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Abstract

Background: Acupuncture treatments that regulate the heart are used to treat various clinical disorders and
conditions. Although many studies have been conducted to measure quantitatively the effects of acupuncture, thus
far, models that describe these effects have not been established. The purpose of this study was to derive a transfer
function model of acupuncture stimulation within the electrocardiograms based on the periods before, during, and
after acupuncture.

Methods: Fourteen healthy subjects were included in this clinical trial. Five-minute electrocardiograms were
captured before, during, and after acupuncture at HT7. For each period, signal-averaged electrocardiograms were
created from all of the subjects’ 5-min electrocardiograms for that period. Individual transfer functions, which has
the highest average goodness of fit, were derived for each period pair. By averaging individual transfer functions,
generalized transfer functions were derived.

Results: The transfer function with the highest average goodness of fit was a fraction with 4th order numerator
and 5th order denominator. Fourteen individual transfer functions were derived separately for each pair of periods:
before and during acupuncture, during and after acupuncture, and before and after acupuncture. Three generalized
transfer functions were derived by averaging individual transfer functions for each period pair.

Conclusion: The three generalized transfer functions that were derived may reflect the electrocardiogram changes

caused by acupuncture. However, this clinical trial included only 14 subjects. Further studies with control groups

and more subjects are needed.

This clinical trial has been registered on the Clinical Research Information Service, Republic of Korea (No.
KCT0001944). The first enrolment of subject started at 2 June 2015 and this trial was retrospectively registered at 14

June 2016
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Background

Acupuncture can have local, segmental, extrasegmental,
and central regulatory effects [1]. Thus, acupuncture is
known to affect not only the somatic nervous system
but also the autonomic nervous system (ANS). Acupunc-
ture can be used to treat various clinical disorders or con-
ditions related to the ANS, such as insomnia [2] and
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hypertension [3]. HT7 (Shenmen) is a commonly used
acupuncture point used to treat these symptoms [4—6].

To measure effects of acupuncture quantitatively, many
studies were conducted by using blood tests, positron
emission tomography (PET) [7, 8], functional MRI (fMRI)
[9-12], or heart rate variability (HRV) [13, 14]. Acupunc-
ture can reduce heart rate and change HRV by activating
the parasympathetic nervous system in the ANS [15, 16].
However, these previous studies lacked quantitative as-
sessments and specific models to describe changes.

In mechanical engineering and electrical engineering,
when a known system model is not available, a system
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identification method is often used. Since transfer function
(TF) is a well-known system identification technique to
derive a model from an input and output signal, it is
widely used in automobile engineering [17], acoustics en-
gineering [18], and electronic circuit engineering [19]. In
the biosignal field, TF models are used to analyze EEGs
and vibration systems in vehicles [20], human acoustic
systems [21], and vascular systems [22-24]. However,
much is still unknown about the physiological mechanism
or model of electrocardiogram (ECG) changes caused by
acupuncture. Therefore, a mathematical model cannot be
derived from the previous studies, and simulation of ECG
after acupuncture stimulation is not possible.

In this study, to derive a mathematical model, we ap-
plied an acupuncture treatment at HT7 (Shenmen) on
the dominant hand and conducted 5-min ECGs before,
during, and after acupuncture to the healthy subjects.
After individual TF (ITF) models were derived from
each pair of periods, generalized TF (GTF) models were
derived by averaging all subjects’ ITFs for each pair of
periods. By this method, ECG changes caused by acu-
puncture could be expressed as a GTF. If the error of
the GTF and the ITF are similar, the acupuncture stimu-
lus, as well as the personal characteristics, may have a
specific effect on the ECG. Therefore, GTF is a mathem-
atical model that can reflect the characteristics of acu-
puncture stimulation. We try to develop a mathematical
model that reflects the general characteristics of acu-
puncture stimulus by the clinical trial.

