusion were slightly higher for the treatment
group. We suggest the discrepancies of the warming effi-
cacy between the two kinds of blankets are at least par-
tially due to the difference of the FIR emissivity, which
depicts the treatment blanket has a better efficiency of
energy storage and more energy could be returned to
body.

Although most FIR effects are heat-mediated, a non-
thermal biological effect activated by FIR could also
play a role in the warming process. The quantum energy
levels of infrared photons of wavelengths 2 and 20 pm
are about 0.64 and 0.064 eV, respectively™ It cov-
ers the energy in the ranges, which induces the vibra-
tional transition of bonds in most of the biochemical
molecules, such as the vibrational transition of carboxyl
group (COOH) around 0.20-0.23eV. If the energy of
FIR photon is equal to the energy gap of a vibrational
transition (in other words, the FIR frequency is equal
to the vibrational frequency), the molecules will absorb
the FIR photons and stay in a high-energy vibrational
state, which could influence physiological operation by
enhancing the activities of biochemical molecules, espe-
cially for locations with the thin water layer attached
to the cell membranes. In addition, FIR with longer
wavelength will cause rotational transition in molecules,
the energy of which is about 0.01eV. The molecules
in high-energy level of vibrational or rotational transi-
tion is not stable, they will release the radiation energy
through radiation relaxation, and therefore transfer the
radiation energy to deeper tissues, such as heat conduc-
tion does. Since FIR does not produce any detectable
temperature increase at these conditions, the process is
called non-thermal effect.

The FIR with specific wavelengths will be absorbed
not only by chemical bonds of biochemical molecules
with charged groups and electrical dipoles (such as
protein) via vibrational (or coupled with rotational)
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transitions, but also by association of water molecules
with ions. Since proteins and association of the specif-
ically charged groups with water molecules are crucial
for the overall biological activity, the biological func-
tioning will be altered if FIR is absorbed by these
charged groups. In addition, previous studies have
shown that water cluster size and temperature affect
the FIR absorption spectrum significantly22 Therefore,
water content in biomolecule-water assembly is a crit-
ical factor in the interaction between FIR and liv-
ing organisms™ At the cellular level, FIR absorption
will alter cell membrane potentials and mitochondrial
metabolism2¥ FIR exposure could also promote the
phosphorylation of endothelial nitric oxide (NO) syn-
thase (eNOS) and NO generation 24 At tissue or system
level, FIR could induce the increase of blood perfusion.
In practice, the FIR emitting materials and fabrics are
often used as a tool to promote peripheral blood circu-
lation. Yoo et al. added the powders of boron-silicate
mineral as a cosmetic ingredient and then applied it
to the human face. He found the FIR radiation energy
from the powders could elevate the skin temperature as
the result of the acceleration of cutaneous blood per-
fusion25 Conrado and Munin found that the use of
a garment made with synthetic fibers embedded with
powders of ceramic led to a reduction in body mea-
surement, which may be a consequence of the improve-
ment of peripheral microcirculation8 In Liau et al.’s
study in which a FIR emitting belts were used for man-
aging the discomfort on patients with dysmenorrhea,
FIR belts could increase the abdominal blood flow 22
To differentiate the non-thermal FIR effect from ther-
mal FIR effect, Yu and his colleagues found that the
skin blood flow did not increase during FIR treatment
but increased significantly soon after the removal of the
FIR emitter 28

To evaluate the contribution of non-thermal FIR
effect to the increase of blood flow in this study, we
estimated the power of the FIR emitted by the blan-
kets by Planck’s law of black body radiation:

2hc? 1
I(AT) = N5 (ehe/XT 1)’
3
[(v,T) = 2hv 1

2 (ehv/FT — 1)

where I(A\, T) (in unit of mWem=2pum~1) is the
spectral radiance of an object for wavelength A (pm)
at absolute temperature T, I(v, T) (in unit of mW
ecm~2 Hz™!) is the spectral radiance of an object for
frequency v (Hz) at absolute temperature T, h is the

