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Not all patients with angina pectoris have coronary artery stenosis. To facilitate the diagnosis of coronary artery disease (CAD),
we sought to identify predictive factors of pulse spectrum analysis, which was developed by Wang and is one technique of modern
pulse diagnosis. The patients suffered from chest pain and received cardiac catheterization to confirm the CAD diagnosis and
Gensini score were recruited. Their pulse waves of radial artery were recorded. Then, by performing a fast Fourier transform,
10 amplitude values of frequency spectrum harmonics were obtained. Each harmonic amplitude was divided by the sum of
all harmonic amplitude values, obtaining the relative percentages of 10 harmonics (CI-C10). Subsequently, multivariate logistic
regression was conducted with two models and the areas under the receiver operating characteristic curves (ROC) of these 2 models
were compared to see if combining the pulse diagnosis parameters with the risk factor of CAD can increase the prediction rate of
CAD diagnosis. The predictive factors of CAD severity were analyzed by multivariate linear regression. A total of 83 participants
were included; 63 were diagnosed CAD and 20 without CAD. In the CAD group, Cl was greater and C5 was lower than those of the
non-CAD group. The CAD risk factors were put alone in Model 1 to perform the multivariate logistic regression analysis which had
a prediction rate of 77.1%; while putting the C1 and C5 harmonics together with the risk factors into Model 2, the prediction rate
increased to 80.7%. Finally, the area under ROC of Model 1 and Model 2 was 0.788 and 0.856, respectively. Furthermore, left CI,
left C5, gender, and presence of hyperlipidemia were predictors of CAD severity. Therefore, pulse spectrum analysis may be a tool
to facilitate CAD diagnosis before receiving cardiac catheterization. The harmonics Cl and C5 were favorable predictive indicators.

1. Introduction

Coronary artery disease (CAD) is a common cardiovascular
disease. In recent years, the prevalence and mortality of CAD
have been high [1] and are predicted to become a severe
economic burden by 2020 [2]. Risk factors affecting CAD
include gender, age, obesity, smoking, exercise, hypertension,
diabetes, and high blood cholesterol [3]. At present, clinical
evaluations of CAD can be conducted through electrocar-
diograms, nuclear medicine scans, tomography, or cardiac

catheterization. However, according to the clinical guidelines
of the American Heart Association, only cardiac catheteriza-
tion can confirm diagnosis of CAD [4].

CAD is caused by atherosclerosis of the coronary arteries.
Such arteries result in insufficient blood flow and oxygen
supply and can cause myocardial ischemic changes which
lead to a typical clinical manifestation of CAD: angina
pectoris or chest pain. However, not all patients with angina
pectoris or chest pain have CAD. A previous study indicated
that 60% of patients who underwent cardiac catheterization
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for suspected CAD due to chest pain or angina pectoris did
not have narrowed coronary arteries [5]. In addition, patients
may be unwilling to receive further examination because of
the invasiveness of the cardiac catheterization. But it is fatal
if this is CAD indeed. The rupture of the plaque will cause
death due to acute myocardial infarction. The probability of
having CAD can be estimated by the risk factors. Therefore,
if there are noninvasive tools which can provide better
reference for clinicians, especially noncardiologists, so that
the clinicians can refer patients who has higher probability
having CAD to receive cardiac catheterization. Thus, assisted
by the noninvasive tools, the risk of myocardial infarction
may be reduced.

The method “pulse spectrum analysis” was proposed by
Wang based on the “resonance of organs with the heart” the-
ory to explain the correlation between the pulse and human
organs [6-8]. The “pulse” is a composite wave composed of
harmonics with different frequencies and can be transformed
into resonant harmonics of different frequencies by Fourier
analysis. Wang postulated that the pulse was jointly formed
from the unidirectional flow produced by heart contractions
and the pulsatile flow produced by the arteries during dias-
tole. Because the arterial networks in organ tissue throughout
the body have different resistances, resonance is produced
to form harmonics with different frequencies. This results
in differences in the blood flow entering the tissues of each
organ [9]. Organ tissues that receive the same frequency of
harmonics and obtain blood flow can thus be categorized as a
group. Therefore, observations of changes in these harmonics
can be used to infer the conditions of organs. This theory was
verified through observations of pulse differences between
patients with different diseases and those without them, as
well as observations of pulse changes after acupuncture [10-
12] and pharmacological interventions [13-17].

The application of pulse spectrum analysis to assist the
diagnosis of CAD has not been studied yet. This study aims
to identify the characteristics of harmonics changes that aid
CAD diagnosis in order to provide an evidence for further
clinical diagnosis and preventive treatment.

2. Methods

2.1. Participants. This prospective observational study was
conducted from July 2011 to October 2012 in the cardiology
ward of a medical center (Tri-Service General Hospital) in
Northern Taiwan. Participant inclusion criteria for this study
were (1) individuals who were 18 years of age or older, any
gender, seeking treatment for chest pain or angina pectoris
and (2) outpatients whose conditions were diagnosed by
cardiologists as needing to be hospitalized to receive cardiac
catheterization in order to confirm diagnosis and treatment.
Exclusion criteria included acute myocardial infarction,
cardiac arrhythmia, valvular heart disease, cancer, severe
infection, pregnancy, severe mental illness, and individuals
whose pulses could not be measured.

2.2. Diagnosis and Severity of CAD. The diagnosis and
severity of CAD was evaluated by cardiologists according to
photographic images of blood vessels taken during cardiac
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catheterization. If image results indicate that > 1 blood
vessel was > 50% narrowed, CAD diagnosis was confirmed
[18]. Severity is determined by utilizing the Gensini scoring
system, a quantification method proposed by Gensini in 1983.
Scores are calculated by summing the severity scores of vessel
constriction in all areas with coronary artery stenosis x the
stenosis grade of the areas. If there is no stenosis in any area,
the score is 0 [19].

