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1-Nitropyrene (1-NP), one of the most abundant nitropolycyclic aromatic hydrocarbons (nitro-PAHs), is generated from the
incomplete combustion of carbonaceous organic compounds. 1-NP is a specific marker of diesel exhaust and is an
environmental pollutant and a probable carcinogen. Macrophages participate in immune defense against the invasive pathogens
in heart, lung, and kidney infection diseases. However, no evidence has indicated that 1-NP induces apoptosis in macrophages.
In the present study, 1-NP was found to induce concentration-dependent changes in various cellular functions of RAW264.7
macrophages including cell viability reduction; apoptosis generation; mitochondrial dysfunction; apoptosis-inducing factor
(AIF) nuclear translocation; intracellular ROS generation; activation of the AMPK/Nrf-2/HO-1 pathway; changes in the
expression of BCL-2 family proteins; and depletion of antioxidative enzymes (AOE), such as glutathione peroxidase (GPx),
catalase (CAT), and superoxide dismutase (SOD) These results indicate that 1-NP induced apoptosis in macrophages through
AIF nuclear translocation and ROS generation due to mitochondrial dysfunction and to the depletion of AOE from the
activation of the AMPK/Nrf-2/HO-1 pathway.

1. Introduction

1-Nitropyrene (1-NP) is a nitropolycyclic aromatic hydro-
carbon (nitro-PAH), a class of environmental pollutants gen-

erated from the incomplete combustion of carbonaceous
organic fuels, biomass, and other compounds [1]. 1-NP is a
highly specific marker of diesel exhaust. Various studies have
detected 1-NP in the environment and in foods, including in
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soil, road dust, rice, cabbage, and the atmosphere [2, 3]. The
high lipid solubility of 1-NP allows it to permeate the gastro-
intestinal system, respiratory system, and skin [4]. 1-NP is
one of the most abundant nitro-PAHs in urban ambient air
and is a major contributor to mutagenic and carcinogenic
effects [5–7]. The International Agency for Research on Can-
cer (IARC) has classified 1-NP as a group 2A carcinogen,
indicating that it is probably carcinogenic to humans [8].
The 1-NP exposures experienced by ambient the concentra-
tions in air ranged from 10 to 1000 pg/m3 in urban areas.
The concentration of 1-NP in the rural and remote areas with
low traffic intensity ranges from 1 to 100 pg/m3 in the whole
world. Concentrations of 1-NP tend to be higher in winter
than in summer [8]. Up to now, there is no evidence showing
the human carcinogen induced by 1-NP [8]. However, sev-
eral diseases caused by the long-term exposure lead to accu-
mulation of 1-NP in the animal model. The liver, lung, and
mammary gland carcinomas are induced by 1-NP at the con-
centration range from 25 to 100μM/kg for long-term expo-
sure above 12 weeks in animals [8]. Apoptosis plays a
significant role in pathogenesis, metagenesis, and tumorigen-
esis through mitochondrial dysfunction [9]. 1-NP induces
apoptosis in liver epithelial Hepa1c1c7 cells, hepatoma
HepG2 cells, bronchial epithelial BEAS-2B cells, and type II
pulmonary epithelial A549 cells [6, 10–12].

Macrophages, which differentiate from monocytes, are a
group of mononuclear phagocytes that participate in
immune defense against invasive pathogens in heart, lung,
and kidney infections [13]. Alveolar macrophages are the
predominant resident phagocytes in the alveolar air space.
When activated, they defend against inhaled pathogens, such
as environmental pollutants and invasive bacteria, and lung
trauma [13, 14]. The excess activation of macrophages can
result in inflammatory responses and lead to cytotoxicity
and apoptosis [15, 16]. Mitochondrial disruption plays a
key role in macrophage apoptosis [14, 17]. Several molecular
mechanisms participate in mitochondrial disruption which
include the expression of the Bcl-2 family; translocations of
apoptosis-inducing factor (AIF) and cytochrome c; and
depletion of antioxidative enzymes (AOEs), such as glutathi-
one peroxidase (GPx), catalase (CAT), superoxide dismutase
(SOD), and heme oxygenase-1 (HO-1) [14, 18–20]. Recently,
we have reported that cytotoxicity and genotoxicity were
induced by 1-NP by poly (ADP-ribose) polymerase-1
(PARP-1) cleavage via caspase-3 and -9 activation through
cytochrome c release from mitochondria and its upstream
p53-dependent pathway in macrophages [21]. However, no
evidence has indicated 1-NP-induced apoptosis in macro-
phages. Therefore, the current study examined cell viability
and apoptosis in macrophages exposed to 1-NP and analyzed
the mechanism of action.

2. Materials and Methods

2.1. Materials. Dulbecco’s modified Eagle’s medium
(DMEM), trypsin, fetal bovine serum (FBS), penicillin, strep-
tomycin, and fungizone were obtained from Hyclone (Logan,
UT, USA). 1-Nitropyrene (1-NP), 2′,7′-dichlorodihydro-
fluorescein diacetate (DCFH-DA), 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), phosphate-
buffered saline (PBS), dimethyl sulfoxide (DMSO), and other
reagents of analytical grade were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Tetraethylbenzimidazolylcar-
bocyanine iodide (JC-1), catalase (CAT) assay kit, superoxide
dismutase (SOD) assay kit, and glutathione peroxidase (GPx)
assay kit were obtained from Cayman (Ann Arbor, MI,
USA). Mitochondrial permeability transition pore (MPTP)
assay kit was obtained from BioVision (Milpitas, CA, USA).
Primary antibodies for the detection of AIF, cytochrome c,
Bcl-2, Bcl-xL, Bad, Bax, Bid, HO-1, Nrf2, P-AMPK, AMPK,
COX-IV, GAPDH, and β-actin were obtained from Santa
Cruz (Santa Cruz, CA, USA). Secondary antibodies for
horseradish peroxidase- (HRP-) conjugated mouse anti-
rabbit IgG or goat anti-mouse IgG were purchased from
Jackson ImmunoResearch Laboratories (Baltimore, MD,
USA). Dissolve 1-NP in DMSO, in which the final concentra-
tion was not higher than 0.05% (v/v).

2.2. Cell Culture. The murine macrophage-like cell line
RAW264.7 (BCRC 6001) was obtained from the Bioresource
Collection and Research Centre (Taiwan). All cells were
grown as monolayer cultures at 37°C in 5% CO2 using
DMEM supplemented with 1% penicillin, streptomycin, fun-
gizone, and 10% FBS. Cell passaging was conducted using
0.05% trypsin with 0.53mM EDTA [20]. After seeding, the
cells were incubated with 1-NP at the concentrations of 0,
3, 10, 30, and 50μM for 6, 12, 24, and 48 h for cell viability
assay. On the other hand, the cells were incubated with 1-
NP at the concentrations of 0, 3, 10, 30, and 50μM for 24h
used for other experimental assays.

2.3. Cell Viability Assay. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was used to eval-
uate cell viability [22]. The RAW264.7 cells were seeded at a
density of 5 × 104 cells/well in 96-well plates for 12h. After
replacing the serum- and phenol red-free medium with cul-
ture medium, the cells were exposed to 0, 3, 10, 30, and
50μM concentrations of 1-NP for 6, 12, 24, and 48 h. After
treatment, 5mg/mL MTT was added into each well. After
4 h at 37°C, the supernatant was carefully removed. DMSO
was added into each well. Optical density (OD) was mea-
sured on a microplate reader (Synergy HT Multi-Mode
Microplate Reader, BioTek, Winooski, VT) at a test wave-
length of 550nm.

2.4. Flow Cytometric Analysis of Necrosis and Apoptosis. Dif-
ferentiation of apoptosis and necrosis was performed on a
BD Accuri C6 flow cytometer (San Jose, CA, USA) using an
FITC-Annexin V/PI apoptosis detection kit. The
RAW264.7 cells were seeded at a density of 5 × 105 cells/well
in 24-well plates for 12 h. After replacing the serum- and phe-
nol red-free medium with culture medium, the cells were
exposed to 0, 3, 10, 30, and 50μM concentrations of 1-NP
for 24 h. After 105 cell collection, the apoptosis and necrosis
were identified through dual staining with FITC-Annexin V
and PI staining solution in the dark at room temperature
for 15min, as described previously [22]. Early apoptotic cells
were Annexin V-positive and PI-negative (FITC-Annexin

2 Oxidative Medicine and Cellular Longevity



V+/PI−), late apoptotic cells were Annexin V- and PI-
double-positive (FITC-Annexin V+/PI+), necrotic cells were
Annexin V-negative and PI-positive (FITC-Annexin V
−/PI+), and surviving cells were Annexin V- and PI-
double-negative (FITC-Annexin V−/PI−).

2.5. Mitochondrial Membrane Potential (MMP) Assay.Mito-
chondrial membrane potential (MMP) was assessed using
mitochondrial membrane potential assay dye JC-1, according
to the manufacturer’s protocol, as described previously [22].
After the 5 × 105 cells were treated with 1-NP at various con-
centrations for 24 h, they were washed twice with PBS and
incubated with JC-1 dye in serum-free medium for 30min
at 37°C. After washing, the cells were analyzed using the
BD Accuri C6 flow cytometer.

2.6. Mitochondrial Permeability Transition Pore (MPTP)
Assay. Mitochondrial permeability transition pore (MPTP)
was assessed using the commercial assay kit according to
the manufacturer’s protocol. After the 5 × 105 cells were
treated with 1-NP at various concentrations for 24 h, they
were washed and incubated with MPTP staining dye in
serum-free medium for 15min at 37°C. And then, the cells
were incubated with 1mM CoCl2 for 15min at 37°C. After
washing, the cells were analyzed using the BD Accuri C6 flow
cytometer.

2.7. Measurement of Intracellular ROS Concentration. Intra-
cellular ROS generation was evaluated using DCFH-DA,
per the method of our previous study [14]. After the 5 × 105
cells were treated with 1-NP at various concentrations for
24 h, the cells were incubated with DCFH-DA for 30min at
37°C. After washing with PBS, the fluorescence was measured
in a microplate reader at an excitation wavelength of 488nm
and emission wavelength of 515 nm.

