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An understanding of the thermal performance of biological tissue under moxibustion with ash cleaning and
distance adjustment (ACDA) is helpful for the optimization and standardization of moxibustion clinical treat-
ment. This study compared surface temperature distribution of burning moxa stick with and without ash
cleaning. The experimental of moxibustion treatment on in-vitro tissue and human abdomen were conducted
and corresponding numerical models were developed. The effect of ACDA on thermal performance of biological
tissue under moxibustion therapy were analyzed. The results show that the surface temperature of burning moxa
stick with ash cleaning maintained at a higher range compared to that without ash cleaning. During moxibustion
with ACDA process in in-vitro tissue experiment, the temperature increase (AT) at skin surface almost fluctuated
in the same temperature range, and the AT in subcutaneous tissue (> 11 mm) kept increasing. Relatively, these
AT under moxibustion treatment without ACDA showed different trends and these values were all much smaller
than those with ACDA. In addition, the position of maximum temperature of tissue under moxibustion with and
without ACDA was fixed on treatment acupoint and moved away from treatment acupoint, respectively. Besides,
the surface temperature of human abdomen tissue under moxibustion treatment with ACDA can be maintained
at 46 °C-50 °C for a longer time compared to that under moxbustion without ACDA. In conclusion, moxibustion
with ACDA can create a larger and more durable thermal effect on biological tissue. The results also suggest that

ACDA may be helpful to improve moxibustion therapy efficacy in clinic treatments.

1. Introduction

Moxibustion therapy is one of the most widely used thermal
therapies in traditional Chinese medicine, which delivers heat stimu-
lation to specific areas of body such as meridian points (World Health
Organization Western Pacific Region, 2007; Tang et al., 2008). In recent
years, moxibustion therapy is drawing more and more attention as its
effectiveness for various diseases has been shown in clinical trials,
especially in the treatment of fetus breech presentation, and ulcerative
colitis (Wheeler et al., 2009; Xu and Yang, 2009; Lee et al., 2010; Kim
et al.,, 2011). As a commonly used method of moxibustion, gentle
moxibustion performs by holding a burning moxa stick (Mugwort; Ar-
temisia vulgaris) directly over the skin surface at a certain distance,
keeping the spot warm and making it reddened but not burnt (World
Health Organization Western Pacific Region, 2007).

With the gradual promotion of moxibustion therapy applications,
studies on its underlying mechanisms have been performed. Heat sti-
mulation, optical radiation and some pharmacological effects from
moxa are believed to contribute to the therapeutic effect of moxibus-
tion. Among them, heat stimulation plays a major role by promoting
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trichangiectasis, strengthening metabolism, accelerating absorption
and so on (Sakagami et al., 2005; Petrofsky and Laymon, 2009; Chiu,
2013). As shown in Fig. 1, the heat generated by burning moxa stick is
transferred from skin surface to inside tissues. This heat transfer process
involves heat conduction, heat convection and heat radiation. Some
studies have demonstrated that a certain temperature value may exist
to obtain desired therapeutic effect of moxibustion (Chen, 2011). For
example, the cutaneous thermoreceptors of TRPV1 and TRPV2 can be
activated when the temperature reach above 43 °C and 52 °C, respec-
tively, during moxibustion (Jiang et al., 2016). The study by Adriaensen
et al. (1983) showed that the temperature range of 44.5 °C-46.5 °C can
activate A-fiber mechano-heat-sensitive nociceptors in human skin.
Therefore, it is important to keep the effective temperature range of
biological tissue during moxibustion in clinic treatments to achieve a
better therapeutic effect.

The temperature of biological tissue during moxibustion can be ef-
fected by treatment duration, treatment distance, ash deposition and so
on. In our previous study (Li et al., 2018). The temperature of biological
tissue decreased quickly due to the ash deposition on moxa stick and
the increase of treatment distance between the burning moxa stick and
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Fig. 1. Schematic of heat transfer process during gentle moxibustion.

tissue during gentle moxibustion. Thus, the therapeutic effect will be
weaken owing to the decrease of effective heat stimulation from
burning moxa stick. In clinic treatments, clearing the moxa ash and
adjusting the distance between the burning moxa stick and skin timely
can strengthen the heat stimulation of moxibustion effectively (Wang
and Xu, 2010). Our study (Sun et al., 2017) showed that ash cleaning
could effectively extend the high temperature duration of moxa sticks
and accelerate the burning velocity. Zhou et al. (2014) observed that
the temperature of testing area at a 2cm distance away from the
burning surface of moxa stick can maintained at about 47 °C-48°C
when the burnt ashes were removed every 2 min.