2.3. Instruments. This study adopted the PDS-2010 Skylark
Pulse Analysis System (Ministry of Health and Welfare Med-
ical Device License No. 003627; Skylark Device & Systems
Co., Ltd., Taiwan) to conduct pulse measurement. This single-
probe measurement instrument was equipped with a high-
fidelity pressure sensor, as well as X-Y-Z triaxial portable
tracks used to locate the probe and apply vertical downward
pressure in the measurement area to obtain the analog signal.
Then, built-in programs were used to convert the analog
signal into digital data and stored it in a computer.

2.4. Procedures and Data Collection. Participants were hospi-
talized from 15:00 to 17:00 the day before they received cardiac
catheterization. After history-taking and related examina-
tions were done, researchers explain the study procedure
and consent form in detail to participants. Once partici-
pants understood and provided signed consent, researchers
recorded their age, gender, height, weight, and comorbid
diseases (including diabetes, hypertension, and hyperlipi-
demia). Researchers then guided participants to an inde-
pendent, quiet examination room with a room temperature
maintained at 25-26°C.

Measurements were performed by researcher using pulse
diagnostic instruments after participants had rested quietly in
the examination room for 10 minutes. Pulse measurements
were performed on the radial arteries of the wrists on both
arms, with the right arm followed by the left. In this study, the
measurement position we selected was the most prominent
position of the pulsation at the wrist radial artery, which cor-
responded to the styloid process of the radius. The graphical
demonstration of the measurement position of the pulse is
shown in Figures 1(a) and 1(b). Prior to measuring, we first
located the most distinct section of radial artery pulsation
and marked it, then positioned the pressure probe on the
marking, slowly pressing down until the pulse had emerged
to ensure there were no errors in positioning. We then contin-
ued to press the pressure probe vertically downward until the
pulse with the highest amplitude appeared before recording
the measurement. Using the recording mode of the PDS-2010
Skylark Pulse Analysis System, each arm was continuously
recorded for 6 s. The analog signals were converted into
digital data and stored for further pulse spectrum analysis.

On the following day, cardiac catheterization was per-
formed on participants at the radial artery (main section) or
femoral artery. This was followed by coronary angiography
to confirm the diagnosis of CAD and calculation of Gensini
score. The coronary angiography was performed by the cardi-
ologists, who were blind to the result of pulse measurements.

Additionally, the following information was included
recorded from medical chart: blood pressure values at the
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Left hand

(a) Landmarks of the pulse measurement position. The measurement positions are the
surfaces of the radial arteries of both wrists. The white arrows indicate the styloid
processes of the radius, the red cylinders represent the radial arteries, and the yellow

(b) Actual pulse measurement. The white arrow indicates the
styloid process of the radius of left hand, and the yellow arrow
indicates the measurement position.

dots represent the measurement position, i.e., the most prominent position of the
pulsation at the wrist radial artery, which corresponds to the styloid process of the

radius.

FIGURE 1

time of admission; and data such as fasting plasma glucose
(FPQ), total cholesterol, triglyceride (TG), and low density
lipoprotein (LDL) cholesterol from laboratory examinations
was arranged by cardiologists based on clinical diagnostic
needs.

2.5. Pulse Spectrum Analysis. In accordance with the method
of pulse spectrum analysis developed by Wang, after we
converted the digital data of the pulse measurements into
a.txt file, we used LabVIEW 7 (National Instruments Co.,
USA) to perform a fast Fourier transform and obtained 10
amplitude values of frequency spectrum harmonics (An, n =
1-10). Each harmonic amplitude was then divided by the sum
of all harmonic amplitude values (A0), obtaining the relative
percentages of the harmonics (Cn, n =1-10) or Cn =100% x
(An/A0).

2.6. Statistical Analysis. Regarding demographic information
for continuous variable, data are expressed as mean+SD
and for categorical variables as numbers with corresponding
percentages. The Chi-square test was used for categorical
variables. Comparisons between CAD and non-CAD groups
were performed via Mann-Whitney U test.

In the analysis of pulse diagnosis parameters, to evaluate
whether intragroup differences existed, we first conducted the
Wilcoxon test on the relative percentages of the harmonics
of both arms of the patients in each group. Then, the
Mann-Whitney U test was used to evaluate the relative
percentages differences of the harmonics between the CAD
and non-CAD groups. Subsequently, multivariate logistic
regression was conducted with two models: (Model 1) includ-
ing only CAD risk factors, e.g., age, gender, body mass index

(BMI), history of hypertension, diabetes, and hyperlipidemia;
(Model 2) including the above CAD risk factors with the
relative percentages of the harmonics with significant differ-
ences to assess the joint predictive effect on CAD diagnosis.
Multivariate linear regression was also performed with the
same variables along with the Gensini score to analyze which
of these factors affected the severity of CAD. Finally, areas
under the receiver operating characteristic curves (ROC) of
Model 1 and Model 2 were compared to see if combining the
pulse diagnosis parameters can increase the prediction rate of
CAD diagnosis.

Statistical calculations were performed using software
package SPSS 20.0 (SPSS Inc., Chicago, IL). All comparisons
were two-tailed; P < 0.05 was regarded as statistically signifi-
cant.

