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ABSTRACT Diabetic patients with silent myocardial ischemia (SMI) have elevated rates of morbidity and
mortality and need intensive care and monitoring. An early predictor of SMI may lead to early diagnosis
and medical treatment to prevent progression and adverse clinical events. Therefore, this paper was aimed to
evaluate the radial pulse spectrum as risk markers to improve the risk stratification of SMI in type-2 diabetic
patients; 195 diabetic patients at high-risk of SMI were enrolled. All patients underwent myocardial perfusion
imaging and radial pressure wave measurement. The spectrum analysis of the radial pressure wave was
calculated and transformed into Fourier series coefficients Cns and Pns. The risk of SMI (odds ratio: 4.46,
95%, C.I. 1.61–12.4, P < 0.01) was raised in diabetic patients classified high-risk group by C2.Multivariable
regression analysis showed that C2 (P < 0.05) and ankle–brachial index [(ABI) P < 0.05)] were related
to SMI (R = 0.46 and P < 0.05). The myocardial ischemic score (MIS), combining C2, C3, and P5,
the albumin-to-creatinine ratio (ACR), and ABI, presented an excellent risk stratification performance in
enrolled patients (odds ratio: 5.78, 95%, C.I. 2.29–14.6, P < 0.01). The area under receiver operating
characteristic curves for C2, C3, P5, ABI, ACR, and MIS were 0.66, 0.60, 0.68, 0.51, 0.56, and 0.74,
respectively, in identifying SMI. This paper demonstrated that C2 was independently associated with the
extent of SMI in multivariable regression analysis. Odds ratio and chi-square tests reflected that C2 could
be an important marker for the risk stratification of SMI. Furthermore, MIS, adding radial pulse spectrum
analysis to ACR and ABI, could significantly improve the risk stratification of SMI in type-2 diabetic patients
compared to any single risk factor.

INDEX TERMS Radial pulse spectrum, harmonic analysis, silent myocardial ischemia, pulse wave analysis.

I. INTRODUCTION
Silent Myocardial Ischemia (SMI) is an issue of public health
that leads to heart attack and significantly influences the mor-
tality rate in patients with type 2 diabetes. SMI is myocardial
ischemia without chest discomfort and other angina symp-
toms. The incidence rate of SMI in diabetic patients was
2.2 times higher than the incidence rate of SMI in non-
diabetic patients [1]. SMI had been investigated and con-
firmed with a 6%-23% prevalence in diabetic patients using
Myocardial Perfusion Imaging (MPI) and invasive coronary
angiography [2], [3]. SMI can lead to acute myocardial

infarction, adverse cardiac events, and poor prognosis out-
comes, that are severe in diabetic care [4]–[7]. Therefore, it is
quite important to have an early predictor of SMI that can
feasibly screen diabetic patients and give a risk stratification
of heart ischemia and may prevent many diabetic patients
from sudden cardiac death or adverse cardiovascular events.

Holter devices, the ambulatory electrocardiography
(ECG), has proven to be a useful tool to detect patients at
high risk of SMI [8]–[10]. However, Holter devices need
to monitor the patients over the course of 24 hours or even
up to 72 hours to detect abnormal electrical signals from
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the electrocardiogram. This long-term measurement makes
the Holter less effective for screening the whole popu-
lation of high cardiovascular risk group such as diabetic
groups. Besides the ambulatory ECG, low ankle-brachial
index (ABI) [11] and microalbuminuria, the albumin-to-
creatinine ratio (ACR) between 30mg/g to 300mg/g, have
also been investigated in the detection of SMI [12]–[14].