2.8. Cell Fractionation and Western Blot Assay. The levels of
protein expression from whole cells and subcellular fractions
were measured using western blot assay, per a previously
described method [14]. The RAW264.7 cells were seeded at
a density of 5 × 106 cells/well in a 10 cm dish for 12h. After
replacing the serum- and phenol red-free medium with cul-
ture medium, the cells were exposed to 0, 3, 10, 30, and
50μM concentrations of 1-NP for 24 h. After cell collection,
protein from whole cells was extracted in lysis buffer
(25mM Tris-HCl at pH7.6, 1mM phenylmethylsulphonyl
fluoride, 150mM sodium chloride, 1% Nonidet P-40, 1mM
sodium orthovanadate, 10% glycerol, 0.1% SDS, and phos-
phatase and protease inhibitors). The fraction protein, con-
taining cytosol, mitochondria, and nuclei, was isolated from
cells using a cytoplasmic and nuclear protein extraction kit
and mitochondria extraction kit. The protein content of the
supernatant was determined using Bradford assay. Equal
amounts of proteins were incubated with 5X sample buffer,
separated by 7.5%–12.5% SDS-PAGE, and electrophoreti-
cally transferred onto polyvinylidene difluoride membranes.
The membranes were blocked with 5% skimmed milk for
1 h at room temperature. They were then incubated with
the indicated primary antibodies (AIF, Bcl-2, Bcl-xL, Bad,
Bax, Bid, HO-1, Nrf2, P-AMPK, AMPK, and β-actin) with

0.5% skim milk overnight at 4°C and then with the secondary
antibody for 1 h at room temperature. Finally, the mem-
branes were visualized with protein densitometry analysis
using the electrochemiluminescence (ECL) detection system.

2.9. Measurement of AOE Activities. The RAW264.7 cells
were seeded at a density of 106 cells/well in 6-well plates for
12 h. After replacing the serum- and phenol red-free medium
with culture medium, the cells were exposed to 0, 3, 10, 30,
and 50μM concentrations of 1-NP for 24 h. After cell collec-
tion, the AOE activities which include GPx, CAT, and SOD
were assayed with the respective detection kits according to
the manufacturer’s instructions [14].

2.10. Statistical Analysis. Data of the results were representa-
tive of three independent experiments in western blot assay,
fourth independent experiments in measurement of AOE
activities, fifth independent experiments in cell viability
assay, necrosis and apoptosis analysis, MMP assay, and mea-
surement of intracellular ROS concentration. The values of
the results were representative in terms of the mean ±
standard deviation (SD). All data were analyzed in SPSS soft-
ware. Multiple group comparisons were performed using
one-way ANOVA followed by Bonferroni’s post hoc test. P
< 0:05 indicated statistical significance for all tests.

3. Results

3.1. Effects of 1-NP on Cell Viability in RAW264.7
Macrophages. The cell viabilities of RAW264.7 macrophages
incubated with 0, 3, 10, 30, or 50μM concentrations of 1-NP
for 6, 12, 24, and 48 h were monitored using MTT colorimet-
ric assay (Figure 1). 1-NP reduced cell viability in a concen-
tration- and time-dependent manner. The survival rate was
significantly lower in RAW264.7 cells incubated with 3μM
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Figure 1: 1-Nitropoyrene (1-NP) reduced cell viability in
RAW264.7 macrophages. The cells were incubated with 1-NP at
concentrations of 0, 3, 10, 30, and 50 μM for 6, 12, 24, and 48 h at
37°C. Cell viability was measured using the MTT assay. Data are
expressed as mean ± SD (n = 5). ∗P < 0:05 was considered
significant compared with the control group.
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of 1-NP for 48h and in cells incubated with 10μM of 1-NP
for 12h (P < 0:05).

3.2. Effects of 1-NP on Apoptosis and Necrosis in RAW264.7
Macrophages. The effects of 1-NP-induced apoptosis and
necrosis in RAW264.7 cells were assessed using FITC-

Annexin V and PI double staining. Annexin V detects phos-
phatidylserine externalization during apoptosis, and PI stains
detect necrotic and dead cells. 1-NP induced apoptosis and
necrosis in a concentration-dependent manner
(Figures 2(a) and 2(b)). After 24h, a concentration of
10μM of 1-NP significantly increased early and late
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Figure 2: 1-NP induced apoptosis and necrosis in RAW264.7 macrophages. The portion of apoptosis and necrosis was measured by Annexin
V-FITC and PI assays using flow cytometry. (a) Cells were incubated with 1-NP at concentrations of 0, 3, 10, 30, and 50 μM for 24 h at 37°C.
The upper left quadrant (Annexin V−/+) is representative of necrosis; the upper right and lower right quadrants (Annexin V+/PI+ and
Annexin V+/PI−) are representatives of apoptosis; and the lower left quadrant (Annexin V−/PI−) is representative of living cells. (b)
Quantitatively, the percentage of necrotic cells, viable cells, and apoptotic cells was calculated and analyzed. Data are expressed as mean ±
SD (n = 5). ∗P < 0:05 was considered significant compared with the control group.

4 Oxidative Medicine and Cellular Longevity



0 𝜇M 3 𝜇M

30 𝜇M

10 𝜇M

50 𝜇M

101 102 103 104 105 106 107.2
101

102

103

104

105

106

107.2

FL1-A
101 102 103 104 105 106 107.2

FL1-A
101 102 103 104 105 106 107.2

FL1-A

101 102 103 104 105 106 107.2

FL1-A
101 102 103 104 105 106 107.2

FL1-A

FL
2-

A

101

102

103

104

105

106

107.2

FL
2-

A

101

102

103

104

105

106

107.2

FL
2-

A

101

102

103

104

105

106

107.2

FL
2-

A

101

102

103

104

105

106

107.2

FL
2-

A

(a)

G
re

en
 fl

uo
re

sc
en

ce

50

40

30

20

10

0

1-NP (𝜇M)
0 3 10 30 50

⁎
⁎

⁎

(b)

Figure 3: Continued.
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apoptosis (P < 0:05). A concentration of 30μM of 1-NP sig-
nificantly increased necrosis (P < 0:05).

3.3. Effects of 1-NP on Mitochondrial Dysfunction in
RAW264.7 Macrophages. Mitochondrial dysfunction is
assessed by MMP and MPTP assays. The effects of 1-NP on
mitochondrial dysfunction in RAW264.7 macrophages were
investigated using JC-1, a mitochondrion-selective aggregate
dye. Active mitochondria with a high membrane potential

exhibited red fluorescence, and dysfunctional mitochondria
with a low membrane potential exhibited green fluorescence.
1-NP induced downregulration of MMP in a concentration-
dependent manner After 24h, a concentration of 10μM of 1-
NP significantly decreased the MMP (P < 0:05, Figure 3). 1-
NP induced upregulation of the MPTP opening in a
concentration-dependent manner. After 24 h, a concentra-
tion of 10μM of 1-NP significantly increased the MPTP
opening (P < 0:05, Figure 3). These results indicated that 1-
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Figure 3: 1-NP induced mitochondria dysfunction in RAW264.7 macrophages. The portion of mitochondria dysfunction was measured by
JC-1 assays using flow cytometry. (a) After cell treatment, the portion of MMP was measured using the JC-1 assay. (b) Quantitatively, the
percentage of MMP downregulation cells was calculated and analyzed. The MPTP opening was measured by flow cytometry. (c) After cell
treatment, the histogram of MPTP opening was measured using the MPTP assay kit. (d) The change in fold of MPTP opening cells
between the treated and control groups was calculated. Data are expressed as mean ± SD (n = 5). ∗P < 0:05 was considered significant
compared with the control group.
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NP induced mitochondrial dysfunction in a concentration-
dependent manner. After 24 h, a concentration of 10μM of
1-NP significantly increased the mitochondrial dysfunction.

3.4. Effects of 1-NP on Subcellular Fraction Translocation of
AIF in RAW264.7 Macrophages. The translocation of AIF
from the mitochondria to the nucleus is critical in the
caspase-independent mitochondrial apoptosis pathway. The
levels of AIF in the mitochondria and nucleus were measured
using western blot assay in RAW264.7 cells incubated with 1-
NP. Levels of AIF in the mitochondria were reduced by 1-NP
in a concentration-dependent manner and significantly
increased at 10μM (P < 0:05; Figure 4). The effects of 1-NP
on AIF levels in the nucleus were concentration dependent,
with AIF significantly increased at 10μM (P < 0:05).

3.5. Effects of 1-NP on Expression Level of Bcl-2 Family
Proteins in RAW264.7 Macrophages. This study examined
the regulation of mitochondrial integrity by Bcl-2 family pro-
teins, with particular attention to the controlled release of
AIF and ROS involved in caspase-independent cell death
[23, 24]. The effects of 1-NP on the expression of Bcl-2 family
proteins in RAW264.7 cells are illustrated in Figure 5. The
levels of Bcl-2 and Bcl-xL were reduced by 1-NP in a
concentration-dependent manner, and a significant effect
was indicated at concentrations ≥ 10μM (P < 0:05). By con-
trast, the levels of Bad, Bax, Bid, and tBid were increased by
1-NP in a concentration-dependent manner and a significant
effect was indicated at concentrations ≥ 10μM (P < 0:05).
Moreover, the value of Bax/Bcl-2 ratio was increased by 1-
NP in a concentration-dependent manner and significant
effect indicated at concentration ≥ 10μM (P < 0:05).

3.6. Effects of 1-NP on Intracellular ROS Generation in
RAW264.7 Macrophages. Intracellular ROS generation
results in apoptosis through mitochondrial dysfunction
[14]. After RAW264.7 cells were treated with 1-NP for 24 h,
the intracellular ROS generation increased in a
concentration-dependent manner and a significant effect
was indicated at concentrations ≥ 10μM (P < 0:05, Figure 6).

3.7. Effects of 1-NP on AOE Activities in RAW264.7
Macrophages. The activation of AOEs including GPx, SOD,
and CAT plays a critical role in the control of intracellular
ROS generation [14]. The activation of AOEs in RAW264.7
cells treated with 1-NP at various concentrations for 24h
was monitored using AOE assay kits. GPx, SOD, and CAT
activities were induced by 1-NP in a concentration-
dependent manner, and a significant effect was noted at
concentrations ≥ 10μM (P < 0:05; Figure 7).