Methods

Subjects

All subjects participated voluntarily. The inclusion cri-
teria were as follows: (1) age between 20 and 49 vyears;
(2) ability to communicate adequately about his or her
physical condition with a clinical researcher and fill out
the questionnaires; and (3) willingness to participate in
this clinical trial and sign a written informed consent
form. The following subjects were excluded from the
study: (1) subjects having an abnormal heart beat period;
(2) subjects practicing Qigong or who were athletes; (3)
subjects with a cardiovascular disease history including
hypertension, arrhythmia, or ischemic heart disease; (4)
subjects who had taken cardiovascular-related medicines
in the past month; and (5) subjects judged inappropriate
by the researcher.

From June 2 to 25 in 2015, 14 subjects were recruited;
none was excluded. Sample size 14 was decided by 12
participants from “rule of 12” with 20% marginal win-
dow that considering possible drop out [25]. Ultimately,
14 healthy subjects were included in this clinical trial
(4 males, 10 females; age, 24-32 years; mean age,
27.07 £ 2.67 years). All subjects were allocated to single
intervention group and there is no drop-out subject. Data
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from all subject were used for this study. The CONSORT
flowchart of this trial is shown in Fig. 1.

ECG instrument and questionnaire

We used an LXC3203 (Laxtha, INC, Daejon, South
Korea) and Telescan (Laxtha Inc., Daejon, Republic of
Korea) to measure a 4-lead ECG. The sampling fre-
quency was 1024 Hz. Only the lead II signal from the
ECG was analyzed in this study.

Subjects were asked to fill out the Korean language ver-
sion of the Massachusetts General Hospital Acupuncture
Sensation Scale (MASS) questionnaire [26] and assess
their sensations with the intensity of de gi scale [27]. De gi
is the sensation caused by acupuncture and is an import-
ant aspect of acupuncture treatment [26]. To confirm that
de qi occurred during the acupuncture treatment, we used
the MASS index from MASS questionnaire and the scores
from the intensity of de gi scale. The MASS questionnaire
has 13 questions about sensations during the needle-
manipulating phase and stationary phase. The intensity of
de qi scale is a visual analogue scale for de gi intensity.
One value was missing for one subject; we substituted it
with the mean of the other subjects’ responses.

Procedure

The procedure of this trial is shown in Fig. 2. Before
each subject was included in this clinical trial, we received
written consent from him or her after he or she had re-
ceived a written description of this trial. The clinical trial
was conducted in a quiet, designated room at Kyung Hee
University Korean Medicine Hospital. ECGs were ob-
tained from the standard 4 leads on the extremities.

After 5 min of relaxation in a comfortable supine pos-
ition, the pre-acupuncture ECG was recorded for an-
other 5 min. The acupuncture ECG was recorded for
5 min after inserting and twirling an acupuncture needle
for 1 min at HT7 of subject’s dominant hand. After
withdrawing the acupuncture needle, post-acupuncture
ECG was recorded for 5 min. After the withdrawal of
acupuncture needle, subjects were asked to fill out the
MASS questionnaires and de gi intensity questionnaire.
After a doctor of Korean medicine confirmed that the
subject did not have bleeding or other side effects, that
subject was considered to have completed the trial. In-
centives was given after the completion of the trial.

This clinical trial was approved and supervised by
Kyung Hee University Korean Medicine Hospital’s Insti-
tutional Review Board (No. KOMCIRB-150420-HR-015).
The authors confirm that all ongoing and related trials
for this intervention are registered.