3. Results

3.1 Participants. A total of 152 patients met the inclusion
criteria. After excluding patients who rejected receiving
and were unable to complete the pulse measurement, a
total of 83 participants were included. Following cardiac
catheterization, there were 63 individuals with CAD and 20
without CAD, and most of them were men. The average
age of the CAD group was 59.77 + 10.51 years, significantly
higher than the 50.68 + 12.64 years of the non-CAD group
(P < 0.01). There were no significant differences between the
two groups in terms of gender, BMI, blood pressure values,
the proportions with comorbid diseases of hypertension,
diabetes, and hyperlipidemia (Table 1).
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TaBLE 1: Demographic features of patients with and without coronary artery disease.
Variable CAD Non-CAD P value
(n=63) (n=20)
Gender (male: n, %) 52(82.5%) 14(70.0%) NS
Age (yr) 59.7710.51 50.68+12.64 <0.01
Height (cm) 166.31+£8.09 167.40+7.73 NS
Weight (kg) 71.45+12.04 76.75+15.62 NS
BMI (kg/m?) 25.8143.75 27.23+4.17 NS
Comorbidity
Hypertension (n, %) 42(66.7%) 10(50.0%) NS
Diabetes (n, %) 17(27.0%) 2(10.0%) NS
Hyperlipidemia (n, %) 23(36.5%) 7(35.0%) NS
SBP (mmHg) 135.19£15.10 135.60+21.77 NS
DBP (mmHg) 80.89+9.91 82.25+10.03 NS
FPG (mg/dl) 153.14+60.53(57) 124.88+35.96(17) NS
Total cholesterol (mg/dl) 171.45+43.16(56) 155.94+22.64(16) NS
TG (mg/dl) 142.31+65.21(61) 127.61466.66(18) NS
LDL (mg/dl) 115.96+42.56(57) 101.69+24.99(16) NS

(i) Continuous data are presented as mean + SD.
(ii) Categorical data are presented as number of patients (percentages).

(iii) For FPG, total cholesterol, LDL, and TG, the number of people examined is indicated in parentheses.

(iv) P < 0.05: being statistically significant.
(v) NS: not significant.
(vi) BMI: body mass index = Weight (kg)/ Height* (m)

(vii) CAD: coronary artery disease; SBP: systolic blood pressure; DBP: diastolic blood pressure; FPG: fasting plasma glucose; TG: triglyceride; and LDL: low

density lipoprotein.

Not all participants received the same biochemistry
examinations upon admission due to differences in evalua-
tion among clinical physicians. The number of people who
received the examination is indicated in parentheses. There
were no significant differences in the values of FPG, total
cholesterol, LDL cholesterol, or TG between the CAD and
non-CAD group (Table 1).

3.2. Prediction of CAD Diagnosis and Severity Using Pulse
Spectrum Analysis. First, the comparison of the relative
percentages of the harmonics measured in the radial artery
pulse of left and right arm of the CAD or non-CAD group was
examined, respectively, by Wilcoxon signed-rank test. The
results revealed that regardless of whether participants were
diagnosed with CAD, there was no difference in the relative
percentages of the harmonics between the left and right radial
artery pulse (Table 2).

Subsequently, the comparison of the CAD and non-
CAD groups on the respective relative percentages of the
harmonics of the left or right radial artery pulse was exam-
ined, respectively, by the Mann-Whitney U test. The results
showed significant differences between Cl1 and C5 in both
arms. In the CAD group, Cl was greater and C5 was lower
than those of the non-CAD group (Table 3).

Then, the CAD risk factors were put alone or together
with the respective relative percentages of the harmonics (Cl
and C5, both left and right artery pulse) to perform the
multivariate logistic regression analysis using an enter model,
respectively, to realize the joint predictive of Cl and C5 on
CAD diagnosis (Tables 4 and 5). Among the CAD risk factors,

age (RR =107, 95% CI: 1.01-1.13, P < 0.05) had statistical
significance in Model 1, which had a prediction rate of 77.1%
(Table 4). While putting the respective relative percentages of
the harmonics (Cl and C5, both left and right artery pulse)
into the model, the prediction rate increased to 80.7%. The
statistically significant factors in Model 2 were gender (RR =
4.80, 95% CI: 1.03-22.40, P < 0.05) and left C5 (RR = 0.74,
95% CI: 0.53-0.96, P < 0.05).

In order to explore the predictive factors of CAD severity,
a multivariate linear regression analysis was performed with
the Gensini score and the same factors (Cl, C5, age, gender,
BMI, presence of hypertension, presence of diabetes, and
presence of hyperlipidemia) by an enter manner. The results
revealed that the left Cl, left C5, gender, and presence of
hyperlipidemia were predictors of CAD severity (Table 6).
Therefore, the increase in left Cl and decrease in left C5 are
both predictive factors for CAD diagnosis and the Gensini
score.

Finally, the area under ROC of Model 1 and Model 2 was
0.788 and 0.856, respectively (Figure 2).

4. Discussion

To the best of our knowledge, this was the first study to
explore if pulse spectrum analysis can increase the prediction
rate of CAD diagnosis in patients with chest pain or angina
pectoris prior to cardiac catheterization. According to our
findings, applying the pulse spectrum analysis together can
receive a higher prediction rate for CAD diagnosis; specif-
ically, the relative percentages of harmonics Cl and C5 are
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TABLE 2: Comparison of relative percentages of the harmonics in the radial artery pulse of both arms of patients with and without CAD.