Another potential method of detecting SMI is using
arterial pulse spectrum analysis. The spectrum of arterial
pulse wave reflects the loading condition of the arterial
system, which has been investigated [15], modeled [16],
applied [17], and interpreted [18] in many clinical studies.
According to Lin’s model [16], radial pulse spectrum analysis
can reveal the arterial-ventricular function by its harmonics
change [16], [18]. Chen et al. [19] validated this concept and
proved that the specific characteristic of radial pulse spectrum
changed from the resting state to the onset of acute, uncom-
plicated myocardial infarction state, and gradually shifted to
other resting characteristics a week after surgery. Further-
more, the cross-sectional study showed that the harmonics of
the radial pulse spectrum were correlated with the ischemic
heart disease [20], [21]. To summarize results from those
studies, the ventricular-arterial coupling system distributed
the pressure pulse wave to different organs in proportions of
harmonics according to the system state [16], [22]. Therefore,
the pattern of harmonic components could reveal the blood
flow condition of organs [17], [23], and more specifically,
reveal the condition of myocardial perfusion.

However, there is still a lack of direct statistic evidence
quantifying the correlation between harmonics of the radial
pulse wave and myocardial perfusion, and validating whether
the harmonics of the pulse spectrum contains the information
in identifying SMI. Hence, the objective of this study was
to statistically validate the degree of confidence that the
harmonics of radial pulse spectrum and myocardial perfu-
sion were correlated, using receiver operating characteristic
curve (ROC) and multivariable linear regression. This report
chose type 2 diabetic patients because of their high-risk
prevalence for SMI. We included the patients without any
angina pectoris history, at high risk of SMI, and suitable
for performing MPI. We further investigated the relationship
between SMI and different risk factors. In the end, this report
analyzed the different risk factor profiles to propose an effec-
tive and efficient method for early SMI diagnosis.

II. METHODS
A. PATIENTS
The study population consisted of 195 type 2 diabetic
patients without any angina pectoris history, aged 63±11 years,
selected from patients who visited the Division of
Endocrinology &Metabolism of Zhongxiao Branch of Taipei
City Hospital. The enrolled group was investigated between
February 2017 and November 2017. Both oral and writ-
ten information about the study was given to the patients.
Informed consent was obtained from all patients after

receiving approval from the Institutional Review Board of
Taipei City Hospital (IRB number: ISRCTN14306167).

Patients were included if they meet one of the following
criteria:

1. The patients with two or more risk factors present
[24], [25].

The risk factors includes (i) lipid disorders ( total choles-
terol240mg/dl, low-density lipoprotein (LDL) 160mg/dl, or
high-density lipoprotein (HDL)35mg/dl ), (ii) Blood pressure
>140/90 mmHg, (iii) Family history of premature coronary
heart disease, (iv) age 70 years, and (v) newly discovered
resting ECG abnormalities).

2. The patients had ABI of less than 0.9 on one side or
ABI between the range of 0.9 and 1 on both sides.

3. The patients had macroalbuminuria (ACR 300 mg/g) or
microalbuminuria (30mg/g< ACR<300mg/g).
Patients with the end-stage renal disease, with angina

related symptoms, or with a history of coronary disease were
excluded.

B. STUDY PROTOCOL
This study aimed to evaluate the relationship between the
radial pressure waveform and SMI. At first, semi-quantitative
20-segment analysis of myocardial perfusion single-photon
emission computed tomography (GE Infinia, USA) was
applied to all enrolled patients. The analysis of MPI yielded a
summed stress score (SSS), which was negatively correlated
with myocardial perfusion condition [26]. ABI was then car-
ried out for each enrolled patient using a vascular screening
system (VaSera VS-1500N, Japan).

After the ABI assessment was completed, the measure-
ment of the radial pressure wave and harmonic analysis were
performed. Each subject was asked to lie down in a supine
position and rest for 5 minutes before the measurement. The
pulse pressure was then recorded on the left-hand radial artery
with a pulse wave analyzer TD01C (MII-ANN Technology,
Taiwan), which has proven its intrinsic reliability using the
artificial pulse generator [27]. The intra-observer and inter-
observer reliabilities of TD01C were also demonstrated in
the clinical study [28]. The consecutive pressure pulses were
obtained during a 12-second period. The pressure pulse data
were collected with a sampling rate of 400 data points per sec-
ond. These data were then converted into harmonic amplitude
components (Cn) and harmonic phases (Pn) using Fourier
series calculation [29], [30]. Cn and Pn are defined by the
following equation:

Cn =
1
M

M∑
m=1

An,m

A0,m

Pn =
1
M

M∑
m=1

θn,m

An,me−jθn,m =
2
L

K∑
k=1

xm(k)e−j2π
k∗2
N ,
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where An,m and θn,m are the amplitude and phase of the nth

harmonic of the mth radial pulse within one measurement.
A0,m is the mean value of the mth radial pulse. xm (k) is
the mth pulse signal, and n is the kth discrete sampling data
point in the mth pulse signal. K is the number of data points
within xm (k), and M is the total number of pulses within one
measurement. [30]

Second, we analyzed markers of medical records such
as age, body mass index, blood test, electrocardiogram,
urine examination, ABI, and harmonics of the radial wave,
which we considered important characteristics of the enrolled
patients. The ten-year Atherosclerotic Cardiovascular Dis-
ease (ASCVD) risk score was calculated by the ‘‘ASCVD
Risk Estimator Plus’’ using the website from the American
College of Cardiology. The ACR-Index was defined as 1
for ACR>30 mg/g (microalbuminuria), and 0 for others;
ABI-Index was defined 1 for ABI<0.9, and 0 for others.
We enrolled the patients without angina pectoris and

divided those patients into two groups: Group 1 included the
patients with non-SMI to mild SMI according to the stress
MPI (SSS:0∼8, < 10% ischemic myocardium, and with-
out angina pectoris). Group 2 included patients with moder-
ate SMI to severe SMI (SSS9, 11% ischemic myocardium,
and without angina pectoris). We compared the risk factors
between Group 1 and Group 2 to evaluate the feasibility
of identifying patients with moderate to severe SMI from
combined groups of non-angina patients with type 2 diabetes.

C. STATISTICS
At first, we assessed the association between the risk vari-
ables and SMI through the baseline characteristics. Variables
from medical records and from the spectrum analysis of the
radial pressure wave were described as mean±SD (Table 1)
both in Group 1 and Group 2. We compared the means of
those functional variables of the two groups using the Stu-
dent’s t-test or chi test. Second, the harmonics of the radial
pressure wave were used for the chi-squared test to examine
the independent association between the harmonics and SMI.
(Table 2)

The odds ratios of risk variables in identifying moderate
to severe SMI were assessed. The receiver operating charac-
teristic (ROC) curve and area under the curve (AUC) were
used to test the capability of harmonics and other markers to
identify the patients with moderate to severe SMI diagnosed
by the stress MPI. The significant difference of area under
the curve of ROC between two risk markers was tested by the
DeLong test. [31]

A multivariable linear regression model was performed
to assess the relationship between all risk factors and SMI.
All the statistical analyses were performed using the Matlab
software (MathWorks Inc, USA).

D. RISK FACTOR PROFILES AND MYOCARDIAL
ISCHEMIC SCORE (MIS)
Out of all risk indicators, we chose five risk factors
with higher odds ratios in identifying moderate to severe

TABLE 1. Clinical characteristics of the 195 diabetic patients at high risk
of SMI and with no chest discomfort or angina symptoms enrolled in the
study, divided into Group 1 and Group 2 according to the silent ischemic
myocardium (11% ischemic myocardium) or not.

SMI (Table 3). These factors are ACR, ABI, C2, C3, and P5.
We defined the myocardial ischemic score (MIS) as the sum
of the votes of the five risk factors mentioned above, with
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TABLE 2. Chi-square test for second harmonic (C2) of the radial pressure
wave and SMI (N=195).