Acupuncture intervention
All of the acupuncture treatments were performed by
the same doctor of Korean medicine, who had 2 years’
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Assessed for eligibility (n = 14)

Excluded (n = 0)

+ Not meeting inclusion criteria (n = 0)
+ Declined to participate (n = 0)

+ Other reasons (n =0)

A 4

Allocated to intervention (n = 14)
+ Received allocated intervention (n = 14)
+ Did not receive allocated intervention (n = 0)

A 4

Lost to follow-up (n = 0)

Discontinued intervention (n = 0)

Analysed (n = 14)

+ Excluded from analysis (n = 0)

Fig. 1 CONSORT flowchart of the clinical trial
A

______ Explanation &
$ Written Consent From
Relaxation
5 minutes
v
Lying in Supine Position | Pre-acupuncture ECG
5 minutes 5 minutes
Acupuncture
Insertion
Twirling Acupuncture
1 minute
A
Needle Retention Acupuncture ECG
. - > :
5 minutes 5 minutes
Acupuncture —
Removal i
Lying in Supine Position | Post-acupuncture ECG
5 minutes 5 minutes
Questionnaire after
—————— >
Acupuncture
v

Fig. 2 Procedure of the clinical trial
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clinical experience. Subjects received treatment at HT7
(Shenmen) on the dominant hand. HT7 is a commonly
used acupuncture point for observing HRV [28, 29]. The
location of HT7 was determined by using the general
guidelines in the World Health Organization Standard
Acupuncture Point Locations in the Western Pacific Re-
gion [30]. We selected the dominant hand for the acu-
puncture treatment to be consistent with previous
acupuncture studies [31, 32]. The skin near the HT7
acupuncture point was sterilized with 79% alcohol before
needle insertion. A 0.30 x40 mm acupuncture needle
(DongBang Medical, Gyeonggi-do, South Korea) was
inserted to a depth of 5-10 mm with a disposable guide
tube (DongBang Medical, Gyeonggi-do, South Korea).
After the needle was inserted, the guide tube was re-
moved. The twirling method was used to generate a nee-
dle sensation. The needle was manipulated for 1 min
with 2 Hz and then retained for 5 min without any
stimulation. Immediately after 5 min of needle retention,
the needle was withdrawn.

Data analysis

Excel 2010 (Microsoft, Redmond, WA, USA) and SPSS
Statistics 18 (SPSS, Inc., Chicago, IL, USA) were used for
data preprocessing and statistical calculations. Matlab
R2015a (Mathworks, Inc., Natick, MA, USA) was used to
analyze signal processing.

The lead II signal from the standard 4-lead ECG was
used. Signal was filtered with a 0.5-45 Hz band-pass fil-
ter. The 5-min ECG signal from lead II was divided into
several single ECGs (SECGs) with average heart rate.
After reviewing every SECG, all abnormal SECGs that
have 2 times higher amplitude than the average SECG of
the subject were removed for data cleansing. A single av-
eraged ECG (SAECG) was derived by averaging all
SECGs except abnormal SECGs and by aligning the R
peaks of SECGs. Consequently, for each subject, an
SAECG was obtained at 3 time points: before acupunc-
ture, during acupuncture, and after acupuncture.

The TF, G(z), is a function that can show a relation be-
tween the input signal, X(z), and the output signal, Y(z)
when z means discrete-time signal in a complex fre-
quency domain: G(z) = Y(z)/X(z). Generally, the TF of a
discrete signal comprises a fraction including the n-th
order polynomial numerator and m-th order polynomial
denominator when b is the coefficient of numerator and
a is the coefficient of denominator (Eq. 1).

bn n b,,, n-1 b
Gz — Z°+ by + o+ bo (1)

AnZ" + A1 2" 4+ ag

The TF was derived by using the tfest function in
Matlab for the SAECGs of 3 pairs of periods (before and
during acupuncture [BDA], during and after acupuncture
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[DAA], and before and after acupuncture [BAA] as the
former is the input and the latter is the output) and by
aligning the R peaks of the SAECGs within each pair. To
use the tfest function in Matlab, m should be > n [33]. As
we supposed that our TF model would not have feed-
through, eventually we derived n-1th numerator order by
the tfest function that made the leading coefficient of nu-
merator to 0 [33].

If y,,, is a measured signal and y; is a signal simulated by
TF, then the goodness of fit (GF) can be calculated
by Eq. 2 using the compare function in Matlab [34, 35]. ||
indicates the 2-norm of a vector. If GF goes to 100, it
means that the simulated signal has high similarity to the
measured signal.