CAD(n=63) Non-CAD(n=20)
Left Right P value Left Right P value
Cl 52.04+6.93 50.38+7.24 NS 48.03+6.04 46.33+4.86 NS
C2 28.56+5.91 27.78+5.54 NS 28.424729 26.61+4.21 NS
C3 17.34+5.33 17.06£4.68 NS 17.10£5.50 16.44+3.38 NS
C4 8.78+3.96 8.58+3.60 NS 8.78+3.94 8.62+2.84 NS
C5 6.12+2.53 6.10+2.11 NS 8.02+3.24 7.70+2.22 NS
Co6 5.17+1.94 5.57+2.06 NS 6.40+2.65 6.49+2.48 NS
C7 3.65+2.03 3.95+1.95 NS 3.93+1.98 4.20+2.08 NS
C8 2.43+1.48 2.58+1.47 NS 2.56+1.28 2.74+1.25 NS
Co 1.73£1.13 1.92+1.01 NS 2.12+1.12 2.28+0.84 NS
Cl10 1.37+0.73 1.54+0.82 NS 1.60+0.97 1.83+0.77 NS
(i) Continuous data are presented as mean + SD.
(ii) Values have been calculated using Wilcoxon signed-rank test.
(iii) P < 0.05: being statistically significant.
(iv) NS: not significant.
TaBLE 3: Comparison of relative percentages of the harmonics in the radial artery pulse in patients with and without CAD.
Left radial artery pulse Right radial artery pulse

CAD (%) Non-CAD (%) P value CAD (%) Non-CAD (%) P value
Cl1 52.04+6.93 48.03+6.04 <0.01 50.38+7.24 46.33+4.86 0.01
C2 28.56+5.91 28.424729 NS 2778+5.54 26.61+4.21 NS
C3 17.34+5.33 17.10+5.50 NS 17.06+4.68 16.44+3.38 NS
C4 8.78+3.96 8.78+3.94 NS 8.58+3.60 8.62+2.84 NS
C5 6.12+2.53 8.02+3.24 <0.01 6.10+2.11 7.70+2.22 0.02
Cé 5.17+1.94 6.40+2.65 NS 5.57+2.06 6.49+2.48 NS
C7 3.65+2.03 3.93+1.98 NS 3.95£1.95 4.20+2.08 NS
C8 2.43£1.48 2.56+1.28 NS 2.58+1.47 2.74+1.25 NS
C9 1.73+1.13 2.12+1.12 NS 1.92+1.01 2.28+0.84 NS
Cl10 1.37+0.73 1.60+0.97 NS 1.54+0.82 1.83+0.77 NS
(i) Continuous data are presented as mean + SD.
(ii) Values have been calculated using Mann-Whitney U test.
(iii) P < 0.05: being statistically significant.
(iv) NS: not significant.

TABLE 4: Multivariate analysis of influence factors for coronary artery disease.
Prediction rate: 77.1%

Variable B Wald Relative risk 95% CI P value
Age 0.07 6.14 1.07 1.01-1.13 <0.05
Gender 1.37 3.84 3.94 1.00-15.52 0.05
BMI -0.10 1.50 0.91 0.78-1.06 NS
Hypertension 0.57 0.81 1.77 0.51-6.16 NS
Diabetes 1.06 1.44 2.89 0.51-16.37 NS
Hyperlipidemia 0.25 0.15 1.28 0.37-4.49 NS

(i) Multivariate logistic regression analysis was performed by “enter” method.

(ii) P < 0.05: being statistically significant.

(iii) NS: not significant.
(iv) CI: confidence interval.
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TABLE 5: Multivariate analysis of relative spectral energy values and influence factors for coronary artery disease.
Prediction rate: 79.5%

Variable B Wald Relative risk 95% CI P value
Age -0.002 0.004 1.00 0.93-1.07 NS
Gender 1.57 3.99 4.80 1.03-22.40 <0.05
BMI -0.06 0.51 0.94 0.80-L.11 NS
Hypertension 0.61 0.66 1.84 0.42-7.99 NS
Diabetes 1.59 1.93 4.93 0.52-46.59 NS
Hyperlipidemia 0.21 0.08 1.23 0.30-5.10 NS
Right C1 0.10 1.88 111 0.96-1.28 NS
Right C5 -0.22 1.55 0.80 0.57-1.14 NS
Left C1 0.09 1.17 1.09 0.93-1.28 NS
Left C5 -0.34 512 0.71 0.53-0.96 <0.05

(i) Multivariate logistic regression analysis was performed by “enter” method.
(ii) P <0.05: being statistically significant.

(iii) NS: not significant.

(iv) CI: confidence interval.

TABLE 6: Linear regression analysis of relative spectral energy values and influence factors for the severity of coronary artery disease.

Variable B t P value
Age -0.28 -0.80 NS
Gender 24.26 2.96 <0.01
BMI -0.35 -0.39 NS
Hypertension 0.04 0.01 NS
Diabetes 14.58 1.90 NS
Hyperlipidemia 15.14 2.26 0.03
Right C1 0.84 1.45 NS
Right C5 0.16 0.10 NS
Left C1 1.76 3.00 <0.01
Left C5 -3.98 -3.05 <0.01

(i) Multivariate linear regression analysis was performed by “enter” method.
(ii) The severity was

(iii) P <0.05: being statistically significant.

(iv) NS: not significant.

favorable predictive indicators. In patients diagnosed with
CAD, there was a clear correlation when an increase in Cl
and a decrease in C5 were observed.