3.8. Effects of 1-NP on the AMPK/Nrf-2/HO-1 Pathway in
RAW264.7 Macrophages. HO-1 is an antioxidative protein
involved in the resolution of inflammation. Its expression is
regulated by the nuclear translocation of Nrf-2. The nuclear
accumulation of Nrf-2 is induced by AMPK phosphoryla-
tion. After RAW264.7 cells were treated with 1-NP for 24 h,
AMPK phosphorylation, Nrf-2 expression, and HO-1
expression were induced by 1-NP in a concentration-
dependent manner; a significant effect was noted at
concentrations ≥ 10μM (P < 0:05; Figure 8).

4. Discussion

Air pollution can harm the environment in the forms of haze,
acid rain, eutrophication, wildlife injury, and global climate
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Figure 4: 1-NP-induced nuclear translocation of AIF in RAW264.7 cells. The expression of AIF in mitochondria (a) and nucleus (b) was
measured by western blot assay after treated with 1-NP for 24 h. The change in fold of AIF expression between the treated and control
groups was calculated. Results are expressed asmeans ± SD (n = 3). ∗P < 0:05 was considered significant as compared with the control group.
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Figure 5: 1-NP-induced change in the expression of Bcl-2 family proteins in RAW264.7 cells. (a) The expression of Bcl-2 family proteins was
measured by western blot assay after being treated with 1-NP for 24 h. (b) The change in fold of Bcl-2 family expression between the treated
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considered significant as compared with the control group.
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change. Around the globe, diesel exhaust is a major contrib-
utor to air pollution, which can cause health problems, such
as allergies, neurodegenerative diseases, and cardiovascular
disease [25–27]. 1-NP and its urinary metabolites have been
proposed as markers for diesel exhaust from traffic- and
factory-related diesel particulate matter [28]. The mutagenic
capability of 1-NP is reduced by alveolar macrophages
through phagocytosis [29]. A previous study proposed that
the cellular viability of RAW264.7 cells was weakly but signif-
icantly reduced by 1-NP exposure at 80 nM for 24 h [30]. In
our previous study, it was found that cytotoxicity was
induced by 1-NP in the concentration- and time-dependent
manner. The induction was significant when the cells were
treated with 3μM 1-NP for 48h or 10μM 1-NP for 6 h
[21]. The results from the present study support existing evi-
dence that 1-NP reduces the viability of RAW264.7 cells. Fur-
thermore, our data suggest that 1-NP reduces the viability of
RAW264.7 cells in a concentration- and time-dependent
manner.

Apoptosis is a major form of cell death and occurs as a
defense mechanism of the immune system when cells are
exposed to harmful substances [31, 32]. Previous studies have
shown that 1-NP causes apoptosis in human alveolar-basal
epithelial A549 cells, human bronchial epithelial BEAS-2B
cells, and mouse hepatoma Hepa1c1c7 cells [12, 33, 34].
Necrosis is a type of irreversible cell injury and results in cell
death [32]. Previous studies have found that 1-NP causes
necrosis in Hepa1c1c7 cells and BEAS-2B cells [33, 34].
Our results also indicate that 1-NP induced apoptosis and
necrosis in RAW264.7 cells. Moreover, 1-NP-induced apo-
ptosis was observed in RAW264.7 cells at a lower concentra-
tion than 1-NP-induced necrosis. The extent of apoptosis,
including early- and late-phase apoptosis, was higher than
the extent of necrosis. After RAW264.7 cells were treated
with 1-NP at 10μM for 24h, cell viability decreased and apo-
ptosis increased significantly. These results suggest that apo-
ptosis is the major form of cell death in 1-NP-treated
RAW264.7 cells.

Mitochondrial dysfunction is a critical factor in macro-
phage apoptosis [20, 35]. During mitochondrial dysfunction,
the dissipation of mitochondrial membrane potential and

loss of mitochondrial membrane integrity were observed in
macrophages after exposure to apoptotic stimuli [20, 35].
AIF, a mammalian-soluble protein containing flavin adenine
dinucleotide, is a nicotinamide adenine dinucleotide-
dependent oxidoreductase located in the mitochondrial
intermembrane space [36]. In physiological conditions, AIF
plays a crucial role in mitochondrial bioenergetics. During
apoptosis, loss of mitochondrial membrane integrity results
in the translocation of AIF from the mitochondria to the
nucleus [37]. The degradation complex formed by AIF and
related proteins promotes apoptotic DNA damage [36, 37].
To the best of our knowledge, no previous studies have pro-
posed that 1-NP decreases the mitochondrial membrane
potential in macrophages. However, a previous study
reported that the nuclear translocation of AIF from the
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Figure 6: 1-NP induced ROS generation in RAW264.7
macrophages. Data are expressed as mean ± SD (n = 5). ∗P < 0:05
is considered significant compared with the control group.
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were measured by colorimetric assay kit after cells were treated
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cytosol to the nucleus occurred after exposure to 1-NP in
Hepa1c1c7 cells, as indicated in immunocytochemical analy-
sis [38]. The nuclear translocation of AIF pertains mainly to
the elucidation of 1-NP-treated RAW264.7 cells. The present
study demonstrated that the nuclear translocation of AIF was
induced by 1-NP in a concentration-dependent manner in
RAW264.7 cells. These results indicate that 1-NP induces
apoptosis through the dissipation of mitochondrial mem-
brane potential and the nuclear translocation of AIF due to
the disruption of mitochondrial membrane.

The permeabilization of the mitochondrial membrane
and the release of intermembrane space proteins (including
AIF) are mediated by Bcl-2 family proteins [39, 40]. The
Bcl-2 family proteins can generally be divided into three
groups based on their primary function: antiapoptotic pro-
teins, which include Bcl-2 and Bcl-xL; proapoptotic pore-for-
mers, including Bax; and proapoptotic BH3-only proteins,
which include a sensitizer protein (Bad) and activator pro-
teins (Bid and tBid) [41]. After cells are incubated with apo-
ptosis inducers, the activator BH3-only proteins (Bid and
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Figure 8: 1-NP induced the activation of AMPK/Nrf-2/HO-1 pathway in RAW264.7 macrophages. AMPK phosphorylation (a), Nrf-2
expression (b), and HO-1 expression (c) were measured by colormetric assay kit after cells were treated with 1-NP. The change in fold of
AMPK phosphorylation, Nrf-2 expression, and HO-1 expression between the treated and control groups was calculated. Results are
expressed as means ± SD (n = 3). ∗P < 0:05 was considered significant as compared with the control group.
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tBid) translocate to the mitochondrial membrane and
increase their affinity for the pore former, Bax. Bax causes
pore formation on the mitochondrial membrane and the
leakage of AIF and other soluble proteins from the inter-
membrane space [39, 41]. The interaction between the acti-
vator BH3-only proteins and the pore-former protein is
suppressed by antiapoptotic proteins (Bcl-2 and Bcl-xL).
The sensitizer BH3-only protein, Bad, binds to and inhibits
the activities of Bcl-2 and Bcl-xL [39, 41]. A previous study
proposed that 1-NP induces the mRNA expression of Bax
in a concentration-dependent manner in A549 cells [42].
The present study examined the expression of the Bcl2 family
in 1-NP-treated RAW264.7 macrophages. We found that 1-
NP induced expressions of Bid, tBid, Bax, and Bad in a
concentration-dependent manner. By contrast, 1-NP
reduced expressions of the antiapoptotic proteins, Bcl-2 and
Bcl-xL, in a concentration-dependent manner. Crucially,
the parallel trends are suitable in mitochondrial dysfunction,
in AIF leakage, and in 1-NP-treated RAW264.7 macro-
phages. These results indicate that 1-NP induced mitochon-
drial dysfunction and AIF leakage by changing the
expression of Bcl-2 family proteins.

Oxidative stress, triggered by mitochondrial dysfunction,
has been shown to play a critical role in apoptosis [43, 44].
Overgeneration of ROS leads to high oxidative stress and
encourages AOE and HO-1 [45, 46]. HO-1 degrades heme
to biliverdin, which is subsequently converted to bilirubin,
an antioxidant that scavenges and neutralizes ROS [46].
SOD catalyzes the reduction of superoxide anions to hydro-
gen peroxide. GPx and CAT catalyze the reduction of hydro-
gen peroxide to water and oxygen [45]. Nrf-2 is an important
transcription factor that regulates the expressions of AOEs,
such as HO-1 and GPx [47]. AMPK is an upstream factor
for the reduction of oxidative stress in macrophages [48].
Intracellular ROS generation is induced by 1-NP in the extra-
villous trophoblast HTR8/SVneo cells, A549 cells, and BEAS-
2B cells in Tigriopus japonicus [12, 49, 50]. To clarify the ROS
generation and regulative mechanism induced by 1-NP in
macrophages, we measured the production of intracellular
ROS in RAW264.7 cells exposed to 1-NP. We found that 1-
NP induced ROS generation; reduced AOE activity; and
downregulated AMPK phosphorylation, Nrf-2 expression,
and HO-1 expression. Based on these findings, we suggest
that 1-NP induces ROS by causing mitochondrial dysfunc-
tion and reducing AOE activity. Further, we propose that 1-
NP induces the activation of the AMPK/Nrf-2/HO-1 path-
way to reduce oxidative damage in macrophages.

However, there are the limitations in the present study.
First, RAW264.7 cells are the mouse macrophage cell line
not the human macrophage. Undoubtedly, direct measure-
ment of the toxic mechanism of 1-NP in human macrophage
would be ideal, but the sampling of human macrophage
raises major ethical concerns and therefore is not suitable
for performance. And then, we proposed that the toxic effect
of 1-NP was via apoptosis. On the other hand, toxic effect
induced by 1-NP might be through other toxic pathways
such as ferroptosis, necroptosis, and autophagy. Therefore,
we will research on toxic pathways and relative mechanisms
in our future studies. Finally, there are few studies to support

that clinical disease associated with macrophage toxicity and
activity induced by 1-NP. In the future work, we will research
on 1-NP-induced macrophage dysfunction result in diseases,
including atherosclerosis, diabetes, and inflammatory bowel
disease in the differential animal models.