Goodness of Fit = 100 x (l_lly,,,—y_sll> (2)
||ym_ym H

For the best fit, we explored the GFs of ITFs with 1st—
5th order polynomial denominators to find a simple
model. An ITF was derived for each subject and for each
BDA, DAA, and BAA; the GF for each ITF was then de-
termined. After collecting every GF of ITFs for each
period pair, the order of the numerator and the order of
the denominator that have highest average GF were used
to determine the optimized order. A GTF was derived
by averaging each subject’s ITF on this optimized order
[36, 37]. The process of averaging TF is to average every
subject’s coefficient on each order and on a specific
period pair.

Results

De gi intensity

The MASS index results were as follows: the average was
6.2 out of 10; the standard deviation (SD) was +1.80; the
minimum was 2.48; and the maximum was 8.49. The re-
sults for de gi intensity were as follows: the average was
5.6 out of 10; the SD was +1.76; the minimum was
2.0; and the maximum was 8.0. These results indicate
that sufficiently intense de gi sensations were pro-
vided in this trial.

Goodness of fit from all subjects

Table 1 shows the average GFs from all subject’s GFs for
1st-5th denominator order of TF for each period pair.
The TF with 4th order polynomial numerator and 5th
order polynomial denominator has the highest average
GF, 94.48. The average GF seems to be saturated under
95, 97, and 94, respectively.

GTFs and ITFs

Each order’s coefficient of every subject’s ITFs (circle)
and GTF (star and line) for BDA, DAA, and BAA pairs
are shown in Fig. 3.



Lee et al. BMC Complementary and Alternative Medicine (2017) 17:101

Table 1 Averaged goodness of fit for each transfer function for
each subject

ON/OD GF of BDA GF of DAA GF of BAA Mean GF
0/1 9248 94.07 90.64 9240
0/2 87.72 95.77 9146 91.65
1/2 93.56 95.83 92.05 9381
0/3 87.84 89.12 82.69 86.55
1/3 94.21 96.25 9235 94.27
2/3 9343 96.38 9278 94.20
0/4 4237 53.79 45.00 47.05
1/4 84.56 86.03 7763 82.74
2/4 87.84 9535 92.87 92.02
3/4 93.85 96.21 93.05 9437
0/5 16.59 3057 1697 21.38
1/5 7649 80.97 4841 68.62
2/5 83.13 96.41 87.08 88.87
3/5 92.01 96.26 88.18 92.15
4/5 9491 95.73 9281 94.48

ON order of numerator, OD order of denominator, GF goodness of fit, BDA
periods before and during acupuncture, DAA periods during and after
acupuncture, BAA periods before and after acupuncture
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Ggp(z) is the GTF for BDA, Gpa(z) for DAA, and
Gga(z) for BAA. The functions showed as Egs. 3, 4,
and 5.

2.1655z*-7.134023 + 8.756922-4.7618z + 0.9737

G =

50(2) = 5 147 1 2457825073027 004162 1 0.0292
(3)

Gonle) = 2.73952*-8.43512% + 96060z>-4.8410z + 0.9312

DA T 5-2.32082* + 1.833825-0.828522 + 0.46262-0.1466
(4)
2.18612*-6.52642> + 7.28572>-3.6988z + 0.7536
GBA (Z)

T 25-2.39202% + 1.912022-0.538122-0.0529z + 0.0713

(5)

For example, Fig. 4a shows a diagram for 3 SAECGs
that are used for TF of BDA in Fig. 4b. The measured pre-
acupuncture ECG is used as the input signal for the ITF
and GTF. The measured acupuncture SAECG is used for
calculating GF. Figure 4b shows the 3 acupuncture-phase
SAECGs of subject 11. The line is a measured SAECG,
the dashed line is the simulated SAECG by ITF for the
acupuncture phase, and the dash-dot line is the simulated
SAECG by GTF for the acupuncture phase. In the ideal
case, the 3 SAECGs would be identical, but differences
were seen between the measured acupuncture SAECG,