The pulse spectrum analysis method used in the present
study was developed by Wang in accordance with organ res-
onance theory [6, 20]. Wang proposed that the pulse signals
measured from the radial artery in the wrist are composed of
several harmonics. The harmonic amplitudes converted from
these pulse waves become increasingly smaller; those after the
10th harmonic can be ignored because they are excessively
small. The relative percentages of the harmonics produced
from the normalization of each harmonic amplitude can be
used to reflect the condition of organs. In accordance with
experimental observations and Chinese medicine theory,
Wang proposed that the corresponding relationships were
as follows: CI corresponds to the liver, C2 to the kidneys,
C3 to the spleen, C4 to the lungs, C5 to the stomach,
C6 to the gallbladder, C7 to the bladder, C8 to the large
intestine, C9 to the triple energizers, and CI0 to the small
intestine. In patients with different diseases, changes will

appear in different corresponding areas [15, 21, 22]. Several
previous studies have used this analysis method to investigate
correlations between diseases. These include observations of
death and prognosis in patients with terminal cancer [23];
changes during fasting [24]; and comparisons of differences
between patients with mania [25], child patients with atopic
eczema [26], and patients without these conditions. In these
studies, distinct differences can be observed in the related
spectrum.

CAD is a heart disease that progresses from pathological
changes in the coronary arteries. However, unless it involves
severe heart damage owing to acute myocardial infarction,
regular CAD develops slowly. In the development of CAD,
changes in the circulation of other organs are intercon-
nected or compensated and then redistributed. Therefore, we
excluded patients with acute myocardial infarction from our
observations and hoped that outpatients would demonstrate
the aforementioned phenomenon; our results also indicated
points of difference. When participants were diagnosed with
CAD, C1 and C5 demonstrated significant changes, which
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FIGURE 2: Receiver operator curves (ROC) comparing Model 1
(influence factors: age, gender, BMI, hypertension, diabetes, and
hyperlipidemia) with Model 2 (influence factors and relative spectral
energy values) for predicting coronary artery disease. Area under
curve (AUC) of Model 1 and Model 2 is 0.788 and 0.856, respectively.

indicated that the expected response had occurred in these
two organ groups.

Previous studies have been conducted using pulse spec-
trum analysis to observe patients with CAD; however, these
studies have been scarce and had contrasting findings. In
1993, Chen observed pulse changes in 17 patients with acute
myocardial infarction and measured their relative percent-
ages of harmonics on the day that acute myocardial infarction
occurred, 1 day after occurrence, 2 days after occurrence, and
after creatine kinase (CK) had returned to a normal value.
The results demonstrated that although C2 and C3 decreased
during occurrence and increased in the following days, the
other harmonics did not demonstrate differences before and
after occurrence [27]. This study conducted research on
patients with acute myocardial infarction without using a
control group. Therefore, this type of change may have been
an acute response that did not produce a compensatory
regulatory response in the circulation of organs and thus dif-
tered from our findings. Additionally, in 2008, Kuo compared
pulse diagnosis in 22 patients prepared to receive cardiac
catheterization due to CAD diagnosis with a control group
of 13 regular patients [28]. The results found that only the
C3 of the left arm reached a statistically significant difference;
namely, the C3 of patients with CAD was greater than that of
patients without CAD. The present study also found similar
differences in this area, but they did not attain statistical
significance. The CI value was greater in the patients without
CAD, whereas C5 was greater in the left arms of patients with

CAD. The right arm, by contrast, was similar to our results
and greater in the patients without CAD. However, these
results did not achieve statistical significance. In this study,
the cardiac catheterization results of the patients in the CAD
group were not specified, their diagnosis and severity were
not differentiated, the conditions of the regular healthy group
were not explained, and the sample size was small. This may
have produced the differences with the results of our study.

Our result showed that CI of the radial pulse wave could
be a favorable predictive indicator for CAD diagnosis. The
gradual increasing of Cl by aging was investigated by the
harmonic based pulse waveform analysis method [29]. Other
studies also reported the factor of atherosclerosis [30, 31],
or increasing afterload [29] will increase the first harmonic
impedance which is related to the increasing burden of
heart muscle. Chang et al. reported that screening for the
Cl may improve the risk stratification of cardiac events
and silent coronary artery disease in asymptomatic patients
[32]. Hence, the first harmonic amplitude increment could
be a noninvasive risk marker for cardiovascular disease.
However, further studies should be investigated for confirm
interaction between the harmonic based radial pulse analysis
and coronary artery disease.

Our result showed that the C5 in the CAD group was
lower than those of the non-CAD group; we proposed that
the cerebral blood flow of the CAD group might be lower than
the non-CAD group. According to the previous research,
several studies have found evidence of a high prevalence of
abnormalities in cerebral blood flow in patients with cardiac
small-vessel disease [33]. Pai et al. reported that in patients
with cardiac small-vessel disease, brain hypoperfusion lesions
on technetium-99m ethyl cysteinate dimer brain SPECT were
common and positively associated with the presence and
extent of abnormalities in myocardial perfusion as revealed
by thallium-201 myocardial perfusion SPECT [34]. Sun et
al. found that 23 out of the 25 cases with definite myocar-
dial perfusion defects diagnosed by thallium-201 myocardial
perfusion SPECT also had multiple hypoperfusion areas in
the brain [35]. Hsiu et al. found that there was a significant
positive correlation between C5 and cerebral blood flow using
laser Doppler flowmetry during acupuncture intervention
in stroke patient [36]. The correlation among measurements
of cerebral blood flow using ultrasound [37], phase-contrast
magnetic resonance imaging [38], brain perfusion SPECT
[39], or 99mTc-ECD [40] could be further explored and
validated.