TABLE 3. The odds ratio of risk markers (N=195) for predicting moderate
to severe SMI (SSS9) in type 2 diabetic patients without any angina
symptoms.

equal weighting. The MIS was defined as:

MIS =
5∑

i=1

Ji

where Ji is the vote from the ith risk factor (Ji = 0 if the
ith risk factors determined a low-risk group of myocardial
ischemia; Ji = 1 if the ith risk factors determined a high-
risk group of myocardial ischemia, according to the criteria
of risk factors.) If criteria ‘‘MIS3’’ is reached, we defined this
as a patient with positive test result ( at high risk of moderate
to severe SMI)

The five criteria for the high-risk group stratified by Ji
were:

1) ACR-Index vote: 1 for ACR>30 mg/g, and 0 for others
2) ABI-Index vote: 1 for ABI<0.9, and 0 for others
3) C2 vote: 1 for >0.5, and 0 for others
4) C3 vote: 1 for >0.25, and 0 for others
5) P5 vote: 1 for <-4.0, and 0 for others

Taking two subjects as examples to calculate MIS
and MISex (myocardial ischemic score excluding pulse
information):
Subject 1:
1) Reading values from the measurements in Subject 1:
C2: 0.51, C3:0.31, P5:-5.46, ABI:1.10, ACR: 28 mg/g,

SSS:11
2)MIS=1 (C2>0.5)+1 (C3>0.25)+1 (P5<−4.0)+0 (not

ABI<0.9)+0 (not ACR>30mg/g)=3
3) MISex=0 (not ABI<0.9)+0 (not ACR>30mg/g)=0

(without pulse information added)
Subject 2:
1) Reading values from the measurements in Subject 2:
C2: 0.39, C3:0.18, P5:-3.72, ABI:0.86, ACR: 9 mg/g,

SSS:2
2) MIS = 0 (not C2>0.5)+0 (not C3>0.25)+0

(not P5 <-4.0)+1 (ABI<0.9)+0 (not ACR>30mg/g) = 1
3) MISex = 1 (ABI<0.9)+0 (not ACR>30mg/g) = 1
(without pulse information added)

III. RESULTS
We explored the relationship between risk variables and SMI
(SSS>=9) in type 2 diabetic patients without any symptoms
of angina pectoris. The baseline characteristics of Group 1
and Group 2 were shown in Table 1. Both groups of enrolled
patients had similar population means of systolic pres-
sure, diastolic pressure, HDL, and triglyceride (TG), which
t-test showed non-significant differences in mean variables
between the two groups. In contrast, the results showed that
Group 2 has higher ischemic myocardium, slightly lower age
(P<0.1), lower LDL (P<0.0.5),higher glycated hemoglobin
(Hba1c, P<0.05), andmildly higher heart rate (P<0.01) com-
paring to Group 1. The results also showed that Group 2 also
had a higher prevalence of peripheral artery disease, microal-
buminuria, and polyneuropathy comparing to the Group 1.

The means of C2, C3, and P5 of arterial pulse were signif-
icantly different in Group 2 (C2:0.58±0.14; C3:0.28±0.10;
P5:-4.48±0.70) than in Group 1 (C2:0.51±0.12, P<0.01;
C3:0.24±0.08, P<0.05; P5:-4.04±1.28, P<0.05, respec-
tively). Table 2 showed that C2 was associated with the
degree of severity of SMI using the chi-squared test
(C2: P <0.01). Table 3 revealed that the risks of SMI
in patients with type 2 diabetes were higher with the
raised C2 value (odds ratio: 4.46, 95% C.I. 1.61-12.4,
P<0.01). Furthermore, the ROC curves of C2, C3, and
P5 were 0.66, 0.60, and 0.68 respectively, implying the
potential of those harmonics in identifying patients with SMI
(Figure 1). Multivariable regression analysis also showed that
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FIGURE 1. ROC curves for model 2(N=195)with (a) first(solid line), second(dashed line), and third(dotted line) harmonic amplitude of radial pressure
wave, with (b) Hba1c(solid line), ACR-Index(dashed line), and ABI-Index(dotted line), and with (c)myocardial ischemic score(MIS, solid line) to predict
patients with more than 11% silent ischemic myocardium determined by the stress MPI (SSS9).