Modulus value

Numerator & denominator modulus of transfer function for before and during acupuncture

O individual modulus
—#— averaged modulus

Modulus value

Modulus value

Fig. 3 Coefficients of numerator and denominator of generalized transfer function
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Phase Twirling & Retention Phase
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Pre-acupuncture -» ITF ———— Acupuncture SAECG
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by GTF
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Fig. 4 Three SAECGs and simulated results. a Three SAECGs; measured SAECG, simulated SAECG by individual, and generalized transfer function.
b Example of 3 acupuncture SAECGs: a measured SAECG, a simulated SAECG by individual transfer function, and a simulated SAECG by
generalized transfer function. ITF, individual transfer function; GTF, generalized transfer function; SAECG, signal-averaged electrocardiogram; BDA,

05 06 0.7 08 09

the acupuncture SAECG estimated by ITF, and the acu-
puncture SAECG estimated by GTF.

Table 2 shows GFs by ITF and GTF. The average GF dif-
ferences between ITF and GTF were 0.23, 1.47, and 0.98
for before and during acupuncture, during and after acu-
puncture, and before and after acupuncture, respectively.

Discussion

Transfer function analysis

To quantify the ECG changes caused by acupuncture,
we considered the system identification method. In the
field of biomedical engineering, not only is TF model
used, but also impulse response model [38] and state
space model [39] are widely used as well. The advantage
of the TF model is that the system can be easily

expressed. Because of this, we chose to use the TF model
over other system identification methods.

The previous studies in which the TF model was used
addressed the phase of TF [24, 40]. We did not derive
the phase of TF, because the SAECG is not a periodically
repeated signal, unlike ECGs used in the previous stud-
ies [36, 37]. What we have derived is the TF for an ECG
magnitude change from SAECG for a certain period
to the SAECG for another period. For example, the
acupuncture SAECG can be predicted when pre-
acupuncture SAECG is used as the input signal for
the TF of BDA.

We derived 3 GTFs from the SAECG changes caused
by acupuncture stimulation. These mathematical func-
tions indicate that acupuncture can cause changes in the
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Table 2 Goodness of fit of individual and generalized transfer function model

Before and during acupuncture

During and after acupuncture

Before and after acupuncture

D GF of ITFM GF of GTFM GF of ITFM GF of GTFM GF of ITFM GF of GTFM
1 94.03 94.35 97.95 9534 95.62 94.47
2 97.53 95.90 94.71 92.98 9041 90.27
3 98.01 97.23 94.19 93.59 9378 9249
4 98.44 98.03 97.96 97.33 98.15 97.85
5 96.16 94.30 97.68 96.44 94.75 91.71
6 96.06 9571 9831 97.79 96.03 95.62
7 90.90 88.93 90.89 88.10 82.35 76.95
8 9265 9294 97.16 96.57 95.66 93.88
9 93.02 91.76 96.68 96.02 91.02 88.24
10 83.03 96.42 9848 97.72 94.01 9443
11 92.95 87.80 97.65 96.82 91.32 84.31
12 9242 90.16 96.93 96.60 94.03 9350
13 9447 93.76 97.51 97.44 92.98 92.02
14 94.03 93.19 98.91 98.60 89.08 92.88
Avg 93.84 9361 96.79 95.81 92.80 9133
SD 3.857 3.074 2157 2712 3.894 5.282

ID subject identification number, GF goodness of fit, ITFM individual transfer function model, GTFM generalized transfer function model, Avg average, SD

standard deviation

heart’s electrical system, and they explain the general
ECG changes in subjects as well. These 3 GTFs demon-
strate different phenomena. In this clinical trial, the TF
of BDA reflects acupuncture insertion, twirling, and re-
tention. The TF of DAA reflects acupuncture twirling,
retention, and removal. The TF of BAA reflects acu-
puncture insertion, twirling, and retention. In future
studies, 1 or 2 TFs related to a specific type of stimula-
tion can be derived from the result of pairing 2 periods
(BDA, DAA, or BAA).