The left C1 and C5 change is more prominent compared to
the right in our study. In human anatomy, the left subclavian
artery and left common artery come directly off the aortic
arch on the left side of the body, while on the right side they
arise from the relatively short brachiocephalic artery when
it bifurcates into the right subclavian artery and the right
common carotid artery. Hence, the changes of left Cl1 and
C5 are more prominent compared to the right side which
might be related to the fact that the vibration resistance
is smaller in the left side which is directly off the aortic
arch than in the right side which is passing the bifurcation.
According to the previous studies, the major wave modes in
large arteries are the variation of the cross-sectional area of



the artery driven by the pulsatile pressure force [41]. Hence,
the pressure-area wave equation [42] plays the role of the
master equation for pulse waves. The periodic changing of
the cross-sectional area in the arterial tube is a transverse
wave with large longitudinal tension [43]. In this mechanism,
the pulse wave velocity is related to the longitudinal elasticity
property of the artery; and the wall is the major medium
for the wave propagation [42]. Wang et al. assumed that the
primary power consumption in delivering the blood from
the left ventricle to the veins is only the dissipation in flow
viscosity and in vibration resistance after the ventricular-
arterial system reaching a steady state and the whole arte-
rial system will execute distributed stationary vibrations
[44]. However, more studies are suggested to confirm the
hypothesis.

The present study had some limitations. First, the sample
size was small and the study was conducted in one medi-
cal center in Northern Taiwan. The participant population
was simple, which may have caused sample selection bias.
Therefore, if the findings of this study are to be generalized
to all patients with CAD, a large-sample, multiregional, and
multiunit study must be conducted for verification.

Second, although the presence of CAD causes myocardial
ischemia or necrosis, which leads to angina pectoris or death,
patients without CAD may also have heart damage. Because
no nuclear medicine cardiac scan record can be used to
evaluate the degree of pathological changes in the heart, the
correlation between pulse spectrum analysis results and these
changes could not be directly compared.

Third, in accordance with research ethics, invasive cardiac
catheterization should not be performed on individuals
without CAD. Therefore, the present study did not determine
that asymptomatic and non-CAD patients could be com-
pared. The findings are only suitable for the evaluation of
symptomatic, suspected CAD patients.

5. Conclusions

We explored the pulse spectrum analysis to determine that
the relative percentages of Cl and C5 harmonics were favor-
able indicators which can increase the prediction rate of
CAD diagnosis. This method can facilitate the CAD diagnosis
before cardiac catheterization is undertaken to prevent the
risk of myocardial infarction.

Data Availability

The data derived from experiments on human subjects to
support the findings of this study are available from the
corresponding author upon request.

Ethical Approval

All procedures performed in studies involving human par-
ticipants were in accordance with the ethical standards
of the Institutional Review Board of Tri-Service General
Hospital and with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards.

Evidence-Based Complementary and Alternative Medicine

Consent

Informed consent which was subsequently issued (serial
number: TSGHIRB 100-05-016) was obtained from all indi-
vidual participants included in the study.

Disclosure

Yi-Chia Huang is the lead author.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was supported by the Committee on Chinese
Medicine and Pharmacy, Department of Health, Executive
Yuan, Taiwan (Grant no. CCMP100-RD-024).

References

[1] R. Kones, “Primary prevention of coronary heart disease:
integration of new data, evolving views, revised goals, and role
of rosuvastatin in management. A comprehensive survey,” Drug
Design, Development and Therapy, vol. 5, pp. 325-380, 2011.

[2] D. M. Lloyd-Jones, Y. Hong, D. Labarthe et al., “Defining and
setting national goals for cardiovascular health promotion and
disease reduction: the American heart association’s strategic
impact goal through 2020 and beyond,” Circulation, vol. 121, no.
4, pp. 586-613, 2010.

[3] Y. Huang, P. Kung, L. Chiu, and W. Tsai, “Related factors and
incidence risk of acute myocardial infarction among the people
with disability: A national population-based study;” Research in
Developmental Disabilities, vol. 36, pp. 366-375, 2015.

[4] S.D. Fihn, J. M. Gardin, J. Abrams, K. Berra, J. C. Blankenship,
A. P. Dallas et al., “ACCF/AHA/ACP/AATS/PCNA/SCAI/STS
guideline for the diagnosis and management of patients with
stable ischemic heart disease: a report of the American College
of Cardiology Foundation/American Heart Association task
force on practice guidelines, and the American College of Physi-
cians, American Association for Thoracic Surgery, Preventive
Cardiovascular Nurses Association, Society for Cardiovascular
Angiography and Interventions, and Society of Thoracic Sur-
geons,” Circulation, vol. 126, no. 25, pp. e354-e471, 2012.

[5] M. R. Patel, E. D. Peterson, D. Dai et al., “Low diagnostic yield
of elective coronary angiography;,” The New England Journal of
Medicine, vol. 362, no. 10, pp. 886-895, 2010.

[6] Y. Y. Wang, S. L. Chang, Y. E. Wu, T. L. Hsu, and W. K. Wang,
“Resonance: the missing phenomenon in hemodynamics,” Cir-
culation Research, vol. 69, no. 1, pp. 246-249, 1991.

[7] W. K. Wang and Y. Y. Wang Lin, “Biomedical engineering basis
of traditional Chinese medicine,” Medical Progress Through
Technology, vol. 18, no. 3, pp. 191-197, 1991.

[8] W. K. Wang and Y. Y. Wang Lin, “From hemodynamics to
Chinese medicine,” Chinese Journal of Biomedical Engineering,
vol. 1, p. 14, 1991.

[9] Y.-Y. Lin Wang, M.-Y. Jan, C.-S. Shyu, C.-A. Chiang, and W.-
K. Wang, “The natural frequencies of the arterial system and
their relation to the heart rate,” IEEE Transactions on Biomedical
Engineering, vol. 51, no. 1, pp. 193-195, 2004.