C2 (β = 15.1 P<0.05) and ABI (β = −7.09, P<0.05) had
the independent effects on SMI (R=0.46, P<0.05).
In addition, we built up the MIS score to combine the

five risk markers including C2, C3, P5, ACR-Index, and
ABI-Index, to evaluate the risk of SMI. The ROC curve
showed thatMIS could further improve the capability of iden-
tifying the SMI (area under ROC: 0.74, Figure 1). The odds
ratio revealed that risk of SMI (Odds ratio: 5.78, P<0.01,
Table 3) was increased along with the increase of MIS score
in type 2 diabetic patients.

IV. DISCUSSION
This study may have found an efficient and effective way
to screen suspected SMI patients. SMI is a serious issue in
type 2 diabetic patients, which may lead to silent myocar-
dial infarction and serious prognosis outcome [32]. The
traditional way of identifying SMI patients uses an ambu-
latory electrocardiogram to monitor suspected patients [33].
Ambulatory electrocardiograms, taking 24 hours or longer to
detect abnormal signals, are only suitable for monitoring a
few highly suspected SMI patients. Therefore, the need to
identify SMI patients by other indicators still exists. This
report further explored the capability of harmonics of the
radial pulse wave to discriminate SMI patients from type 2
diabetic patients without angina-related symptoms.

The results showed that type 2 diabetic patients without
angina symptoms had similar physiology conditions between
Group 1 and Group 2 in population means of systolic pres-
sure, diastolic pressure, duration of diabetes, body mass
index (BMI), HDL level, TG level, and in the prevalence of
hypertension. There were only slight differences of popula-
tion means of age and heart rate (HR) between Group 1 and
Group 2 (Table 1).The group mean of the 10-year ASCVD
score in Group 2 was even lower than that in Group 1.Thus,
clinical evaluation based on the risk factors mentioned above
would be unlikely to identify the actual risk of SMI. In con-
trast, Group 2 had higher Hba1c, and higher prevalence of
peripheral artery disease (ABI<0.9) and microalbuminuria

(ACR>30mg/g) than Group 1 (Table 1), which could help
stratify the high-risk and low-risk SMI patients. The below-
average LDL level in both Group 2 andGroup 1was due to the
intensive lipid therapy [34]–[36] provided by the Division of
Endocrinology &Metabolism of Zhongxiao Branch of Taipei
City Hospital.

This report then compared the odds ratios of harmonics
with odds ratios of ACR and ABI to test the diagnostic perfor-
mance of eachmarker. The results showed that C2, C3, and P5
provided more information in discriminating patients with
SMI when compared to ACR and ABI (Table 3). LDL and
10-year ASCVD showed limited capability in stratifying the
risk of SMI in type 2 diabetic patients because the LDL levels
were usually well controlled by the intensive lipid therapy.

MIS score is a proposed score with a combination of the
five risk markers, including C2, C3, P5, ACR-Index, and
ABI-Index to further evaluate the risk of SMI. The results
of the ROC curve showed that MIS (area under ROC: 0.74)
outperformed the conventional ASCVD score (area under
ROC: 0.34, Figure 1) in identifying moderate to severe SMI.
The area under the curve of ROC in identifying SMI using
MIS was significantly larger than those using ABI-Index
(P=0.01), ACR-Index (P<0.01), ASCVD score (P<0.01),
and MIS score excluded pulse information (P=0.06). There-
fore, we concluded that the radial pulse spectrum could give
additional information in stratifying the risk of moderate to
severe SMI.

The odds ratio revealed that the risk of SMI (odds ratio:
5.78, P<0.01, Table 3) was increased along with the increase
of MIS score in type 2 diabetic patients. Furthermore, C2,
C3, and P5 were the essential risk markers in MIS score to
identify SMI precisely. WhenC2, C3, and P5 were excluded,
the MIS had fewer efficacies in identifying SMI (area under
ROC: 0.62, Figure 2). MIS excluded the pulse information
had lower odds ratios in the diagnostic test (odds ratio: 2.81,
Table 3). Therefore, the study demonstrated that radial pulse
spectrum analysis gave additional diagnostic information
compared to traditional coronary heart disease risk factors
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such as ABI and ACR. We also showed that each of C2, C3,
and P5 had superior single diagnostic performance in strati-
fying SMI than the performance of ASCVD score in type 2
diabetic patients, using odds ratio and ROC curve. The cause
of 10-year ASCVD showing limited efficacy in identifying
SMI may be due to the active medication in controlling the
traditional risk factors such as systolic pressure and LDL level
as part of the routine practice for type 2 diabetic patients.
This also implies the need for other more relevant markers
to improve risk stratification for SMI for type 2 diabetic
patients.