In conclusion, the present study found that 1-NP treat-
ment led to downregulation of cell viability and upregulation
of apoptosis in RAW264.7 macrophages (Figure 9). The find-
ings indicate that 1-NP led to apoptosis by inducing AIF
nuclear translocation, which was caused by mitochondrial
dysfunction. Our data suggest that mitochondrial dysfunc-
tion occurred due to changes in the expression of BCL-2 fam-
ily proteins. In addition, 1-NP induced ROS generation by
reducing AOE activity. Moreover, 1-NP treatment led to
the activation of the AMPK/Nrf-2/HO-1 pathway due high
levels of oxidative stress. Taken together, these results suggest
that 1-NP causes downregulation of cell viability and upreg-
ulation of apoptosis due to mitochondrial dysfunction, AIF
nuclear translocation, ROS generation, AOE activity reduc-
tion, and AMPK/Nrf-2/HO-1 pathway activation.

Data Availability

The data of this manuscript entitled “1-Nitropyrene Induced
Reactive Oxygen Species–Mediated Apoptosis in Macro-
phages through AIF Nuclear Translocation and
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Figure 9: Schemes of the mechanism of the 1-NP-induced
apoptosis and cytotoxicity in RAW264.7 cells. After RAW264.7
macrophages were incubated with 1-NP, it caused downregulation
of cell viability via upregulation of apoptosis. 1-NP induced
apoptosis by inducing AIF nuclear translocation, which was
caused by mitochondrial dysfunction. Mitochondrial dysfunction
induced by 1-NP occurred due to changes in the expression of
BCL-2 family proteins, including downregulation of Bcl-2 and
Bcl-xL and upregulation of Bad, Bax, Bid, and tBid. 1-NP induced
ROS generation by mitochondrial dysfunction and reducing AOE
activity. Additionally, 1-NP treatment led to the activation of the
AMPK/Nrf-2/HO-1 pathway due to high levels of oxidative stress.
These findings suggested that downregulation of cell viability
induced by 1-NP via upregulation of apoptosis was due to
mitochondrial dysfunction, AIF nuclear translocation, ROS
generation, AOE activity reduction, and AMPK/Nrf-2/HO-1
pathway activation.
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A B S T R A C T   

Fluoranthene, a high-molecular-weight polycyclic aromatic hydrocarbon (PAH), is widely present in air pol-
lutants, including fine inhalable particulate matter. 3-Bromofluoranthene (3-BrFlu), which is a brominated flu-
oranthene and halogenated PAH, is generated from waste combustion, metallurgical processes, cement 
production, e-waste dismantling, and photoreaction. Vascular endothelial cells have key functions in the ho-
meostasis and the development of the cardiovascular system. The zebrafish model has been widely employed to 
study cardiotoxicity and embryotoxicity. However, no evidence has indicated that 3-BrFlu induces cytotoxicity in 
vascular endothelial cells, or cardiotoxicity and embryotoxicity in zebrafish. In this study, 3-BrFlu induced 
concentration-dependent changes in embryo- and cardiotoxicity. Cytotoxicity was also induced by 3-BrFlu in a 
concentration-dependent manner through apoptosis and necrosis in vascular endothelial cells, SVEC4-10 cells. 
The activities of caspase-3, -8, and -9 were induced by 3-BrFlu via an intrinsic pathway constituting Bcl-2 
downregulation, Bad upregulation, and mitochondrial dysfunction; the extrinsic pathway included the expres-
sion of death receptors, including tumour necrosis factor α and Fas receptors. These results indicated that 3-BrFlu 
caused cardio- and embryotoxicity in zebrafish through vascular endothelial cells cytotoxicity resulting from 
caspase-dependent apoptosis through intrinsic and extrinsic pathways.   

1. Introduction 

The World Health Organization (WHO) reported that approximately 
91% of the global population is living in environments where air quality 

levels are below the acceptable limit; 4.2 and 3.8 million deaths per year 
are attributed to ambient and household air pollution, respectively 
(WHO, 2021; Gupta, 2021). The fine inhalable particulate matter 
PM2.5, which comprises a mixed composition of hazardous adherents 
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and solid particles, is the major component in air pollutant. Fluo-
ranthene is a 5-membered ring, nonalternant high-molecular-weight 
polycyclic aromatic hydrocarbon (PAH) and was prevalent in PM2.5 
collected from Japan, China, and the Czech Republic (Xing et al., 2020; 
Zhang et al., 2021; Polachova et al., 2020). 3-Bromofluoranthene 
(3-BrFlu) is a secondary formation among the adherents of PM2.5 that 
is formed through the bromination of fluoranthene (Jin et al., 2017; Shi 
et al., 2020). 

Vascular endothelial cells (VECs) have key functions in the homeo-
stasis of the circulatory system. VECs anchor to the subjacent basal 
lamina and then constitute the intima on the innermost side of blood 
vessels (Daneman and Prat, 2015). Dangerous air pollutants induce 
cytotoxicity in VECs as a result of caspase-dependent apoptosis though 
extrinsic and intrinsic apoptotic signalling pathways (Wang et al., 2020; 
Tseng et al., 2017). VEC dysfunction plays a role in various cardiovas-
cular diseases (CVDs), including atherosclerosis, stroke, hypertension, 
coronary artery disease, and heart failure (Yamamoto and Ando, 2011; 
Xu et al., 2009). After air pollution exposure, VEC dysfunction and 
related CVDs led to cardiotoxicity (Borlak and Thum, 2002; Gao et al., 
2021; Uzoigwe et al., 2013). Zebrafish have been widely employed to 
the assessment of cardiotoxicity, including heart rate and blood flow, in 
the zebrafish model (Bowley et al., 2021). To date, the capacity and 
mechanisms of cytotoxicity in VECs, embryotoxicity and cardiotoxicity 
in zebrafish induced by 3-BrFlu remain unclear. Therefore, this study 
examined cytotoxicity and apoptosis in VECs exposed to 3-BrFlu, and we 
analysed the mechanism of action of and cardiotoxicity induced by 
3-BrFlu in zebrafish. 

2. Materials and methods 

2.1. Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), antibiotic solution, 
trypsin- ethylenediaminetetraacetic acid (EDTA) solution, fetal bovine 
serum (FBS), and other cell culture materials were purchased from 
Hyclone (Logan, UT, USA). Annexin V-Fluorescein isothiocynate (FITC) 
Apoptosis Detection Kit I, Tumour Necrosis Factor α Receptor (TNFR)- 
FITC, and Fas Receptor (FasR)-FITC were supplied by BD Biosciences 
(San Diego, CA, USA). 1-phenyl 2-thiourea, CaCl2, MgSO4, 3-BrFlu, 3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- tetrazolium bromide (MTT), 
sodium bicarbonate, propidium iodide (PI), tetraethylbenzimidazo-
lylcarbocyanine iodide (JC-1), dimethyl sulfoxide (DMSO), and other 
reagents of analytical grade were supplied by Sigma-Aldrich (St. Louis, 
MO, USA). Primary antibodies for the detection of Bcl-2, Bad, and 
β-actin were obtained from Santa Cruz (Santa Cruz, CA, USA). Second-
ary antibodies for horseradish peroxidase (HRP)-conjugated mouse anti- 
rabbit IgG or goat anti-mouse IgG were purchased from Jackson 
ImmunoResearch Laboratories (Baltimore, MD, USA). 

2.2. Zebrafish embryo collection and maintenance 

Adult zebrafish aged 4 months, including wild-type (AB strain) and 
vascular-specific transgenic line (Tg[fli-1: EGFP]), were obtained from 
the Taiwan Zebrafish Core Facility at Academia Sinica. The fish were 
housed at 28 ◦C with a 14:10 h light–dark cycle under a recirculation 
system, as in pervious study (Su et al., 2020). After feeding twice a day, 2 
male and 2 female zebrafish were placed into the breeding tank with a 
clapboard for 16 h. The clapboard acted as elimination to allow the 
zebrafish to mate. Embryos collected in the embryonic media (con-
taining 5 mM NaCl, 0.17 mM KCl, 0.003% 1-phenyl 2-thiourea, 0.33 mM 
CaCl2, 0.33 mM MgSO4, pH 7.4) and those that fertilised and developed 
normally were selected for the further study. All experiments were 
conducted in accordance with the Institutional Animal Ethics Commit-
tee of Chung Shan Medical University (No. 2416). 

2.3. Embryonic mortality assessment 

After the 24 hpf stage, 10 embryos per quadruplicate were randomly 
selected and exposed to embryos incubated with 3-BrFlu at concentra-
tions of 0, 3, 10, 50, and 100 μM for 24 and 48 h. The 3-BrFlu-induced 
mortality of zebrafish embryos was examined daily after 3-BrFlu expo-
sure using an inverted microscope (Olympus, Japan). 

2.4. Cardiotoxicity assessment 

For cardiotoxicity analysis, the heart rate and blood flow of indi-
vidual zebrafish was recorded at the lateral dorsal aortae using a mi-
croscope at 24 and 48 h. Video was captured using charge-coupled 
device cameras with a frame rate of approximately 20 fps and 3 mega-
pixels for 60 s. Cardiac function was assessed through heart rate and 
blood flow measurement using DanioScope software (Noldus, 
Netherlands). 

2.5. Cell culture and treatment 

The murine VEC line SVEC4-10 was purchased from the Bioresource 
Collection Research Center (Shin-chu, Taiwan). All cells were cultured 
in DMEM supplemented with 1.5 g/L sodium bicarbonate, 4.5 g/L 
glucose, 10% heat-inactive FBS, and 1% antibiotics, including penicillin, 
streptomycin, and fungizone. The cells were maintained at 37 ◦C in 
humidified 5% CO2 and incubated with 3-BrFlu at concentrations of 0, 3, 
50, and 100 μM for 24 h (Su et al., 2021). 