Some experiments and models have investigated the detailed tem-
perature distribution of biological tissues during moxibustion.
Nakamura et al. (2011) focused attention on temperature distribution
of a phantom model and human body during moxibustion and mea-
sured temperatures by Magnetic Resonance Imaging (MRI) equipment.
Ying et al. (2015) investigated the skin temperature distribution of
Zusanli acupuncture point area among the treatments of mild mox-
ibustion, moxibustion with monkshood and moxibustion with ginger.
They found that different moxibustion methods could result in different
temperature distributions. Myoung et al. (Myoung and Lee, 2014)
compared the temperature differences in rabbit tissue between the in-
fluence of moxibustion and an electrical thermal stimulation system
using optical fiber temperature sensor. Jeon et al. (Jeon and Choi,
2010) solved the problem of unsteady convective heat transfer coupled
with conductive heat transfer in indirect moxibustion to get the body's
temperature history based on ANSYS-Fluent, and they revealed the
interaction of indirect moxibustion with the body and surrounding
fluid. Huang et al. (Huang and Sheu, 2013) established a three-di-
mensional human calf model containing some superficial vessels to get
the temperature distribution beneath the skin surface during mox-
ibustion therapy, and they revealed the effect of moxibustion on the
blood flow in vessels and vice versa based on the model. However, the
thermal performance of moxibustion with ACDA has been rarely re-
ported so far. To improve the effectiveness of moxibustion, it is im-
perative to obtain the spatial and temporal temperature distribution in
tissues and study the effect of ACDA on thermal performance of mox-
ibustion therapy. In addition, burning moxa stick produces heat sti-
mulation and unique therapeutic effects during moxibustion (Chiu,
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2013). The research on temperature distribution of burning moxa sticks
is primary for better understanding of thermal performance of mox-
ibustion therapy.

In the present paper, the thermal performance of burning moxa stick
with and without ash cleaning were studied using an infrared camera,
and the temperature distributions in in-vitro porcine abdominal tissue
during moxibustion with and without ACDA were compared experi-
mentally. Subsequently, models for burning moxa stick with and
without ash cleaning, and moxibustion in the in-vitro tissue with and
without ACDA were developed to analyze the detailed heat transfer
process of burning moxa stick and temperature distribution of tissue
respectively. And the model predictions were consistent well with ex-
perimental results. Meanwhile, in order to study the effect of ACDA on
moxibustion in human, the surface temperature distributions of human
abdominal tissue during moxibustion with and without ACDA were
recorded using an infrared camera. And the temperature distributions
of human abdominal subcutaneous tissue were compared by models
which were built based on corresponding in-vitro tissue models re-
spectively with a well consistent tissue surface temperature between
experimental results and simulative predictions.

2. Experimental details
2.1. Moxa stick burning measurement

Pure moxa sticks, 1.8 cm in diameter (d), 20 cm in length and
20g + 0.2g in weight, were used in the experiment. Moxa sticks
suspended vertically were ignited. For the burning moxa stick without
ash cleaning, the ash deposited on burning surface of moxa stick was
not removed. While for the case with ash cleaning, the ash was cleaned
every 4 min. The temperature history of their burning lower surface and
side surface were recorded by a calibrated infrared camera (FLIR T420).
The sensitivity, accuracy and resolution for the employed camera are
0.045K, + 2K and 320 x 240 pixels, respectively.

2.2. Moxibustion in the in-vitro tissue measurement

In clinical treatment, in order to keep effective heat stimulation,
clinicians often remove the ash and adjust the distance between
burning moxa stick and skin timely instead of leaving the burning moxa
stick alone during moxibustion. In this part, the temperature distribu-
tions of in-vitro tissue between moxibustion without ACDA and mox-
ibustion with ACDA were compared to study the effect of ash cleaning
and distance adjustment on thermal performance of moxibustion
therapy, and the two moxibustion operations were denoted as Case I
and Case II for convenience, as shown in Table 1. Fresh in-vitro porcine
abdominal tissues which closely resemble human tissue with respect to
histological, physiological, and immunological properties were used as
experimental samples (Vardaxis et al., 1997). The tissues were bought
from a butcher shop within 6 h post-sacrifice and were cut into two
rectangle-shaped pieces with roughly equal structure for experiments.
The schematic diagram of the moxibustion experimental setup is shown
in Fig. 2(a). The temperature in tissue surface were monitored with the
calibrated infrared camera (FLIR T420). Temperature histories inside
tissue were recorded with T type thermocouples which were introduced
into the tissue via stainless steel needles. As shown in Fig. 2(b),

Table 1
Moxibustion with different operations for ash deposition and distance adjustment.
Case Ash cleaning D, (Initial value = 3 cm) D, 7'y
1 No Increased with the upward burning of moxa stick Fixed Moxa stick
I Yes Adjusted to 3 cm after every ash cleaning Decreased due to the adjustment -
11 Yes Increased with the upward burning of moxa stick Fixed ]
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Fig. 2. Schematic diagram of the moxibustion experiment: (a) experimental setup; (b) Thermocouples distribution in in-vitro tissue (Sun et al., 2017).

thermocouples were positioned in every layer interface of porcine ab-
dominal tissue along the central axis and the cold junctions of ther-
mocouples were embedded into an ice bath. Temperature data from
thermocouples were recorded every 5s by a data acquisition unit
(Agilent™, 34970A). The thermocouples were calibrated in an appro-
priate temperature range before moxibustion experiments.