TABLE 4. The positive predictive value of risk markers (N=195) for
predicting all SMI (SSS1) and moderate to severe SMI (SSS9) in type 2
diabetic patients without any angina symptoms.

Table 4 showed the Positive Predictive Value (PPV) of all
risk markers. The enrolled patients had a high prevalence of
SMI ( 66%mild SMI and 13%moderate to severe SMI).In the
routine clinical practice of the diabetes management program
of the study hospital, the ABI andACR inclusion criteria have
been used in the detection of SMI. Patients deemed at high-
risk of SMI will be further evaluated. The prevalence of all

SMI (79%) has proven the usefulness of clinical screening
procedures for selecting the patients who needed the medi-
cal treatment to lower the rate of myocardial infarction and
cardiac death [26], [37]. However, the low probability of
moderate to severe SMI (13%) doesn’t justify the further use
of stress test to identify the candidates of the suspected CAD
for revascularization [26], [37], [38].

The PPV for all SMI and moderate to severe SMI using the
criteria of MIS3 were 92% and 32% respectively (Table 4).
Compared with the prevalence of SMI in the enrolled group,
using MIS score made an improvement in the risk stratifi-
cation of the enrolled patients. Compared with the PPVs of
SMI using ABI and ACR (MIS excluding pulse information),
the PPVs of SMI using MIS score were better. (Table 4)
This confirmed the additional diagnostic value of radial pulse
spectrum for the risk stratification of SMI.

The patients with moderate to severe SMI ( SSS9, more
than 11% ischemic myocardium) has a higher prevalence of
CAD and need revascularization to lower the rate of myocar-
dial infarction and cardiac death [26], [37]. Compared with
the all enrolled patients, the patients with positive test of MIS
score were at higher risk of moderate to severe SMI. 32% of
patients with positive test had moderate to severe myocardial
perfusion defect. The results justify the reason for further
stress tests such as exercise ECG or stress MPI [39].

Out of 195 enrolled patients in this study, 4 patients with
moderate to severe SMI and 5 patients with more than 50%
of coronary stenosis were detected by MIS score system,
while other risk factors showed negative results. Furthermore,
12 patients without moderate to severe SMI were determined
negative by MIS score system, while the criteria of ABI,
ACR, and ASCVD gave positive testing results. In summary,
the MIS score may reduce the number of patients with the
false-positive results and identify more patients who need
further stress test.

There are limitations to the radial pulse spectrum or the
MIS score system. First, the PPV of SMI using C2, C3, or
P5 was similar to the PPV either using ABI-Index or using
ACR-Index. Table 3 and Table 4 showed that the MIS score,
the combination of above five risk markers had better perfor-
mance in the risk stratification of SMI. This study proved that
the radial pulse spectrum gave additional diagnostic values
to the existing clinical screening procedures in Zhongxiao
Branch of Taipei City Hospital. Second, the inclusion and
exclusion criteria for enrolled patients constrained MIS score
system in screening the risk of the more general popula-
tion such as all asymptomatic patients with type 2 diabetes.
However, this is not suitable to perform myocardial perfu-
sion image in those patient at low or medium risk of heart
disease. Therefore, for the whole asymptomatic patients,
we have carried out a prospective follow-up study. We inves-
tigated the radial pulse spectrum as risk factors for new
onset of symptoms or signs of myocardial ischemia, coro-
nary artery diseases, left ventricular dysfunction, and adverse
cardiac events in asymptomatic patients with type 2 diabetes.
The preliminary results proved that the C2 is independently
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associated with the extent of coronary stenosis(P<0.05) in
diabetic patients treated with coronary revascularization [40]
and that C3 is correlated with new onset of myocardial
ischemia and left ventricular dysfunction [21]. The above
results are consistent with results of this cross-sectional
study, showing C2 and C3 as risk factors for cardiovascular
events in asymptomatic patients with type 2 diabetes. Third,
the C2 and HR values in Group 2 are both higher than
those in Group 1. It is necessary to confirm whether the
higher values of C2 and HR in patients with moderate to
severe SMI are from the same mechanism. We examined
the linear correlation between heart rate and C2 throughout
the enrolled patient and found that there was no signifi-
cant association between C2 and heart rate in this study
(R2
=0.02). Thus, we had no clear evidence to interpret the