2.6. Cell viability assay 

The cell viability was evaluated through MTT assay (Su et al., 2021). 
After cells were seeded on a plate for 16 h, the SVEC4-10 cells were 
incubated with 3-BrFlu at the designated concentrations for 24 h. After 
treatment, 5 mg/mL MTT was added, and the cells were incubated for 2 
h at 37 ◦C. After the supernatant was discarded, dimethyl sulfoxide was 
added to dissolve the intracellular formazan crystals. The level of for-
mazan solution was determined through the optical density at 570 nm 
by using a microplate reader (Synergy HT Multi-Mode Microplate 
Reader, Biotek, Winooski, VT). 

2.7. Flow cytometric analysis of necrosis and apoptosis 

Annexin-V-FITC and PI staining was used to determine the apoptosis 
and necrosis of the SVEC4-10 cells through flow cytometry (Huang et al., 
2020). After the SVEC4-10 cells were exposed to 3-BrFlu at various 
concentrations for 24 h, they were resuspended in the annexin-V binding 
buffer. FITC-annexin-V and PI were added to each well at room tem-
perature for 15 min in the dark. After the cells were incubated with 1-NP 
at various concentrations for 24 h, apoptosis and necrosis were identi-
fied through dual staining with FITC-annexin-V and PI staining solution 
in the dark at room temperature for 15 min. Finally, the samples were 
analysed using a BD Accuri C6 flow cytometer (San Jose, CA, USA). 
FITC-annexin-V-positive and PI-negative, FITC-annexin-V-positive and 
PI-positive, FITC-annexin-V-negative and PI-positive, and 
FITC-annexin-V-negative and PI-negative identified early apoptosis, late 
apoptosis, necrosis, and viability, respectively. 

2.8. Cell cycle analysis 

The effects of 3-BrFlu on the progression of cell cycle phases were 
analyzed by flow cytometry using PI staining (Huang et al., 2020). After 
treatment, cells were harvested by trypsin and fixed by 70% ethanol at 
− 20 ◦C for 12 h. After washed, cells were treated with RNase and PI at 
37 ◦C for 30 min samples were examined using a BD Accuri C6 flow 
cytometer. The relative percentage of cells in the sub-G1, G0/G1, S, and 
G2/M phases were analysed. 
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2.9. Caspase activity assay 

The activity of caspase-3, − 8, and − 9 was assayed with the fluo-
rogenic substrates DEVD-AFC, IETD-AFC, and LEHD-AFC, respectively. 
The caspase-3, − 8, and − 9 assay kits were used according to the 
manufacturer’s instructions (Wu et al., 2021). 

2.10. Mitochondrial membrane potential assay 

The effects of 3-BrFlu on mitochondrial membrane potential was 
assessed using JC-1 assay dye, as described in a previous study (Chang 
et al., 2020). Following treatment with 3-BrFlu, the cells were washed 
and incubated with JC-1 dye in a serum-free medium for 30 min at 
37 ◦C. The cells were then washed and analysed using the flow cytom-
eter. JC-1 aggregates form red fluorescence in healthy mitochondria; by 
contrast, the JC-1 monomers with green fluorescence indicate mito-
chondrial depolarisation. 

2.11. Western blot assay 

Protein expression was detected using Western blot assay in the 
SVEC4-10 cells, as described in a previous study (Wu et al., 2021). 
Following treatment with the 3-BrFlu at various concentrations for 24 h, 
the protein concentration from the whole-cell lysate was measured using 
a Bradford assay. The proteins were separated into levels using sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis and then transferred 
to polyvinylidene difluoride membranes. Nonspecific binding was 
blocked with 5% skim milk buffer for 1 h. The membranes were incu-
bated with the primary antibodies B-cell lymphoma 2 (Bcl-2), Bad, and 
β-actin overnight at 4 ◦C and then with the secondary antibody for 1 h at 
room temperature. Finally, the protein bands were visualised using an 
electrochemiluminescence kit and imaged using the Infiniti Vision Sys-
tem (Vilber, Lourmat, Collegien, France). 

2.12. Measurement of TNFR and FasR expression 

After treatment with 3-BrFlu, the cells were harvested and incubated 
with TNFR-FITC and FasR-FITC. After the samples were washed, they 
were analysed through the BD Accuri C6 flow cytometer. 

2.13. Statistical analysis 

One-way ANOVA analysis followed by a Bonferroni’s post-hoc test 
was performed using a statistical analysis software package (SPSS Sta-
tistics version 22). A p value of < 0.05 was considered significant. Data 
was represented as mean ± standard deviation (S.D.). 

3. Results 

3.1. Embryo cytotoxicity and cardiotoxicity of BrFlu in zebrafish 

The zebrafish embryos exposed to 3-BrFlu at various concentrations 
for 24–48 h were used to assess the embryo cytotoxicity in comparison 
to the untreated embryos taken as a control group. As depicted in  
Fig. 1A, the embryo cytotoxicity was observed in the 3-BrFlu-treated 
zebrafish after 24 h at 50 and 100 μM exhibited 85.00% and 82.50% 
survival rate, respectively, when compared to control group (P < .05). 
However, the embryos exposed to 3-BrFlu for 48 h exhibited toxicity at 
10, 50, and 100 μM exhibited 87.50%, 85.00%, and 75.00% survival 
rate, respectively, when compared to control group (P < .05). Car-
diotoxicity was assessed through measurement of the heart rate and 
blood flow in the zebrafish. Increased 3-BrFlu concentrations increased 
the heart rate of the treated embryos slightly at 24 h when compared to 
control group. Heart rate was significantly downregulated from 139.60 
bpm (control) to 132.11 and 128.88 bpm by the 3-BrFlu at concentra-
tions of 50 and 100 μM for 48 h (P < .05, Fig. 1B). Blood flow was 

significantly reduced in fold from 1.00 (control) to 0.92–0.87 by 10–100 
μM 3-BrFlu for 24 h as compared with control group (P < .05, Fig. 1C). 
Blood flow was significantly reduced in fold from 1.00 (control) to 
0.75–0.69 by 3–100 μM 3-BrFlu for 48 h as compared with control group 
(P < .05, Fig. 1C). These results indicated embryo cytotoxicity and 
cardiotoxicity induced by 3-BrFlu in zebrafish. 

Fig. 1. Embryo Cytotoxicity and Cardiotoxicity of 3-BrFlu in Zebrafish. (A) 3- 
BrFlu reduced survival rate of zebrafish embryo. Survival rate of zebrafish 
embryo was incubated with 3-BrFlu at concentration of 0, 3, 10, 50, and 
100 μM for 24 h and 48 h. 3-BrFlu reduced heart rate and blood flow in 
zebrafish. (B) Heart rate (beat per minute, bpm); (C) Blood flow (fold) of 
zebrafish were incubated with 3-BrFlu at concentration of 0, 3, 10, 50, and 
100 μM for 24 h and 48 h. All data are represented as the mean ± SD. * P < .05 
was considered significant compared with the control group. 
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3.2. Effects of BrFlu on cytotoxicity, apoptosis, and necrosis in SVEC4-10 
endothelial cells 

The cytotoxicity of SVEC4-10 endothelial cells incubated with 0, 3, 
10, 50, or 100 μM 3-BrFlu for 24 h was monitored through MTT color-
imetric assay. We determined that the SVEC4-10 cells incubated with 3- 
BrFlu exhibited cytotoxicity in a concentration-dependent manner, with 
significant induction beginning at 3 μM (P < .05, Fig. 2A). The survival 
rate reduced from 100.00% (control) to 88.10–57.86% by 3–100 μM 3- 
BrFlu. FITC-annexin-V and PI double staining were employed to assess 
apoptosis and necrosis in the 3-BrFlu-treated SVEC4-10 cells. After the 
SVEC4-10 cells were incubated with 3-BrFlu for 24 h, the proportion of 
apoptosis and necrosis was upregulated in a concentration-dependent 
manner, with significant upregulation beginning at 3 μM (P < .05, 
Fig. 2B). Quantitatively, the population of apoptotic cells elevated from 
0.60% (control) to 1.80–3.67% by 3–100 μM 3-BrFlu. The population of 
necrotic cells elevated from 0.07% (control) to 1.83–4.67% by 
3–100 μM 3-BrFlu. In addition, PI staining was employed to measure the 
sub-G1 cell cycle phase in the cell cycle, which increased in a 
concentration-dependent manner; with significant induction beginning 
at 3 μM (P < .05, Fig. 2C). Quantitatively, the population of sub-G1 cells 
elevated from 5.37% (control) to 9.70–12.43% by 3–100 μM 3-BrFlu. 
These results indicated cytotoxicity, apoptosis, and necrosis induced 
by 3-BrFlu in SVEC4-10 endothelial cells. 

3.3. Effects of BrFlu on Caspase-3, -8, and -9 activity in SVEC4-10 
endothelial cells 

The activation of caspase-3, -8, and -9 in the SVEC4-10 cells treated 
with 3-BrFlu at various concentrations for 24 h was monitored using 
caspase-3, -8, and -9 assay kits. The 3-BrFlu-induced activation of these 
caspases occurred in a concentration-dependent manner, with signifi-
cant effects observable beginning at 3 μM (P < .05, Fig. 3). The activa-
tion of caspase -8 and -9 was significantly increased in fold from 1.00 
(control) to 1.53–2.05 and 1.58–2.31, respectively, by 3–100 μM 3- 
BrFlu. The caspase-3 activity was significantly increased in fold from 
1.00 (control) to 1.55–2.95 by 3–100 μM 3-BrFlu. These results indi-
cated that the activation of caspase-3 was induced by 3-BrFlu at a lower 
concentration than caspase-8 and -9. 

3.4. Effects of BrFlu on mitochondrial dysfunction in SVEC4-10 
endothelial cells 

The effects of 3-BrFlu on mitochondrial dysfunction in the SVEC4-10 
endothelial cells was investigated through JC-1 stain assay. Dysfunction 
of the mitochondria was induced by 3-BrFlu in a concentration- 
dependent manner, with significant effects noted at 50 and 100 μM 
(P < .05, Fig. 4). Quantitatively, the population of mitochondrial 
dysfunction elevated in fold from 1.00 (control) to 1.26–2.00 by 
3–100 μM 3-BrFlu. These results indicated mitochondrial dysfunction 
induced by 3-BrFlu in SVEC4-10 endothelial cells. 