The moxa stick were fixed above the in-vitro porcine tissue verti-
cally and the distance between the moxa stick and the sample surface
was 3 cm (D), which is a comfortable distance in clinical moxibustion
treatment (Liu et al., 2017). For Case I, the burning moxa stick was
leaved alone during moxibustion treatment. While for Case II, the moxa
stick was moved away slightly every 4 min to clean ash and the distance
between the lower surface of moxa stick and the upper surface of tissue
was adjusted to 3cm after every ash cleaning operation. The whole
experimental duration was 40 min including 5min of initial process,
20 min of stimulation process and 15min of natural cooling process.
The temperature changes during the whole experiment were recorded.
All moxibustion experiments were performed under quiet environment
and the room temperature was maintained at 22 °C.

2.3. Moxibustion in human abdomen measurement

To study the effect of ACDA on the thermal performance of mox-
ibustion in human detailedly, based on the experiment of moxibustion
in the in-vitro tissue measurement, the temperature distribution of
human's abdominal skin during moxibustion with ash cleaning but no
distance adjustment was investigated additionally. And the additional
case was denoted as Case III for convenience, as show in Table 1. In this
experiment, Zhongwan (CV 12) acupoint was chosen as the moxibus-
tion treatment point. Based on the Science of Acupuncture and Mox-
ibustion, Zhongwan acupoint is located at the middle of the stomach at
the level of the pylorus, between the solar plexus and umbilical ring
(Jun et al., 2007), which is the specific treatment point for improving
immunity and gastrointestinal function. The moxa stick were fixed
above the Zhongwan acupoint vertically and the initial distance be-
tween the moxa stick and skin was 3 cm. The operations for Case I and
Case II were the same as those in moxibustion in the in-vitro tissue
measurement. For Case III, the moxa stick was moved away slightly
every 4 min to clean ash and then it was moved back directly with no
distance adjustment. The whole experimental duration were all the
same as those in moxibustion in the in-vitro tissue measurement.
Changes of the skin surface temperature during the whole experiment
were recorded with the infrared camera. This experiment performed on
five volunteers repeatedly who were recruited from Xi'an Jiaotong
University. All participants received the appropriate information about
the study characteristics and signed an informed consent before their
inclusion in the study. The protocol of this experiment was approved by
the Ethics Committee of the Xi'an Jiaotong University.

3. Numerical modeling
3.1. Model assumptions

The moxibustion model includes moxa stick burning model and
tissue bio-heat transfer model. The moxa stick burning model and in-
vitro porcine tissue model have been established and described in detail
previously (Sun et al., 2017; Li et al., 2018). In this study, the mox-
ibustion model for human abdominal tissue was developed based on the
in-vitro moxibustion model to predict outcome in clinic moxibustion
treatment.

As described in our previous study (Li et al., 2018), the geometries
of moxa stick and tissue were assumed to be symmetric to the axis, and
the model was simplified to be a two-dimensional axisymmetric shape
in cylindrical coordinates, as shown in Fig. 3.

The moxa stick model with 9mm in radius (R,,) and 80 mm in
length (H,,) is divided into five parts from bottom to top along the axis
to simulate the different temperature areas during moxa stick burning.
They are 02, Q,, Q3, 24, and Q25 which represent unburnt area, pyr-
olysis area, high temperature burning area, lower temperature burning
area, and ash content area, respectively, as shown in Fig. 3. The height
of each area varies with time during burning, so we can assume that
each area moves up with different velocities. The velocities v; of dif-
ferent areas in burning moxa stick with and without ash cleaning were
obtained based on experimental observation respectively, as listed in
Table 2. The geometry of in-vitro tissue model was calculated based on
the same height and volume as each layer of the in-vitro porcine ab-
dominal tissue sample used in experiments and the thickness of each
layer was shown in Table 3. The tissue is assumed to be homogenous
and its thermophysical properties are independent of temperature. The
parameters of each layer are shown in Table 3 (Henriques and Moritz,

R
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Fig. 3. Geometries of the moxibustion model.
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Table 2
Movement speeds of different areas in burning moxa stick.
Q Hip (mm) v (10°ms™h) t(s)
0-100 100-180 180-300 300-800 800-1000 1000-1200
Without ash cleaning Q; 68.7 Vi 3.08 3.08 3.08 2.85 2.66 2.66
Q, 5 Vo 2.475 2.475 2.475 2.475 2.4 2.4
Qg 3.3 V3 0 1.33 1.33 217 217 217
Q4 3 V4 0 1.014 1.014 1.014 1.014 1.875
Qg 0 Vs 0 0 0 0.678 0.678 0.678
With ash cleaning 2 68.7 Vi 3.08 3.08 3.08 2.85 2.66 2.66
Q5 5 Vo 2.475 2.475 2.475 2.475 2.4 2.4
Q3 3.3 V3 0 1.33 1.33 217 217 217
Q4 3 Va4 0 2.35 x 10-8t2
Q5 0 Vs v5 = 0, while 0?2 < 165; v5 = 1.42 x 10-2t2, while 165 < t2 < 180"

& t; =t/180; tp = t - [t;]-180, [t;] represents the biggest integer which is not more than t;.