Evidence-Based Complementary and Alternative Medicine

(10]

(11]

(12]

(14]

(15]

(16]

(17]

(21]

(22]

(24

[25]

W.K. Wang, T. Lin Hsu, H. C. Chang, and Y. Y. Lin Wang, “Effect
of acupuncture at Hsien-Ku (St-43) on the pulse spectrum and
a discussion of the evidence for the frequency structure of
Chinese medicine,” American Journal of Chinese Medicine, vol.
28, no. 1, pp. 41-55, 2000.

W.K. Wang, T. L. Hsu, H. C. Chang, and Y. Y. L. Wang, “Effect of
acupuncture at Tai-Tsih (K-3) on the pulse spectrum,” American
Journal of Chinese Medicine, vol. 24, no. 3-4, pp. 305-313, 1996.
W. K. Wang, T. L. Hsu, H. C. Chang, and Y. Y. Wang, “Effect
of acupuncture at Tsu San Li (St-36) on the pulse spectrum,”
American Journal of Chinese Medicine, vol. 23, no. 2, pp. 121-130,
1995.

W. K. Wang, J. G. Bau, T. L. Hsu, and Y. Y. L. Wang, “Influence of
spleen meridian herbs on the harmonic spectrum of the arterial
pulse;” American Journal of Chinese Medicine, vol. 28, no. 2, pp.
279-289, 2000.

W. K. Wang, H. L. Chen, T. L. Hsu, and Y. Y. Wang, “Alteration
of pulse in human subjects by three Chinese herbs,” American
Journal of Chinese Medicine, vol. 22, no. 2, pp. 197-203, 1994.
W.-K. Wang, T.-L. Hsu, J.-G. Bau, and Y.-Y. Wang-Lin, “Eval-
uation of herbal formulas by pulse analysis method,” Acta
Pharmacologica Sinica, vol. 24, no. 2, pp. 145-151, 2003.

W. K. Wang, T. L. Hsu, Z. Y. Huang, and Y. Y. Wang Lin,
“Collective effect of a chinese formula-a study of Xiao-Jian-
Zhong-Tang,” The American Journal of Chinese Medicine, vol. 23,
no. 03n04, pp. 299-304, 1995.

W. K. Wang, T. L. Hsu, and Y. Y. L. Wang, “Liu-Wei-Dihuang: A
study by pulse analysis,” American Journal of Chinese Medicine,
vol. 26, no. 1, pp. 73-82, 1998.

P. J. Scanlon, “ACC/AHA guidelines for coronary angiography.
A report of the American College of Cardiology/American
Heart Association Task Force on practice guidelines (Com-
mittee on Coronary Angiography). Developed in collaboration
with the Society for Cardiac Angiography and Interventions,”
Journal of the American College of Cardiology, vol. 33, no. 6, pp.
1756-1824, 1999.

G. G. Gensini, “A more meaningful scoring system for deter-
mining the severity of coronary heart disease,” American Jour-
nal of Cardiology, vol. 51, no. 3, p. 606, 1983.

M.-Y. Jan, H. Hsiu, T.-L. Hsu, Y.-Y. Lin Wang, and W.-K.
Wang, “Importance of pulsatile microcirculation in relation
to hypertension,” IEEE Engineering in Medicine and Biology
Magazine, vol. 19, no. 3, pp. 106-111, 2000.

M. Y. Jan, H. Hsiu, T. L. Hsu, W. K. Wang, and Y. Y. L.
Wang, “The physical conditions of different organs are reflected
specifically in the pressure pulse spectrum of the peripheral
artery;, Cardiovascular Engineering, vol. 3, pp. 21-29, 2003.

Y. Y. Wang Lin, S. H. Wang, M. Y. Jan, and W. K. Wang,
“Past, present, and future of the pulse examination,” Journal of
Traditional Complementary Medicine, vol. 2, no. 3, pp. 164-185,
2012.

Y.-C. Kuo, T.-Y. Chiu, M.-Y. Jan et al., “Losing harmonic stability
of arterial pulse in terminally ill patients” Blood Pressure
Monitoring, vol. 9, no. 5, pp. 255-258, 2004.

Y. C. Su, K. E Huang, Y. H. Chang, T. C. Li, W. S. Huang, and J. G.
Lin, “The effect of fasting on the pulse spectrum,” The American
Journal of Chinese Medicine, vol. 28, no. 03n04, pp. 409-417,
2000.

E-J. Chen, H.-S. Wang, C.-Y. Huang, and Y.-S. Chen, “Pulse
analysis in bipolar disordered and nonpsychotic human sub-
jects,” American Journal of Chinese Medicine, vol. 40, no. 3, pp.
455-465, 2012.

(26]

(27]

(29]

(31]

(33]

[34]

(35]

(38]

[40]

J.-M. Liou, C.-M. Huang, C.-C. Chiu et al., “Differences in pulse
spectrum analysis between atopic dermatitis and nonatopic
healthy children,” The Journal of Alternative and Complemen-
tary Medicine, vol. 17, no. 4, pp. 325-328, 2011.

C.-Y. Chen, W.-K. Wang, T. Kao, B. C. Yu, and B. C. Chiang,
“Spectral analysis of radial pulse in patients with acute, uncom-
plicated myocardial infarction,” Japanese Heart Journal, vol. 34,
no. 2, pp. 131-143, 1993.

C.D.Kuo, J. B. Pan, Y. B. Liu, W. A. Ly, and C. Y. Chen, “Power
spectral analysis of radial artery pulse waveform,” Yearbook of
Chinese Medicine and Pharmacy, vol. 29, no. 01, pp. 235-246,
2011.