3.5. Effects of BrFlu on the expression level of Bcl-2 and bad in SVEC4-10 
endothelial cells 

To examine the regulation of mitochondrial integrity by Bcl-2 and 
Bad in the SVEC4-10 endothelial cells, a Western blot assay was 
employed. 3-BrFlu reduced and increased the levels of Bcl-2 and Bad, 
respectively, in a concentration-dependent manner, with significant ef-
fects at concentrations higher than 3 μM and 10 μM (both P < .05,  
Fig. 5). Quantitatively, the Bcl-2 expression reduced in fold from 1.00 
(control) to 0.73–0.70 by 3–100 μM 3-BrFlu. The Bad expression 
increased in fold from 1.00 (control) to 1.17–1.43 by 10–100 μM 3- 
BrFlu.These results indicated 3-BrFlu-induced upregulation of Bcl-2 
expression and downregulation of Bad expression in SVEC4-10 endo-
thelial cells. 

3.6. Effects of BrFlu on the expression level of TNFR and FasR in SVEC4- 
10 endothelial cells 

We examined the expressions of the death receptors TNFR and FasR 
in the SVEC4-10 endothelial cells by using a flow cytometry assay. The 
expressions of TNFR and FasR increased under 3-BrFlu treatment in a 
concentration-dependent manner, with a significant effect exhibited at 
concentrations higher than 3 and 50 μM, respectively (P < .05, Fig. 6). 
Quantitatively, the TNFR expression increased in fold from 1.00 (con-
trol) to 1.31–1.68 by 3–100 μM 3-BrFlu. The FasR expression increased 
in fold from 1.00 (control) to 1.18–1.52 by 10–100 μM 3-BrFlu. These 
results indicated 3-BrFlu-induced expression of TNFR and FasR in 
SVEC4-10 endothelial cells. 

4. Discussion 

Fluoranthene, a toxic and prominent PAH, is present in air pollutants 
such as PM2.5 (Xing et al., 2020; Zhang et al., 2021; Polachova et al., 
2020). 3-BrFlu is a halogenated derivative of PAHs generated through 
waste combustion, metallurgical processes, cement production, e-waste 
dismantling, and photoreaction (Jin et al., 2020, 2018). The toxic ca-
pacity of halogen-based PAHs is higher than that of their corresponding 
parent PAHs (Vuong et al., 2020). Fluoranthene can also induce cyto-
toxicity in Chinese hamster lung fibroblast (V79) cells, colon (HT-29) 
cells, and haematopoietic and mesenchymal stem cells (Zhou et al., 
2021; Harris et al., 2013; Hoque et al., 2019; Yang et al., 2019). The 
endothelial cell models such as human umbilical vein endothelial cells 
and SVEC4-10 cells have been widely used to study toxicant-induced 
physiological responses in in vitro systems (Kadam et al., 2009; Weng 
et al., 2014). The endothelial cell model, human umbilical vein endo-
thelial cells and SVEC4-10 cells, has been widely applicable to physio-
logical function and toxic response for in vitro studies (Kadam et al., 
2009; Weng et al., 2014). In human umbilical vein endothelial cells, 
cytotoxicity can be induced through a mixture of fluoranthene with 
phenanthrene and pyrene (Herrera-Bravo et al., 2021). Cardiotoxicity 
caused by endothelial dysfunction is one of the mechanisms that un-
derlie CVD (Borlak and Thum, 2002; Gao et al., 2021; Uzoigwe et al., 
2013). The embryonic zebrafish is an ideal model for a rapid prediction 
of adverse effects caused by a wide array of air pollutants, environ-
mental toxicants and drugs (Chen et al., 2017; Planchart et al., 2016; 
Lantz-McPeak et al., 2015; Sarmah and Marrs, 2016). In addition, the 
zebrafish embryos are transparent and they develop rapidly and outside 
of the uterus (Teame et al., 2019). The heart is the first well developed 
and functional organ in the vertebrate model zebrafish embryos (Brown 
et al., 2016). Therefore, zebrafish model is particularly suitable in 
embryotoxicity and cardiotoxicity (Lantz-McPeak et al., 2015; Sarmah 
and Marrs, 2016). In the present study, we assessed the hazardous effects 
of 3-BrFlu by evaluating the embryo-, cyto- and cardiotoxicity in 
zebrafish SVEC4-10 cells. 

During frequent and low haze periods in Beijing, the concentration of 
3-BrFlu in atmospheric particulate matter is 0.58 and 0.17 pg/m3, 
respectively (Shi et al., 2020). There is currently no evidence that acute 
toxic effects of 3-BrFlu. Acute systemic toxicity categories are classified 
by LC50 via differential routes of administration according to the United 
Nations global harmonisation system in mammal and aquatic animals 
(Seidle et al., 2010, 2011). Under acute systemic toxicity categories I to 
III, the LC50 of 3-BrFlu is 0.17 μM to 3.56 mM and 3.56–355.68 μM in 
mammal and aquatic animals, respectively. Therefore, the acute toxic 
effects were assessed by 3-BrFlu at the concentration of 3–100 μM at the 
present study. Based on our results, we proposed that 3-BrFlu induced 
cytotoxicity at 24 h in a concentration-dependent manner in VECs. 

The normal physiological functions of VECs lead to embryo devel-
opment and cardiovascular circulation in animals, and zebrafish serve as 
powerful animal models for the assessment of embryonic development 
and cardiovascular circulation (Hogan and Schulte-Merker, 2017; Zhong 
et al., 2019). The zebrafish model is a reliable model through which to 
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study the toxicity of environmental pollutants (Padilla et al., 2012). 
Downregulation of the heart rate in zebrafish was observed after expo-
sure to fluoranthene, which reduced the survival rate of the embryos 
(Raftery et al., 2017; Jayasundara et al., 2015; Perrichon et al., 2014). 
We determined that 3-BrFlu induced a reduction of the heart rate, blood 
flow, and embryonic survival rate in the zebrafish. Based on these 
findings, we proposed that 3-BrFlu induced cardiotoxicity and embry-
otoxicity in zebrafish through the VEC cytotoxicity. 

The apoptosis of the VECs participate in the pathogenesis of CVDs, 
including atherosclerosis, coronary artery disease, atrial fibrillation, and 
thromboembolism (Zeng et al., 2020; Li et al., 2020; Shan et al., 2019). 
Cardiotoxicity is caused by VEC dysfunction and related CVDs (Borlak 
and Thum, 2002; Gao et al., 2021; Uzoigwe et al., 2013). Apoptosis is 
induced by fluoranthene in Sertoli cells, liver HepG2 cells, T cell hy-
bridomas, and bone marrow-derived mesenchymal stem cells 
(BM-MSCs) (Raychoudhury and Kubinski, 2003; Yamaguchi et al., 1996; 
Hoque et al., 2019). We provided evidence that apoptosis and necrosis 
were induced by 3-BrFlu in a concentration-dependent manner in VECs. 
Furthermore, we determined that 3-BrFlu induced sub-G1 phase for-
mation as a result of DNA damage in the VECs. These results demon-
strate that apoptosis is the main type of cell death in 3-BrFlu-treated 
VECs. 

Following air pollutant exposure, the activation of caspases is a vital 
signal pathway mediated in endothelial cell apoptosis (Wang et al., 
2020; Tseng et al., 2017). Caspase-3 is the executioner caspase and 
pivotal mediator in the progress of apoptosis in VECs (Oh et al., 2019; 
Ismail et al., 2021). The mechanism of caspase-3 activation is divided 
into 2 major pathways, the intrinsic and extrinsic signalling pathway. 
The intrinsic signalling pathway, also named the 
mitochondria-dependent pathway, is triggered by caspase-9 activation 
through mitochondrial dysfunction. The extrinsic signalling pathway, 
also named the death receptor pathway, is triggered by caspase-8 acti-
vation through death receptor activation (Jin and El-Deiry, 2005; 
D’Arcy, 2019). The expression and activation of caspase-3 and -9 is 
induced by fluoranthene in the BM-MSC and HT-29 cells (Hoque et al., 
2019; Harris et al., 2013). In this study, we determined that caspase-3, 
-8, and -9 activity was induced by 3-BrFlu in a 
concentration-dependent manner in the VECs, demonstrating that 
3-BrFlu-induced apoptosis occurred through caspase-3 and its upstream 
factors, caspase-8 and -9. 

The Bcl-2 family contains the main proteins involved in the regula-
tion of mitochondrial integrity. Disruption of the mitochondrial integ-
rity causes dissipation of mitochondrial membrane potential through the 
intrinsic apoptosis pathway. The Bcl-2 protein family contains Bcl-2 and 
Bad, pro- and anti-apoptosis proteins, respectively (Voss and Strasser, 
2020; Dadsena et al., 2021). In addition, the extrinsic apoptosis pathway 
is primarily triggered by hazardous substances that stimulate death re-
ceptors such as TNFR and FasR through the cleavage of caspase-8 into its 
active fragment (Mandal et al., 2020). Bcl-2 expression and mitochon-
drial membrane potential are downregulated by fluoranthene in 

(caption on next column) 

Fig. 2. Effects of 3-BrFlu on Cytotoxicity, Apoptosis, and Necrosis in SVEC4-10 
Endothelial Cells. (A) 3-BrFlu reduced survival rate in SVEC4-10 endothelial 
cells. The cells were incubated with 1-NP at concentrations of 0, 3, 10, 50, and 
100 μM for 24 h at 37 ◦C. Survival rate was measured using the MTT assay. (B) 
3-BrFlu induced apoptosis and necrosis was measured by Annexin V-FITC and 
PI assays using flowcytometry in SVEC4-10 endothelial cells. After treatment 
and stained, the cells were analysed by flowcytometry. The upper left quadrant 
(Annexin V− /+) is representative of necrosis; the upper right and lower right 
quadrants (Annexin V+/PI+ and Annexin V+/PI− ) are representatives of 
apoptosis; and the lower left quadrant (Annexin V− /PI− ) is representative of 
living cells. Quantitatively, the percentage of necrotic cells, viable cells, and 
apoptotic cells were calculated and analysed. (C) The portion of sub-G1 was 
measured by cell cycle analysis using flowcytometry. Data are expressed as 
mean ± SD (n = 3). * P < .05 was considered significant compared with the 
control group. 
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BM-MSCs (Hoque et al., 2019). In our study, 3-BrFlu treatment induced 
mitochondrial dysfunction, increased Bcl-2, and decreased Bad in a 
concentration-dependent manner. The expression of the death receptors 
TNFR and FasR was also induced by 3-BrFlu in a 
concentration-dependent manner. In brief, 3-BrFlu induced the activa-
tion of caspase-dependent apoptosis through intrinsic and extrinsic 
pathways in VECs. 