Table 3

Thermal properties of in-vitro porcine abdominal tissue.
Tissue h, (mm) k. (W/m'K) ¢ (J/kgK) o (kg/m>)
Skin 2 0.205(0=z > -0.1) 3250 930

0.370 (-0.1 =z>= —-2)

Fat 5 0.233 1806 1102
Muscle 4 0.459 2624 1178
Fat 3 0.233 1806 1102
Muscle 7 0.340 2624 1178
Fat 4 0.346 2215 1140

1947; Erdmann and Gos, 1990; El-Brawany et al., 2009; Choi et al.,
2013).

The human abdominal tissue can be divided into about four layers,
including skin, fat, muscle and peritoneum (Ahuja et al., 1978; Werner
and Buse, 1988; Wilson et al., 1988; Torvi and Dale, 1994; Cheng and
Herman, 2011). The tissue is assumed to be homogenous and its ther-
mophysical properties are independent of temperature. The parameters
of each layer used in the in-vivo tissue model are listed in Table 4.

3.2. Governing equations

The origin of the coordinate system is located at the center of the
upper surface of the tissue as shown in Fig. 3. Based on the above model
assumptions, the heat transfer process for burning moxa stick was
governed by the Fourier's partial differential heat equation as follows:

nin e = V-lin V1) + Q o
where py,, ¢, and k,, are density (kg m %), specific heat (J kg_l K™Y,
and thermal conductivity of moxa stick (W m~* K™ 1), respectively. Q; is
the heat source existed in moxa stick and it is described in detail next.

The thermal performance of tissue beneath the skin obeys the
Pennes bio-heat equation (Pennes, 1984).

at = V(ktVT) + PbeWb(Ta - T) + Qmer + Qs

pt Ct

2
where p,, ¢, and k, are density (kg m~>), specific heat (J kg~! K1) and

Table 4
Thermal properties of human abdominal tissue.
Layer Tissue Dimm) kW ¢ pkg w6 Que
m! kg™! m™3 w
K'H K m~?%)
1 Skin 2 0.445 3300 1200  0.00064 368.1
2 Subcutaneous fat 15 0.185 2674 1000 0.00008 368.3
3 Muscle 5 0.51 3800 1085  0.0027 684.2
4 Peritoneum 5 0.185 2674 1000 O 368.3

106

thermal conductivity of tissue (W m~* K™ 1), respectively. p, and c; are
the density (kg m~3) and the specific heat of blood (J kg_1 K™Y, re-
spectively. wj, is the blood perfusion rate (s '), Qme is the volumetric
metabolic heat (W m™2), and Q is the heat source term (W m™3).

No blood perfusion and metabolic exist in in-vitro tissue, so we
treated wy, and Q. as zero. With regard to in-vivo tissue, the blood
perfusion and metabolic activity exist in every layer of the tissue, and
the relevant thermophysical properties of each layer are listed in
Table 4 (Ahuja et al., 1978; Werner and Buse, 1988; Wilson et al., 1988;
Torvi and Dale, 1994; Cheng and Herman, 2011).

The top surface of moxa stick and the lower surface of tissue are
considered as thermal insulating boundary conditions during the whole
simulation process. And natural convection occurs in other surfaces of
moxa stick and tissue. Besides, surface to surface radiation is performed
between the outside surface of burning moxa stick and the top surface
of tissue during moxibustion. Considering that for moxibustion with
ACDA, the moxa stick was moved away to clean the ash for 15s every
4 min and the distance between the moxa stick and skin was adjusted to
3 cm after every ash cleaning operation during moxibustion, the emis-
sivity of tissue and moxa stick were set as zero in a time interval of 15 s
during every ash cleaning operation and then the distance was also
adjusted to 3 cm. Initial temperatures of moxa stick, tissue and sur-
roundings are set in consistent with experimental data.

3.3. Heat source

The heat source term Q; in (1) represents heat production of moxa
stick. According to the regionalization of burning moxa stick, Q; of each
area for burning moxa stick with and without ash cleaning are fitted by
polynomial based on experiment results, as listed in Table 5.

The heat source term Qg in (2) includes Q,, and Q,, which were
equivalent to water evaporation and radiation attenuation in in-vitro
tissue respectively. And for in-vivo tissue, no water evaporation occurs,
so Qs equals to Q. The Q, and Q,, in this study were set at the same
values as in our previous paper (Li et al., 2018).