C2 and HR from the same mechanism. The higher C2 and
higher HR in patients with silent myocardial ischemia might
cause from the different reasons. Forth, only a few clinical
studies of cardiovascular risk had performed radial pulse
analysis [19]–[21], [40], which is not widely used in the
clinical practice. Radial pulse wave measurement needs stan-
dard protocol and training to maintain its reliability [28].
There are some researches focused on the pulse wave analysis
using carotid applanation tonometry to assess the risk of
cardiovascular disease [41]–[43]. Although the relationship
between radial pulse waveform and carotid pulse waveform
existed [44], [45], more studies are needed to validate the
effectiveness of radial pulse analysis in assessing the cardio-
vascular risk.

In addition, the proportion of mild SMI was higher
in female patients (29 mild cases out of 36 total SMI
cases, or 81%) than the proportion of mild SMI in male
patients (30 mild cases out of 49 total SMI cases, or 61%).
Mild SMI was defined by 4SSS8. Other researchers also
found that female patients had more proportion of mild SMI
and may lead to silent myocardial infarction or lead to more
adverse prognosis [46]–[48]. In diabetic patients, the relative
risk for fatal coronary heart disease is higher in women than
in men [49]. Further investigation found that women with
acute myocardial infarction were more likely to have normal
coronary arteries without or with only mild stenosis [50].
The above phenomenon may be attributed to myocardial
microvascular dysfunction [51]. Microvascular dysfunction
could change the loading condition of myocardial tissue
and thus affect radial pulse waveforms, where a similar
phenomenon was demonstrated as a resonance effect [15].
Nonetheless, the detailed interaction mechanism and princi-
ple between SMI and pressure pulse spectrum remain unclear.
We anticipate this assay to be a starting point for discovering
the mechanisms underlying myocardial-perfusion-mediated
change of pressure pulse and for finding more indicators
for SMI.

Atherosclerosis of coronary artery is one of the most
important factors that increase the risk of SMI. Coronary
stenosis constrained the maximum blood flow in the coro-
nary artery. In mild atherosclerosis of coronary arteries,

the endothelial function plays an important role in the auto-
regulation of coronary blood flow and compensates the
increasing need of oxygen consumption by a substantial
decline in coronary vascular resistance [52], [53]. In most of
the time, coronary microvascular resistance adapts to match
coronary blood flow during the higher oxygen consumption
of myocardium [54], [55]. In a more severe case of coronary
stenosis, the heterogeneous nature of coronary vasculature
and myocardial perfusion, and reaching the optimal limit of
coronary vasodilation create the potential risk of regional
perfusion defect [53], [56]. The regional perfusion defect
and the imbalance between myocardial oxygen demand and
supply, usually called myocardial ischemia, resulted in the
angina related symptoms. However, a large proportion of
diabetic patients with coronary heart disease are ‘‘silent’’
until the onset of the adverse cardiovascular events or sudden
cardiac death [57], with the absence of angina symptoms.
Studies showed that asymptomatic diabetic patients have
10-67% prevalence of SMI according to different study set-
tings [58], [59]. The silent effect may be caused by the
subclinical neuropathy in patients with type 2 diabetes. Com-
pared with the symptomatic patients, patients with type 2 dia-
betes and SMI have more significant evidence of autonomic
impairment [60].