Planck constant, ¢ is the speed of light, k is the Boltz-
mann constant, and e is the base of the natural loga-
rithm. The radiances emitted by the control blankets
and the treatment blankets were calculated by multi-
plying the blackbody radiance with the FIR emissiv-
ity of the control blankets (0.89) and the treatment
blankets (0.92), respectively. The total radiation energy
(in wavelength 2-22 um) emitted by the control blan-
kets and the treatment blankets at an absolute tem-
perature 306K (33°C) in the 20-min passive warm-
ing period are 3.24 and 3.35 cal/cm?, respectively. The
power of the radiation in wavelength 222 yum is about
81% of the total power. In other words, the total energy
radiated from the control blankets and the treatment
blankets can increase the temperature of 1cm? tissue
(1cm depth below the skin with an area of 1cm?) by
4.0°C and 4.1°C, respectively, under the assumption
that the specific heat of the tissues is equal to 1. The
estimated temperature elevation is quite close to the
results shown in Fig. [a). However, the temperature-
rising caused by the treatment blankets was a lit-
tle higher than the estimation. Furthermore, the mea-
sured temperature-rising differences between the two
groups were 0.9°C, 0.7°C, and 0.6°C on the shoulder,
right calf, and left calf, respectively, which were much
higher than the estimated temperature-rising differ-
ence, 0.1°C. We suggested that the larger temperature-
rising differences between the two groups were due to
the larger difference of the normalized blood perfu-
sion as shown in Fig. [[B), in which the rise of the
skin blood perfusion in the treatment group was signif-
icantly higher than that in the control group. In other
words, the higher normalized blood flow in the treat-
ment group was not attributed to the thermal effect
of FIR but the non-thermal effect, because the differ-
ence of the FIR emissivity between the two blankets can
cause only 0.1°C temperature difference and a much
smaller difference of the normalized blood flow between
the two groups. The FIR non-thermal effect caused
the microvascular hyperemia, bringing in more heat
energy and indirectly leading to the higher skin tem-
perature. Therefore, our results imply that the use of
the treatment fabrics will promote the skin vasodilation
effectively.

The impairment of skin blood flow oscillation in
response to locally applied thermal stress in diabetes
was confirmed by studies using wavelet transform of
microvascular blood flow signals2? During the first
peak of the thermally induced blood perfusion increase,
the impaired vasodilatory response was mainly due to
the neurogenic and myogenic controls. On the other
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hand, the metabolic control (related to NO-dependent
endothelial activity) contributed to the microvascular
impairment during the second peak/plateau (occurring
after the first peak) mainly. According to the same
study2? the normalized blood flow in response to the
thermal stress in healthy controls (age 21.8 +2.4 years)
was about 16 during the second plateau, while it was
only about 5 in diabetes (age 48.5 &+ 9.4 years). The
normalized wavelet amplitudes of the perfusion signal
in response to the stress in the endothelial band was
about 4.6 in controls, while it was only about 1.8 in dia-
betes. Aging is another well-known factor contributing
to the impairment of microvascular function. According
to the research applied with the same thermal stress at
the sacral skin in healthy older adults (age 70.0 &+ 3.4
years) 30 the normalized blood flow was about 8.8 dur-
ing the second plateau, while the normalized wavelet
amplitudes in the endothelial band was about 4.8. Since
the first peak of the blood perfusion increase usually
occurs within the first 10 min of thermal stress period,
and the second plateau appears later, the blood per-
fusion increase observed in the second measurement of
this study should be mainly attributed to the activ-
ity related to the endothelial control. In the present
investigation, the diabetic subjects were about 65 years
old, and the passive warming was applied to the sub-
jects instead of active thermal stress; we found the nor-
malized blood flow responses were less than 1.4 for
the treatment group (they were even less for control
group), while the normalized wavelet amplitudes in the
endothelial band was about 1.2. Since the responses
caused by the passive warming were too mild, the differ-
ences between the two groups using blankets with differ-
ent FIR emissivity cannot be distinguished. Therefore,
it seems difficult to study the physiological mechanisms
of microcirculatory regulation during passive warming
by the spectrum analysis.