3.4. Numerical procedure

The whole simulation process including geometric modeling, mesh
generation, calculation and so on were all performed in COMSOL
Multiphysics software based on finite element method (FEM). The
thermal equations coupled with radiation equations were solved tran-
siently. The simulation results with different fine degree of mesh
mapping for multilayered tissue and moxa stick were compared and the
most suitable meshes which was sufficient to obtain grid independent
results were determined finally. The choice of time steps were de-
termined by taking into account computational convergence and effi-
ciency. 0.1 s and 0.3 s were chosen for the simulation process: mox-
ibustion process (20min) and natural cooling process (15min),
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Table 5
Fitted equations of heat source of different areas in moxa stick.
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Q; Q; (Wm™%) Without ash cleaning With ash cleaning
£ Q: Qp = 1.1705 x 107 — 1.0344 X 10* — 1.0568 X 1022 + 3.466 x 10713 Q1 = 9.5981 X 10° — 8.4821 x 103 — 8.6658 X 10t2 + 2.8421
— 4.2362 X 1074* + 2.3196 X 107> — 4.7556 x 10~11¢6 x 107163 — 3.4737 x 107%* + 1.9021 x 1077t5 — 3.8996 x 10~11¢6
2 Qs = 3.8358 x 107 — 1.3174 x 10%t — 5.3817 x 1022 + 1.722213 Q, = 3.1454 x 107 — 1.0803 x 10°t — 4.4130 x 1022 + 1.412213
— 2.8453 X 1073t* + 2.1494 x 107%¢° — 5.9522 x 10~10¢¢ — 2.3331 X 1073¢* + 1.7625 x 107%° — 4.8808 x 107100
Q3 Q3 = (1.2065 X 107 — 9.2794 x 10*t + 2.1774 x 10%t? — 1.012 1.1188 X 107, 0 < , < 409
x 1071£3)/(1 — 6.573 X 1073t + 9.853 X 1076¢2 + 1.614 x 1078¢3) Q3 =11.3551 X 107 — 4.2178 x 10%;,, 40 < < 165
1.3402 X 107 — 4.1714 X 10*t, 165 < £, < 180
£ Q4 Q4 = 0.8958/(6.536 x 1078 + 5.219 x 10710 — 7.085 x 10~ 11¢2 1.3892 X 107, 0 < < 30
+2.081 X 10712¢3 — 3.813 x 10~14* + 1.904 x 10710¢%) Q4 = 12.3648 x 107 — 1.9705 X 10, 30 < f, < 120
0,120 < & < 180
Qs Qs 0 0

%) = t/180; t, = t - [t;]-180, [t;] represents the biggest integer which is no more than t;.

respectively.

4. Results and discussion
4.1. Moxa stick burning characteristics

In order to acquire burning characteristics of the moxa stick, tem-
perature distributions on its lower surface and side surface were re-
corded with an infrared camera during burning. The infrared images of
the side surface of the burning moxa stick without ash cleaning at
t = 20 min are shown in Fig. 4(ii). It can be seen that five clear areas
were distributed in the side surface of burning moxa stick: ash content
area, high temperature burning area, low temperature burning area,
pyrolysis area and unburnt area (Xia, 2008; Li et al., 2018). Every area
moved with time during buring of moxa stick. The velocities (), as
listed in Table 1, were calculated by measuring the movement of each
areas based on infrared images of burning moxa sticks. Fig. 4(i) shows
the infrared images of the side surface of the burning moxa stick at
different time. (a) ~ (c) and (d) ~ (f) in Fig. 4(i) represent burning
without and with ash cleaning respectively. From (a) ~ (c) in Fig. 4(i) it
can be observed that burning areas moved up with time and ash de-
posited on surfaces of burning moxa stick, and obvious ash depositions
appeared at t = 20 min. Compared (b) and (e) in Fig. 4(i), ash deposi-
tion on surfaces could be removed away effectively with the operation
of ash cleaning. (f) in Fig. 4(i) depicts that after four times of ash
cleaning, the lower surface of moxa stick moved up for a large distance
from its original position, which indicates that the burning velocity was
distinctly accelerated by ash cleaning. A possible explanation for this
result is that the oxygen was more sufficient after ash cleaning. Besides,
the infrared images of the burning areas in moxa sticks became

t =0 min t = 4min

Burning
without AC

Burning
withAC

®

t = 20 min

highlight after every ash cleaning, which demonstrated that the op-
eration of ash cleaning could lead to a sharp increase of temperature in
burning moxa sticks. Therefore, the high temperature area on the sur-
face of burning moxa stick could be kept in a lager area during the
whole burning process, whereas lower temperature area of burning
moxa stick without ash cleaning appeared in the bottom surface gra-
dually with the ash deposition.