MPI can identify myocardial perfusion defects during
vasodilator stress and indicate the flow limiting coronary
lesions [61], [62]. Hence, we used the SSS score derived from
MPI as an endpoint of the significant perfusion defects in
the myocardium, which had manifested its ability to detect
SMI [39], [63]. Performing the chi-test with the criteria of
C2>0.50 showed that C2 was strongly correlated with SMI
(Table 2). Furthermore, the odds ratio showed that groups
with exposure to higher C2, higher C3, and lower P5 values
tend to have a higher risk of SMI (Table 3). In addition,
the multivariable regression analysis proved C2 and ABI had
a significant independent influence on SMI.

Since C2, C3, P5, and ABI were all physical attributes of
the blood pulse wave, the results proved that an interaction
existed between the blood pulse and the myocardial perfu-
sion. One of the reasons for correlations between radial pulse
spectrum and SMI may be due to coronary atherosclerosis
and auto-regulation of coronary blood flow. In the devel-
opment of coronary atherosclerosis, coronary microvascular
resistance reduces to meet the myocardial oxygen need [64]
Hemodynamic change of the loading condition and vas-
cular characteristics was reflected on arterial blood pulse.
This explains why the aortic pulse is associated with car-
diovascular risk and predicts the future adverse cardiovas-
cular events [41]–[43]. The recent studies manifested that
harmonics of the radial pulse could also be risk factors
for coronary artery stenosis, myocardial ischemia, and the
decrease of heart function [20], [21]. This result was consis-
tent with Wang’s studies and ‘‘resonance theory’’ in hemo-
dynamics [15], [19], [23]. In addition, this report found that
the enrolled patients with moderate to severe SMI had higher
resting heart rates. The higher heart rate will increase the
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oxygen consumption of myocardium and cause the decrease
of micro-vascular resistance by auto-regulation [64], [65].
The coronary microvascular dilation at rest will also make an
influence on resting radial pulse spectrum. Elevated resting
heart rate is also a risk factor for cardiac events [66]. Heart
rate reduction by medical treatment can improve the cardio-
vascular outcome [66]. More studies were needed to reveal
the detailed interaction mechanism and principle between
SMI and pressure pulse spectrum.

V. CONCLUSION
In this cross-sectional study, we proposed and proved signifi-
cant associations between potential risk markers (C2, C3, and
P5) and SMI through the t-test of baseline characteristic, chi-
test, odds ratios, and multivariable regression. Furthermore,
to the best of our knowledge, this report was the first article to
combine the harmonics of the radial pulse wave, ABI-index,
and ACR-index to give an MIS score, where the diagnos-
tic performance of MIS demonstrated superior capability in
stratifying risk of SMI compared to 10-year ASCVD score
and to any single risk markers using odds ratio analysis.
In MIS score, C2 C3, and P5 were essential and provided
additional crucial information in identifying SMI. All of the
above five markers are safe enough to facilitate in routine
clinical practice and also are cost-effective to repeat within
months. Thus, periodic screening for radial pulse spectrum
combined with ABI, and urine examination may allow early
identification and better stratification of SMI in type 2 dia-
betic patients. A positive MIS test score may signify the need
for further investigations of SMI using stress imaging such
as stress myocardial perfusion imaging or stress echocardio-
graphy. Conclusively, pulse spectrum information combining
with ABI and ACR manifested excellent performance in
stratifying risk of SMI in patients with type 2 diabetes.

VI. LIST OF ABBREVIATIONS
SMI: silent myocardial ischemia, SBP: Systolic blood pres-
sure, DBP: Diastolic blood pressure, LDL: low-density
lipoprotein cholesterol, HDL: high-density lipoprotein
cholesterol, TG: triglycerides, HR: heart rate, ASCVD:
Atherosclerotic Cardiovascular Disease, BMI: Body Mass
Index, Hba1c: Glycated hemoglobin, ABI: Ankle–brachial
pressure index, ACR: Albumin Creatinine Ratio, SSS:
Summed Stress Score, MPI: Myocardial perfusion imaging,
MIS: myocardial ischemia score.
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