5. Conclusion 

In conclusion, we demonstrated that zebrafish treated with 3-BrFlu 
exhibited embryotoxicity and cardiotoxicity and that the incubation 
with 3-BrFlu for 24 h induced cytotoxicity in VECs, SVEC4-10 cells 
(Fig. 7). VECs compromised by 3-BrFlu activated the apoptosis pathway; 
the mechanism of this apoptosis comprises caspase-3 activation through 
the intrinsic and extrinsic pathways. VEC incubation with 3-BrFlu 
caused caspase-9 activation in the intrinsic apoptosis pathway through 
Bcl-2 upregulation, Bad downregulation, and mitochondrial dysfunc-
tion. 3-BrFlu treatment induced caspase-8 activation in the extrinsic 

Fig. 3. 3-BrFlu-induced caspase-3, -8, and -9 activity in SVEC4-10 endothelial 
cells. The activity of caspase-3, -8, and -9 was measured by western blot assay 
after treated with 3-BrFlu for 24 h. The change in fold of caspase-3, -8, and -9 
activity between the treated and control groups were calculated. Results are 
expressed as means ± SD (n = 3). * P < .05 was considers significant as 
compare with control group. 

Fig. 4. 3-BrFlu-induced mitochondria dysfunction in SVEC4-10 endothelial 
cells. The portion of mitochondria dysfunction was measured by JC-1 assays 
using flowcytometry. After cell treatment, the portion of MMP was measured 
using the JC-1 assay. Quantitatively, the percentage of MMP downregulation 
cells was calculated and analyzed. The MPTP opening was measured by flow-
cytometry. The change in fold of MMP dysfunction cells between the treated 
and control groups were calculated. Data are expressed as mean ± SD (n = 5). 
* P < .05 was considered significant compared with the control group. 

Fig. 5. 3-BrFlu-induced expression of Bcl-2 and Bad in SVEC4-10 endothelial 
cells. The expression of Bcl-2 and Bad was measured by western blot assay after 
treated with 3-BrFlu for 24 h. The change in fold of Bcl-2 and Bad expression 
between the treated and control groups were calculated. Data are expressed as 
mean ± SD (n = 3). * P < .05 was considered significant compared with the 
control group. 
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apoptosis pathway through the upregulation of death receptors, 
including TNFR and FasR. Overall, these results indicated that 3-BrFlu 
caused cardiotoxicity and embryotoxicity in zebrafish as a result of 
VEC cytotoxicity through caspase-dependent apoptosis. Moreover, 3- 
BrFlu induced caspase-dependent apoptosis through intrinsic and 
extrinsic pathways in the VECs. 
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Background: Dual antiplatelet therapy (DAPT) score is used to stratify ischemic and

bleeding risk for antiplatelet therapy after percutaneous coronary intervention (PCI). This

study assessed the association between the DAPT score and clinical outcomes in acute

coronary syndrome (ACS) patients who were treated with P2Y12 inhibitor monotherapy.

Methods: A total of 498 ACS patients, with early aspirin discontinuation for various

reasons and who received P2Y12 inhibitor monotherapy after PCI, were enrolled during

the period from January 1, 2014 to December 31, 2018. The efficacy and safety between

those with low (<2) and high (≥2) DAPT scores were compared during a 12-month

follow-up after PCI. Inverse probability of treatment weighting was used to balance the

covariates between the two groups. The primary endpoint was a composite outcome

of all-cause mortality, recurrent ACS or unplanned revascularization, and stroke within

12 months. The safety endpoint was major bleeding, defined as Bleeding Academic

Research Consortium (BARC) 3 or 5 bleeding.

Results: The primary composite endpoint occurred in 11.56 and 14.38% of the low

and high DAPT score groups, respectively. Although there was no significant difference

in the primary composite endpoint between the two groups in the multivariate Cox

proportional hazards models, the risk of recurrent ACS or unplanned revascularization

was significantly higher in the high DAPT score group (adjusted hazard ratio [HR]: 1.900,
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95% confidence interval [CI]: 1.095–3.295). The safety outcome for BARC 3 or 5 bleeding

was similar between the two groups.

Conclusions: Our results indicate that ACS patients receiving P2Y12 monotherapy with

high DAPT score had an increased risk of recurrent ACS or unplanned revascularization.

Keywords: P2Y12 inhibitor, acute coronary syndrome, DAPT score, P2Y12 inhibitor monotherapy, clinical outcome

INTRODUCTION

Dual antiplatelet therapy (DAPT) with aspirin and P2Y12
inhibitor is the foundation therapy for acute coronary syndrome
(ACS). Current guidelines recommend 12-month DAPT for
patients with ACS who have received percutaneous coronary
intervention (PCI) (1–3). However, DAPT-associated bleeding
has raised concerns because bleeding complications increase
the risk of morbidity and mortality (4–6). As patient-tailored
antiplatelet therapy has become necessary, the DAPT score was
developed to help physicians select patients who would benefit
the most from longer or shorter DAPT after PCI (7). The DAPT
scoring system includes eight positive predictors (smoking,
diabetes, myocardial infarction [MI] at presentation, prior PCI
or MI, paclitaxel-eluting stent, stent diameter<3mm, congestive
heart failure or left ventricular ejection fraction <30%, and vein
graft stent) and one negative predictor (age) (7). For patients
with a high DAPT score (≥2), who had an increased ischemic
risk, treatment with extended DAPT beyond 1 year resulted in a
reduction in ischemic events but without an increase in bleeding
(7). The DAPT score has been validated as useful for stratifying
ischemia and bleeding risk in other patient groups, including
Asian patients, outside the derivation cohort of the DAPT trial
(8–10). Although there were some controversial results regarding
its discriminating ability in one study (11), the DAPT score seems
to be a clinically useful tool for determining DAPT duration
after PCI.

Recently, several randomized trials evaluated the efficacy and
safety of very short duration DAPT (1–3 months) followed by
P2Y12 inhibitor monotherapy in patients who underwent PCI
for stable coronary artery disease (CAD) and/or ACS (12–16).
The rationale for using a very short period of aspirin therapy
is that the benefits of intensive antiplatelet therapy with DAPT
generally outweigh the risk of bleeding in the first few weeks
after ACS or PCI, when the thrombogenic potential is still high.
However, this benefit dissipates over time after that period and
the antiplatelet potency could be enough with P2Y12 inhibitor
monotherapy during later periods (6, 17). Overall, these clinical
trials demonstrated a significant reduction in bleeding with
P2Y12 inhibitor monotherapy vs. standard 12-month DAPT but
no significant difference in terms of major adverse cardiovascular
events (MACEs) (18). Among these clinical trials, TICO study
was the first performed in Asia, which compared ticagrelor
monotherapy after 3 months of DAPT vs. standard 12-month
DAPT in ACS patients undergoing PCI (16). The risk of major
bleeding was decreased in the ticagrelor monotherapy group but
the rate of MACEs was similar to standard DAPT. Since Asian
patients carry a higher bleeding risk with DAPT (19), very short

DAPT followed by P2Y12 inhibitor monotherapy may be an
alternative choice for Asian ACS patients.

In the TICO study, there was a significant interaction between
P2Y12 monotherapy vs. standard DAPT and the presence of
multivessel disease for the primary outcome (16). In the post-
hoc analysis of patients with ST elevation MI in the TICO trial,
the incidence of MACEs was slightly higher in the ticagrelor
monotherapy group compared with 12-month DAPT in those
who underwent complex PCI (4.9 vs. 2.7%) (17). Although
P2Y12 inhibitor monotherapy was recommended as an optional
antiplatelet strategy with standard DAPT in the 2020 European
Society of Cardiology Guidelines for the management of ACS (1),
there is no useful clinical outcome-predictive tool for choosing
between different strategies. The efficacy of P2Y12 inhibitor
monotherapy in high risk ischemic patients is also unknown.
The aim of this study was to evaluate the association between
DAPT score and clinical outcomes in a cohort of ACS patients
undergoing PCI andwho received P2Y12 inhibitormonotherapy.

METHODS

Study Population
This was a multicenter, retrospective, registration study and the
detailed study design was published previously (20). In brief,
we retrospectively recruited ACS patients who were admitted to
the 8 major teaching hospitals in Taiwan from January 2014 to
December 2018. Patients were eligible if they were ≥18 years
old, were admitted with a major diagnosis of ACS, including ST
elevation MI, non-ST elevation MI or unstable angina, received
PCI with a bare metal stent (BMS) and/or contemporary drug-
eluting stent (DES) implantation during hospitalization, survived
to discharge, regularly followed up in an outpatient clinic for
at least 1 year after discharge, and aspirin discontinuation
within 6 months. We only studied a subset of ACS patients
in whom aspirin was discontinued prematurely. In all enrolled
patients, aspirin was prematurely discontinued within 6 months
after PCI at the physician’s discretion for different reasons.
P2Y12 inhibitor monotherapy was used thereafter in all patients
with either clopidogrel 75mg daily or ticagrelor 90mg twice
daily. Prasugrel was not available during the study period in
Taiwan. The exclusion criteria were patients with (1) a life-
threatening malignancy with a life expectancy of <1 year, (2)
hematological disease with bleeding tendency, (3) treatment with
immunosuppressive agents, and (4) concomitant use of oral
anticoagulation therapy.