In clinic treatments, the lower surface of burning moxa stick is
usually suspended over the patients’ skin and produces the heat sti-
mulation to cure disease. The average temperatures on lower surface of
the burning moxa sticks with and without ash cleaning are compared in
Fig. 5. The solid lines and dotted lines represent the experimental re-
sults and simulated predictions respectively, and the black and red lines
represent the average temperatures of burning moxa stick without and
with ash cleaning respectively. It can be seen that the maximum
average temperatures under two cases were the same in general, which
demonstrates that the maximum temperature of moxa stick during
sufficient burning may be a constant value (about 510 °C). After a 2-min
increase at the beginning, the average temperature on the lower surface
of the burning moxa stick without ash cleaning kept decreasing to about
150 °C due to the ash deposition. Whereas, the average temperature of
burning moxa stick with ash cleaning increased immediately after the
ash was removed and then decreased with time showing a zigzag
fluctuation in one higher temperature range (about 350 °C-510 °C)
during the whole burning process. These results suggest that the op-
eration of ash cleaning can accelerate the burning of moxa sticks and
makes them into continuous heat sources with higher temperature re-
latively. Besides, Fig. 5 also indicates that the simulated predictions
agreed well with the experimental results in general. Therefore, the
moxa stick burning models with and without ash cleaning are reliable

E L nhl; rnl' area

Burning
(higher)(2))

Ash content
area(£,)

=20 min

(i)

Fig. 4. Infrared image of the burning moxa stick on the side surface: (i) with ash cleaning (AC) and without ash cleaning at different time; (ii) without ash cleaning at

t = 20 min.
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Fig. 5. Comparison of average temperatures on the lower surface of the burning
moxa stick with ash cleaning (AC) and without ash cleaning.

to reveal the burning disciplinarian of moxa sticks. And these models
provide the foundation for simulation studies on thermal performance
of moxibustion in biological tissue.

4.2. Thermal performance of moxibustion in the in-vitro tissue

The thermal performance of the in-vitro tissue between moxibustion
without ACDA (Case I) and moxibustion with ACDA (Case II) were
compared experimentally and numerically as a foundation to study the
effect of ACDA on moxibustion therapy. As shown in Fig. 2(b), the
monitoring points were arranged along the central axis of tissue with
0mm, 2mm, 7 mm, 11 mm and 21 mm away from the surface. Three
processes were included in moxibustion experiments: initial process,
moxibustion process and natural cooling process.

Fig. 6 shows the transient temperature increases (AT) of monitoring
points in porcine tissue in Case I. The solid lines represent experimental
results. The AT were attained by subtracting initial temperatures from
transient temperatures. During moxibustion without ACDA, the AT of
tissue surface reached maximum value (about 20 °C) in about 3 min and
then kept decreasing to only nearly 7 °C at the end of moxibustion. In
natural cooling process, all AT declined to relative stable values and
remained greater than zero, which indicated that the thermal effect of
moxibustion on in-vitro tissue continued after the moxibustion treat-
ment. According to the moxibustion model in our previous study (Li
et al., 2018), a numerical model of moxibustion without ACDA in in-
vitro tissue was established. The dash lines in Fig. 6 represent the si-
mulation predictions. It can be seen that the predictions of the model
agreed with experimental results on the whole.

Fig. 7 depicts the temperature increases (AT) of monitoring points in
porcine tissue in Case II. The solid lines represent the experimental
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Fig. 6. Transient temperature increases at monitoring points in in-vitro tissue
during moxibustion without ACDA (Case I) in experiment and simulation.
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Fig. 7. Transient temperature increases at monitoring points in in-vitro tissue
during moxibustion with ACDA (Case II) in experiment and simulation.

results. The AT of tissue surface reached maximum value (about 23 °C)
and kept constant after two times of ash cleaning operation. Comparing
the corresponding curves of (0, 2), (0, 7), (0, 11) between Figs. 6 and 7,
the AT in subcutaneous tissue in Case II kept increasing and were all
much higher than those in Case L. The results are reasonable because
the ash deposition on the moxa stick surface impeded the energy
transfer from burning moxa sticks to tissue and isolated the burning
moxa sticks from oxygen, and the increase of distance in Case I reduced
the radiation energy which would be absorbed by tissue. After natural
cooling, final temperatures of all monitoring points in Case II were
higher than those in Case I which demonstrated that ACDA can produce
higher final temperatures inside tissue leading to continuous thermal
effect. Meanwhile, a numerical model for moxibustion with ACDA in in-
vitro tissue was built to predict the detailed temperature distribution of
tissue. The dash lines in Fig. 7 represent the simulation predictions,
which were consistent with the experimental results generally.