The present results only revealed the short-term
effect of passive warming by the designed blankets. It
needs further study to understand the benefit of long-
term usage of the designed blankets on skin microcir-
culation and related repairment of skin. Although the
mechanisms of FIR effects which induce the enhance-
ment of blood perfusion still need more researches to
confirm, this research provide a pilot data for clinical
researchers who want to find solutions of using blankets
with high FIR emissivity for daily skin care of diabetic
patients. Since the fabrics containing specified metals
has a high emissivity in FIR range, it is worthwhile to
investigate the biological effects of using this high emis-
sivity textile in the future.

CONCLUSION

The present study illustrates the warming effect
induced by non-powered FIR fabrics that incorporates
specified metals. Since the textiles containing metals
with a specific ratio have a higher FIR emissivity, it
effectively stores energy and does not allow the energy
to be dissipated into the ambient environment. The
stored energy elevates the dermal and subcutaneous
temperature and also induces the vasodilation effect
to improve circulation more effectively. While passive
warming has the advantages of safety and convenience,
our results suggest that textiles containing the specified
metals with high FIR emissivity can be manufactured
into various garments for different parts of the body to
improve the skin microcirculation of the middle-aged
and elderly with diabetes.

ACKNOWLEDGMENT

This work was partially supported by Hungkuang Uni-
versity with Grant HK-106-158.

REFERENCES
1. O’Hara MC, Hynes L, O’Donnell M, A systematic

review of interventions to improve outcomes for young
adults with Type 1 diabetes, Diabet Med 34:753, 2017.

2. Inzucchi SE, Oral antihyperglycemic therapy for type 2
diabetes: Scientific review, JAMA 287(3):360, 2002.

3. Giorgino F, Home PD, Tuomilehto J, Glucose control
and vascular outcomes in type 2 diabetes: Is the picture
clear? Diabetes Care 39(2):187, 2016.

4. Tseng CH, Mortality and causes of death in a national
sample of diabetic patients in Taiwan, Diabet Care
27(7):1605, 2004.

5. Chiu, HW, Chen CH, Chen YJ, Far-infrared suppresses
skin photoaging in ultraviolet B-exposed fibroblasts and
hairless mice, PLoS One 12(3):1, 2017.

6. Lin YS, Hung KS, Liau BY, A parallel-arm randomized
controlled trial to assess the effects of a far-infrared-
emitting collar on neck disorder, Materials (Basel)
8(9):5862, 2015.

7. Mai HN, Sharma N, Shin EJ, Exposure to far-infrared
ray attenuates methamphetamine-induced impairment
in recognition memory through inhibition of protein
kinase C delta in male mice: Comparison with the
antipsychotic clozapine, J Neurosci Res 96(7):1294,
2018.

8. Chiang IN, Pu YS, Huang CY, Far infrared radiation
promotes rabbit renal proximal tubule cell prolifera-
tion and functional characteristics, and protects against
cisplatin-induced nephrotoxicity, PLoS One 12(7):1,
2017.

9. Shui S, Wang X, Chiang JY, Far-infrared therapy for
cardiovascular, autoimmune, and other chronic health

2150003-8



Biomed. Eng. Appl. Basis Commun. 2020.32. Downloaded from www.worldscientific.com
by 114.46.67.208 on 12/21/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Warming Effect of Blankets with High Far-Infrared Emissivity on Skin Microcirculation in Type 2 Diabetic Patients

problems: A systematic review, Ezp Biol Med (May-
wood) 240(10):1257, 2015.

Ko GD, Berbrayer D, Effect of ceramic-impregnated
“thermoflow” gloves on patients with Raynaud’s syn-
drome: Randomized, placebo-controlled study, Altern
Med Rev 7(4):328, 2002.