S. H. Wang, T. L. Hsu, M. Y. Jan et al.,, “Age-related changes
in specific harmonic indices of pressure pulse waveform,” in
Proceedings of the 13th International Conference on Bio-medical
Engineering, pp. 183-185, Springer, 2009.

P. Segers, D. Georgakopoulos, M. Afanasyeva et al., “Conduc-
tance catheter-based assessment of arterial input impedance,
arterial function, and ventricular-vascular interaction in mice;’
American Journal of Physiology-Heart and Circulatory Physiol-
ogy, vol. 288, no. 3, pp. H1157-H1164, 2005.

A. K. Reddy, Y.-H. Li, T. T. Pham et al., “Measurement of
aortic input impedance in mice: Effects of age on aortic
stiffness;,” American Journal of Physiology-Heart and Circulatory
Physiology, vol. 285, no. 4, pp. H1464-H1470, 2003.

C. W. Chang, K. M. Liao, Y. T. Chang, H. H. Wang, Y. C.
Chen, and G. C. Wang, “The first harmonic of radial pulse as
an early predictor of silent coronary artery disease and adverse
cardiac events in type 2 diabetic patients,” Cardiology Research
and Practice, vol. 2018, Article ID 5128626, 9 pages, 2018.

C. Berry, N. Sidik, A. C. Pereira et al.,, “Small-vessel disease
in the heart and brain: current knowledge, unmet therapeutic
need, and future directions,” Journal of the American Heart
Association, vol. 8, no. 3, Article ID 011104, 2019.

P-Y. Pai, E-Y. Liu, A. Kao, C.-C. Lin, and C.-C. Lee, “A
higher prevalence of abnormal regional cerebral blood flow in
patients with syndrome X and abnormal myocardial perfusion,”
Japanese Heart Journal, vol. 44, no. 2, pp. 145-152, 2003.

S. S. Sun, Y. C. Shiau, S. C. Tsai et al., “Cerebral perfusion in
patients with syndrome X: a single photon emission computed
tomography study,” Journal of Neuroimaging, vol. 11, no. 2, pp.
148-152, 2001.

H. Hsiu, C.-L. Hsu, C.-T. Chen, W.-C. Hsu, and E-C. Lin,
“Effects of acupuncture on the harmonic components of the
radial arterial blood-pressure waveform in stroke patients;
Biorheology, vol. 50, no. 1-2, pp. 69-81, 2013.

G. Seidel, L. Claassen, K. Meyer, and M. Vidal-Langwasser,
“Evaluation of blood flow in the cerebral microcirculation:
Analysis of the refill kinetics during ultrasound contrast agent
infusion,” Ultrasound in Medicine & Biology, vol. 27, no. 8, pp.
1059-1064, 2001.

R. G. De Eulate, I. Goni, A. Galiano et al., “Reduced cerebral
blood flow in mild cognitive impairment assessed using phase-
contrast MRI” Journal of Alzheimer’s Disease, vol. 58, no. 2, pp.
585-595, 2017.

R. Richieri, D. Jouvenoz, A. Verger et al., “Changes in dorsolat-
eral prefrontal connectivity after rTMS in treatment-resistant
depression: a brain perfusion SPECT study,” European Journal
of Nuclear Medicine and Molecular Imaging, vol. 44, no. 6, pp.
1051-1055, 2017.

K. Van Laere, E. Dumont, M. Koole, and R. Dierckx, “Non-
invasive methods for absolute cerebral blood flow measurement



10

(41]

(42]

(44]

using 99mTc-ECD: A study in healthy volunteers,” European
Journal of Nuclear Medicine and Molecular Imaging, vol. 28, no.
7, pp. 862-872, 2001.

Y. Y. L. Wang, W. B. Chiu, M. Y. Jan, J. G. Bau, S. P. Li, and W. K.
Wang, “Analysis of transverse wave as a propagation mode for
the pressure pulse in large arteries,” Journal of Applied Physics,
vol. 102, no. 6, 2007.

Y.-Y. L. Wang, M.-Y. Jan, G.-C. Wang, J.-G. Bau, and W.-K.
Wang, “Pressure pulse velocity is related to the longitudinal
elastic properties of the artery,” Physiological Measurement, vol.
25, no. 6, pp. 1397-1403, 2004.

Y. Y. Wang, C. C. Chang, J. C. Chen, H. Hsiu, and W. K. Wang,
“Pressure wave propagation in arteries. A model with radial
dilatation for simulating the behavior of a real artery,” IEEE
Engineering in Medicine and Biology Magazine, vol. 16, no. 1, pp.
51-56, 1997.

Y. Lin Wang, W. Sze, J. Bau et al., “The ventricular-arterial
coupling system can be analyzed by the eigenwave modes of the
whole arterial system,” Applied Physics Letters, vol. 92, no. 15,
Article ID 153901, 2008.

Evidence-Based Complementary and Alternative Medicine



MEDIATORS
INFLAMMATION

The Scientific Gastroenterology bl B Journal of .
World Journal Research and Practice Diabetes Researc Disease Markers

International Journal of

Endocrinology

Journal of
Immunology Research

Hindawi

Submit your manuscripts at
www.hindawi.com

BioMed
Research International

PPAR Research

Journal o.f
Obesity

Evidence-Based P
Stem Cells Complementary and N Journal of
International Alternative Medicine : Oncology

Journal of

Qphthalmology

Parkinson’s
Disease

Behavioural Al DS Oxidative Medicine and
NGUVO|Ogy Research and Treatment Cellular Longevity

Computational and
Mathematical Methods
in Medicine



https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