As mentioned above, all predictions of the moxibustion with and
without ACDA models fitted the experimental results well, which ver-
ified that the two models are reliable to predict the temperature dis-
tribution details of in-vitro tissue under moxibustion treatment. The
two models also provide the foundation for simulation studies on
thermal performance of moxibustion in the in-vivo tissue. The com-
parison of simulated temperature distributions of in-vitro tissue in Case
I and Case II is shown in Fig. 8. Fig. 8(a) presents the 3-D graph of
temperature distribution of in-vitro tissue under moxibustion treatment
at t = 15min. Relatively, moxibustion with ACDA had an obvious
larger domain of thermal effect in the tissue. Fig. 8(b) and (c) depict the
simulated temperature distribution in in-vitro porcine abdominal tissue
along radius at different depth under moxibustion treatment at
t=15min and t= 25min respectively. As show in Fig. 8(b), at
t = 15 min, the temperature curves at z = 0 mm and z = 7 mm in Case
II were higher than corresponding temperature curves in Case I when
r < 3cm, which indicated that ACDA can induce a higher temperature
of thermal effect domain (0 < 2 < 7mm, 0 < r < 3cm). Besides,
comparing Fig. 8(b) and (c), the corresponding radius (r) of intersection
points between two temperature curves at the same depth under two
different cases extended over time, which demonstrated that mox-
ibustion with ACDA can produce a lager thermal effect domain and the
differences between the two thermal effect domains expanded along
radius and depth with time.

As shown in Fig. 8(b) and (c), the corresponding position of max-
imum temperature at skin surface in Case I was at center of treatment
site at t = 15min, and this position moved to the site at about
r=1.5dat t = 25min. The movement of the position of maximum
surface temperature can be explained by the variation of radiation
range of burning moxa stick, as shown in Fig. 9. During moxa stick
burning without ACDA, the ash content formed at the bottom of moxa
stick was accumulated to a thick layer with time, and the high
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Fig. 8. Comparison of simulated temperature distribution of in-vitro tissue
during moxibusiton without ACDA (Case I) and moxibustion with ACDA (Case
ID): (a) temperature distribution at t = 15 min. (b) Temperature variation along
radius in different depth at t = 15min ( the middle of moxibustion ) ; (c)
temperature variation along radius in different depth at t = 25 min (the end of
moxibustion).
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Fig. 9. Schematic diagram of radiation range for burning moxa stick without
ACDA at t = 15min and t = 25 min.
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temperature burning area where T,,., appeared in Fig. 9 moved up
gradually. Therefore, the radiation intensity from lower surface of
burning moxa stick became weaker with the deposition of ash, and the
radiation area of high radiation energy produced by high temperature
area moved along r direction with time. These two parts of radiation
energy were combinedly absorbed by skin during moxibustion and then
were converted into thermal energy leading to temperature rise at skin
surface. As a result, the corresponding position of maximum tempera-
ture at skin surface moved away from center of treatment site along r
direction with time. However, for moxibustion with ACDA, the corre-
sponding position of maximum temperature at skin surface was fixed on
the center of treatment site all the time. The reason of this results is that
the position of high temperature burning area remained unchanged due
to timely ash cleaning on the lower surface of burning moxa stick and
distance adjustment. In clinical treatments, the practice of moxibustion
is based on the meridian system, and acupoints are distributed along
the meridians. The acupoints are believed to be the locations reflecting
the disorder of visceral conditions and organs and may have therapeutic
effect for certain medical conditions during heat stimulation (Li et al.,
2012, 2015) Therefore, the operations of ACDA may improve the effi-
cacy of moxibustion therapy through fixing most of heat stimulation
generated by radiation energy from burning moxa stick on the acu-
points during the whole moxibustion process.

4.3. Thermal performance of moxibustion in the human abdomen

In clinical moxibustion treatment, ash cleaning and adjustment of
treatment distance were performed commonly to keep effective treat-
ment temperature. To better guide the clinical practice, the thermal
performance of the human abdomen under moxibustion treatment with
different operations were compared experimentally. The moxibustion
operations were: moxibustion without ACDA (Case I), moxibustion with
ACDA (Case II) and moxibustion with ash cleaning but no distance
adjustment (Case III), which were stated in 2.B. detailedly (as shown in
Table 1).

Fig. 10 depicts the surface mean temperatures at abdominal skin
surface of five humans under moxibustion treatment. The surface
temperature in Case I declined continuously after 2 min of temperature
rise due to the ash deposition and upward burning of moxa stick with
time. For Case III, the surface temperature curve showed a slight in-
crease and then decreased due to ash deposition among every ash
cleaning cycle, but kept one declining trend on the whole due to the rise
of treatment distance after a high temperature rise at the beginning.
Whereas for Case II, the surface temperature kept fluctuating in the
same temperature range approximately from 46 °C to 50 °C among
every ash cleaning cycle. Compared Case I and Case III, it can be seen
that ash cleaning only was not enough to strength heat stimulation
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i y Moxibustion Case 111
b---t Tl T ot S 50C - - - -
48 -
O F---H--14- W -%|----- 46TC - ---
N4 )
| Natural cooling
40
36 |
32 i i 1 1 1 1 1
0 5 10 15 20 25 30 35 40
t/min

Fig. 10. Surface temperature distribution in human abdominal tissue during
moxibustion with three different operations: without ACDA (Case I), with
ACDA (Case II) and with ash cleaning but no distance adjustment (Case III).
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effectively. While distance adjustment may be reliable to strength heat
stimulation by comparing Case II and Case III. However, it was im-
portant to note that it was dangerous to perform moxibustion treatment
with distance adjustment but no ash cleaning because ash deposition
may fall into skin during distance adjustment. Therefore, we compared
the thermal performance of human tissue under moxibustion between
Case I and Case II detailedly in the next.