Lee CH, Roh JW, Lim CY, A multicenter, random-
ized, double-blind, placebo-controlled trial evaluating
the efficacy and safety of a far infrared-emitting sericite
belt in patients with primary dysmenorrhea, Comple-
ment Ther Med 19(4):187, 2011.

York RM, Gordon IL, Effect of optically modified
polyethylene terephthalate fiber socks on chronic foot
pain, BMC Complement Altern Med 9:1, 2009.

Clough G, Chipperfield A, Byrne C, Evaluation of a new
high power, wide separation laser Doppler probe: poten-
tial measurement of deeper tissue blood flow, Microvasc
Res 78(2):155, 2009.

Liang TS, United States Patent No. 9.408,483 B2,
Green Energy Nano Technology Co, Ltd. Taipei (TW),
2015.

Kvernmo HD, Oscillations in the human cutaneous
blood perfusion signal modified by endothelium-
dependent and endothelium-independent vasodilators,
Microvasc Res 57(3):298, 1999.

Kvernmo HD, Spectral analysis of the laser Doppler
perfusion signal in human skin before and after exercise,
Microvasc Res 56(3):173, 1998.

Bracic M, Stefanovska A, Wavelet-based analysis of
human blood-flow dynamics, Bull Math Biol 60(5):919,
1998.

Verbraecken J, Heyning PV, Backer WD, Gaal LV,
Body surface area in normal-weight, overweight,
and obese adults. A comparison study, Metabolism
55(4):515, 2006.

Vatansever F, Hamblin MR, Far infrared radiation
(FIR): Its biological effects and medical applications,
Photonics Lasers Med 4:255, 2012.

2150003-9

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Barolet D, Light-emitting diodes (LEDs) in dermatol-
ogy, Semin Cutan Med Surg 27(4):227, 2008.

Kalka KH, Mukhtar HM, Photodynamic therapy in der-
matology, J Am Acad Dermatol 42(3):389, 2000.

Lee MS, Far-infrared absorption of water clusters
by first-principles molecular dynamics, J Chem Phys
128(21):1, 2008.

Sheppard AR, Swicord ML, Balzano Q, Quantitative
evaluations of mechanisms of radiofrequency interac-
tions with biological molecules and processes, Health
Phys 95(4):365, 2008.

Hsu YH, Chen YC, Chen TH, Far-infrared ther-
apy induces the nuclear translocation of PLZF which
inhibits VEGF-induced proliferation in human umbili-
cal vein endothelial cells, PLoS One 7(1):1, 2012.

Yoo BH, Park CM, Oh TY, Investigation of jewelry
powders radiating far-infrared rays and the biological
effects on human skin, J Cosmet Sci 53(3):175, 2002.
Conrado LA, Munin E; Reduction in body measure-
ments after use of a garment made with synthetic fibers
embedded with ceramic nanoparticles, J Cosmet Der-
matol 10(1):30, 2011.

Liau BY, Leung TK, Ou MC, Inhibitory effects of
far-infrared ray-emitting belts on primary dysmenor-
rhea, Int J Photoenergy 2012(1):1, doi: 10.1155/2012/
238468.

Yu SY, Chiu JH, Yang SD, Biological effect of far-
infrared therapy on increasing skin microcirculation in
rats, Photodermatol Photoimmunol Photomed 22(2):78,
2006.

Jan YK, Shen S, Foreman RD, Ennis WJ, Skin blood
flow response to locally applied mechanical and thermal
stresses in the diabetic foot, Microvasc Res 89:40-46,
2013.

Jan YK, Struck BD, Foreman RD, Wavelet analysis
of sacral skin blood flow oscillations to assess soft tis-
sue viability in older adults, Microvasc Res 78:162-168,
2009.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Press'] [Based on '[Press Quality]'] Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        30
        30
        30
        30
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 14.177000
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