Because this study was a feasibility study, we tried to
find the differences and tendencies among the 3 GTFs.
We tried to find the same optimized TF order that has
the highest GF under the order to be < 5th order denom-
inator for the 3 GTFs. To find the optimized order, we
made 15 TFs and calculated 15 GFs per subject and
period pair (Table 1). For 14 subjects and 3 period pairs,
630 TFs were needed. To find the optimized TF order <
10th order denominator, we need 2310 TFs. Since 2310
TFs can be too large to probe, we had limited the
maximum degree of denominator to 5th order. In this
study, we decided 4th order numerator and 5th order
denominator as the optimized order, because that TF
with optimized orders has the highest average GF
under the limit we set.

If a further study were carried out only for a specific
period pair, the optimized order might be different. For
example, the optimized order for only a BAA is a 3th
order numerator and 4th order denominator.

Further study and limitations

From these TFs, we derived models of ECG changes
caused by acupuncture stimulation. From these TFs, a
SAECG during acupuncture or after acupuncture can be
predicted from an arbitrary SAECG before acupuncture,
and a SAECG after acupuncture can be predicted from
an arbitrary SAECG during acupuncture with a high GF.
In previous studies, signal changes caused by acupunc-
ture were hard to predict. HRV was mainly analyzed
statistically and it can be influenced by individual differ-
ences in the ANS and daily activity patterns [41]. Among
the many studies using ECG, there have been a lot of
studies that used statistical methods to test the differ-
ence of the changes, but the methods of quantitatively
predicting the changes were rarely used. The method we
used can be used to predict a post-stimulation signal
from a specific model with a high GF. In addition 5-min
SAECG is widely used because it is also robust against
small errors by averaging the signals while 20-min of
ECG recording recommended for HRV [42-44].

In this study, we found that the TF method can repre-
sent the difference between before, during, and after
acupuncture stimulation as a mathematical function.
Based on this, it is possible to identify quantitative differ-
ences between mathematical models of acupuncture
points after finding the mathematical function of ECG
changes by acupuncture points in acupuncture stimula-
tion. In addition, the change of ECG according to the nee-
dle stimulation technique can be quantitatively expressed
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as the difference of the mathematical function, so that a
quantitative comparison can be made as to which tech-
nique changes a lot of ECG. The optimal acupuncture
points and techniques for ECG and autonomic control
can be found and used in clinically. In addition, this
method can be used to make a model that explains the
signal changes between a pre-intervention and a post-
intervention period. As a result, this method can be useful
to evaluate and quantify acupuncture interventions, be-
cause an exclusive or singular model related for acupunc-
ture has not established yet.

In the aspect of study design, this study does not in-
clude any control group, but only compare the ECG sig-
nals before, during, and after acupuncture. There is a
disadvantage that it is not known what type of needle
stimulation due to the ECG, i.e. whether it is specific to
HT?7 or needle twirling.

This study was a feasibility study, and the sample size
was 14 subjects. Because of this small size, the GTF can
be sensitive to outlier subject. To generalize our results,
a larger sample size and comparative studies are needed,
but we tried to find a feasibility of TF model for acu-
puncture in this study.

Conclusions

There is no known system model that can describe the
ECG changes caused by acupuncture stimulation. We
took ECGs before, during, and after acupuncture. For each
subject, we made 3 SAECGs: 1 for each period. ITFs were
derived from BDA, DAA, and BAA SAECG pairs. By aver-
aging the ITFs, GTFs were derived for each period pair.
As a result of prediction of BDA, DAA and BAA with
GTEF, average GF was 93.6, 958, 91.3. The GTF was
slightly lower than the ITE, but the difference was small.
This means that acupuncture stimulation has a common
characteristic to the ECG, and it can be represented by
this mathematical model.
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