According to clinical research (Doherty et al., 2010), different dis-
eases demand different target temperatures ranging from approxi-
mately 38 °C-50 °C in thermotherapy treatment. A study by Adriaensen
et al. (1983) showed that the temperature at 44.5°C - 46.5 °C can ac-
tivate A-fiber mechano-heat-sensitive nociceptors in human skin. And
Levine et al. (Levien and Rothschild, 1991) reported that cutaneous M
chelonae infection was successfully treated by heating the infected
areas to 50 °C. In addition, several researchers have focused on the
optimal temperatures of moxibustion for some specific diseases based
on the optimal therapeutic effects. For example, a research by Xian
et al. (2000) indicated that moxibustion with the skin temperature
reaching to 48 °C can inhibit the endotoxin-induced lowing reaction of
auricular temperature and have a thermolytic effect on body-fever,
while 40 °C had no significant effect. Li et al. (2011) observed that
moxibustion above 46 °C activated the subnucleus reticularis dorsalis
(SRD) at the rat's medulla oblongata, but below 40 °C or 42 °C, no ac-
tivation was observed. And in the study of Wang et al. (2013) mox-
ibustion at 46 °C had a significantly greater cholesterol-lowering effect
than that at 38 °C. In this study, if 46 °C-50 °C was chosen as the target
temperature range of human tissue (Levine and Rothschild, 1991; Li
et al., 2011; Wang et al., 2013; Xian et al., 2000), it can be obtained
from Fig. 10 that the thermal therapeutic effect on human abdominal
tissue may be sustainable and effective during the whole moxibustion
process as the surface temperature maintained at 46 °C-50 °C with the
operation of ACDA. Relatively, for moxibustion without ACDA, the
surface temperature above 46 °C last for only about 6 min as shown in
Fig. 10, which may lead to an unsatisfactory efficacy of moxibustion.

The dotted lines in Fig. 11 and Fig. 12 represent simulated predic-
tions of temperature distribution from developed in-vivo moxibustion
models for Case I and Case II respectively. The reliability of simulation
models was verified by comparing the model predictions of the skin
surface temperature with experimental data and a good agreement was
obtained, as shown in Figs. 11 and 12. And then the models were used
to analyze the effect of ash cleaning on the temperature distributions of
human abdominal subcutaneous tissue under moxibustion treatment. It
can be found that at the depth of 2 mm and 5 mm, tissue temperature in
Case I decreased gradually after a rise at the beginning. While for
moxibustion in Case II, tissue temperature at the subcutaneous 2 mm
maintained above 46 °C for about 15 min after the temperature increase
at the beginning 5 min, so that the moxibustion may take effect at the
depth of 2 mm along the whole moxibustion stimulation process. And

Experiment in Case I
Simulation in Case I

Natural cooling

20

t/min

Fig. 11. Temperature distribution in human abdominal tissue during mox-
ibustion without ACDA (Case I) in experiment and simulation.
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Experiment in Case 11
Simulation in Case II
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Fig. 12. Temperature distribution in human abdominal tissue during mox-
ibustion with ACDA (Case II) in experiment and simulation.

tissue temperature at subcutaneous 5 mm achieved stabilization after
twice of ash cleaning and last for about 10 min. The simulated results
indicate that moxibustion with ACDA can extend the duration of high
temperature in tissue effectively compared to moxibustion without ash
cleaning. Also, it can be implied that deeper tissue (> 5mm) may be
warmed at higher temperature during the moxibustion with ACDA.

5. Conclusions

In this study, a combined experimental and numerical investigation
has been conducted on the effect of ACDA on thermal performance of
moxibustion therapy. Experiment results show that ash cleaning was an
effective way to keep the temperature of moxa stick fluctuating at a
high range. And the established models of moxa stick burning with and
without ash cleaning showed a good agreement between simulated
predictions and experimental results. Based on moxibustion in in-vitro
tissue experiment, numerical models of moxibustion with and without
ACDA in in-vitro tissue were built. The simulation results indicated that
moxibustion with ACDA can produce a lager thermal effect domain in
tissue compared to moxibustion without ACDA and the differences
between the two thermal effect domains expanded along radius and
depth with time. Besides, the corresponding position of maximum
temperature at skin surface was fixed on the treatment site during
moxibustion with ACDA, which can improve the efficacy of moxibus-
tion therapy. The moxibustion experiment in human abdomen in-
dicated that the thermal therapeutic effect of moxibustion with ACDA
may be more sustainable and more effective if 46 °C-50 °C was chosen
as the target temperature range of human tissue. In addition, the si-
mulated results of in-vivo moxibustion models indicated that the
thermal effect of moxibustion with ACDA can penetrate into sub-
cutaneous tissue (> 2 mm) and lasted a longer time.
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