All the clinical data, including coronary risk factors, major
disease history, PCI procedures, and medications were collected
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from the patients’ electrical medical records according to a pre-
determined study protocol. The timing of aspirin discontinuation
was obtained from the records of medications and the aspirin
treatment duration was calculated accordingly. If possible, the
reasons for aspirin discontinuation were also collected from the
electronic medical records. For all included patients, the DAPT
scores were calculated as previously reported (7). The DAPT
score was calculated by assigning points according to the patients’
characteristics, including age (0 for age<65 years,−1 for age 65–
74 years, and −2 for age ≥75 years), smoking habit (1 for yes
and 0 for no), diabetes mellitus (1 for yes and 0 for no), MI at
presentation (1 for yes and 0 for no), prior PCI or MI (1 for yes
and 0 for no), paclitaxel-eluting stent (1 for yes and 0 for no),
stent diameter <3mm (1 for yes and 0 for no), congestive heart
failure or left ventricular ejection fraction <30% (2 for yes and
0 for no), and vein graft stent (2 for yes and 0 for no) (7). All
the enrolled patients were divided into 2 groups according to
their DAPT score: low (<2) or high (≥2) DAPT score. A high
DAPT score (≥2) indicated that patients are at high ischemic
risk and the ischemic benefits of prolonged DAPT therapy
outweigh the bleeding risks. This study was conducted according
to the principles expressed in the Declaration of Helsinki and
was approved by the Institutional Medical Ethics Committee of
National Cheng Kung University Hospital (IRB: A-ER-107-375).
The principal investigators in all participating hospitals followed
the study protocol strictly and the patients who did not meet the
inclusion criteria were not included in this study.

Follow-Up
The follow-up information was mainly obtained from the
electronic medical records of the participating hospitals. The two
major clinical outcomes of ischemic and bleeding endpoints were
defined. The ischemic outcome is a composite endpoint of all-
cause mortality, recurrent ACS or unplanned revascularization,
and stroke within 12 months after the index PCI. All components
of the composite endpoint were separately defined as secondary
endpoints. All patients were followed up for at least 12 months
after discharge or until one of the composite endpoints occurred.
All these endpoint ischemic events were documented in the
medical records of the patients and reported by the physicians
who were responsible for patient follow-up. Recurrent ACS
was defined as readmission to a hospital for management of
new onset ST elevation MI, non-ST elevation MI, or unstable
angina. Unplanned revascularization was defined as the first
unexpected revascularization after discharge, including re-do
PCI or a coronary artery bypass graft (CABG) after the index PCI
due to new onset ischemic symptoms. Stroke, including ischemic
or hemorrhagic stroke, was diagnosed by the occurrence of
new-onset neurological symptoms and signs from neuroimaging
studies. The bleeding outcome was defined as the occurrence of
major bleeding as specified by the Bleeding Academic Research
Consortium (BARC) type 3 and 5 bleedings (21).

Statistical Analysis
Continuous variables were expressed as mean ± standard
deviation and categorical variables were expressed as numbers
and percentages. We used an unpaired Student’s t-test for

continuous variables and a chi-squared test for categorical
variables to make comparisons between groups. The inverse
probability of treatment weights (IPTW) method based on
propensity scores was used to adjust for the imbalances in clinical
characteristics between the groups, while preserving the sample
size (22, 23). The propensity score was calculated according to
the probability conditional at baseline characteristics, including
age, sex, ST elevation MI status, diabetes mellitus, hypertension,
hyperlipidemia, smoker, previous MI, previous PCI, previous
CABG, previous ischemic stroke, previous hemorrhagic stroke,
chronic kidney disease without dialysis, end stage renal disease
with dialysis, heart failure, atrial fibrillation, peripheral artery
disease, left ventricular ejection fraction, coronary angiography
(CAG) finding, PCI procedure, location of treated lesion, stent,
and medications.

In the IPTW model, we used the propensity score to generate
patient-specific stabilized weights and to control for covariate
imbalances. The propensity-score weight was calculated as the
inverse of the propensity score for each patient. Comparisons
of the clinical characteristics, CAG findings and PCI procedures,
and medications between the groups were evaluated via absolute
standardized mean difference (ASMD), which was calculated
as the mean or proportion of a variable divided by the
pooled estimate of the standard deviation of that variable. An
ASMD >0.1 indicated a significant difference between the two
groups. Cox proportional-hazard models were then adjusted for
differences in the treatment groups using IPTWs derived from
the propensity score, which was designated as the IPTW model.
In the IPTW model after matching, the clinical characteristics
with an ASMD >0.1 were put into the multivariate Cox
proportional-hazards model for further adjustment. Because we
already divided the groups by low and high DAPT scores, the
criteria for the DAPT score were not in the multivariate model.
Adjusted variables included body mass index >30, previous
ischemic stroke, end-stage renal disease with dialysis, atrial
fibrillation, CAG finding, PCI procedure, location of treated
lesion, BMS, and statin use. Adjusted hazard ratios (HRs) and
95% CIs were calculated. We used the same Cox proportional
hazards model to estimate the p values for interactions in
the subgroup analysis. The SAS statistical package (version 9.4
for Windows; SAS Institute, Cary, NC, USA) was used for
all analyses.

RESULTS

A total of 498 ACS patients (mean age 70.18 ± 12.84 years,
men: 71.3%), who received PCI with stent implantation during
hospitalization and survived to discharge, were included during
the study period. There were 199 patients (40%) with low (<2)
DAPT scores and 299 patients (60%) with high (≥2) DAPT
scores. The mean time for aspirin treatment duration was similar
between the low and high DAPT score groups (37.76 ± 52.67 vs.
41.90± 57.54 days, p= 0.471). Table 1 illustrates the reasons for
premature discontinuation of aspirin. The most common reason
for stopping aspirin was gastrointestinal bleeding (46.59%)
with a similar percentage in both groups. Aspirin allergy and
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TABLE 1 | Reasons for premature discontinuation of aspirin.

Reason All Low DAPT score High DAPT score p value

N = 498 (%) N = 199 (%) N = 299 (%)

Gastrointestinal bleeding 232 (46.59) 95 (47.74) 137 (45.82) 0.742

Other sites bleeding 35 (7.03) 12 (6.03) 23 (7.69) 0.595

Aspirin allergy 53 (10.64) 14 (7.04) 39 (13.04) 0.048

Gastrointestinal upset or discomfort 48 (9.64) 18 (9.05) 30 (10.03) 0.833

Need surgery or thrombocytopenia 13 (2.61) 6 (3.02) 7 (2.34) 0.861

Other or unknown causes 117 (23.49) 54 (27.14) 63 (21.07) 0.145

DAPT, dual antiplatelet therapy.

gastrointestinal upset were also common reasons for stopping
aspirin. Aspirin allergy was significantly more common in the
group with high DAPT score (p = 0.048), while gastrointestinal
upset and discomfort were similar in both groups. Old age,
anemia, or chronic use of oral non-steroidal anti-inflammatory
drugs or steroids were other reasons for stopping aspirin.
Unfortunately, the definite reason for stopping aspirin could not
be identified in some patients from their medical records as this
was a retrospective study.

Table 2 shows a comparison of baseline characteristics
between the low and high DAPT score groups before and
after matching. Since age, smoking, diabetes, prior PCI, prior
MI, left ventricular ejection fraction <30%, and stent diameter
<3mm are the criteria included in the DAPT scoring system,
it is natural to see a younger age and a higher proportion of
these clinical characteristics in the high DAPT score group even
after matching. The following characteristics, including body
mass index, previous ischemic stroke, end stage renal disease
with dialysis, atrial fibrillation, CAG finding, PCI procedure,
location of treated lesion, use of stent, and use of statins, were
also different between the groups and were further adjusted in
the multivariate Cox proportional-hazards model for outcome
evaluation.

All patients were followed up by the physicians who enrolled
the patients. The mean duration of follow-up was 341.68 ±

67.58 and 330.97 ± 86.62 days in the low and high DAPT
score groups, respectively (p = 0.123). Table 3 shows the clinical
outcomes during the 12-month follow-up after the index PCI.
The composite ischemic outcome occurred in 11.56% of the
low and 14.38% of the high DAPT score group and there was
no significant difference between the groups after multivariate
adjustment (adjusted HR: 1.169, 95% CI: 0.832–1.643). For the
secondary endpoint, there was also no significant difference in
stroke and all-cause death between the two groups. However,
the risk of recurrent ACS or unplanned revascularization was
significantly higher in the high DAPT score group (adjusted HR:
1.900, 95% CI: 1.095–3.295) compared with the low DAPT score
group. BARC 3 and 5 bleeding occurred in 3.02% of the low and
4.01% of the high DAPT score group. There was no significant
difference in BARC 3 and 5 bleeding (adjusted HR: 1.206, 95%
CI: 0.623–2.335) between the two groups.

Figure 1 shows the subgroup analysis results regarding sex,
clopidogrel or ticagrelor, hypertension, chronic kidney disease,

3-vessel disease, single or multiple-lesion intervention, and DES
between the two groups. The criteria in the DAPT score, such
as age, smoking, diabetes, prior PCI, prior MI, left ventricular
ejection fraction <30%, and stent diameter <3mm, were not
used for the subgroup analysis. In the subgroup analysis, patients
with high DAPT score had a higher risk of primary composite
endpoint in the subgroups of chronic kidney disease, 3-vessel
disease, and DES (p for interaction < 0.05). There was a
borderline interaction between those treated with ticagrelor or
clopidogrel (p for interaction= 0.052).

DISCUSSION

In this study, we assessed the association between the DAPT
score and the clinical outcomes in ACS patients receiving P2Y12
inhibitor monotherapy after index PCI. We found that the
DAPT score was useful for determining the ischemic risk in
these patients. Although previous clinical trials found that the
efficacy of P2Y12 inhibitor monotherapy for preventing ischemic
events was comparable to standard 12-month DAPT, the present
study demonstrated that patients with high DAPT score still
had a significantly higher rate of recurrent ACS or unplanned
revascularization compared with those with low DAPT score.

After its development in the DAPT trial, the DAPT score
has been extensively investigated with regard to its ability to
stratify ischemic risk in a wide variety of patient groups who have
received PCI (8–11). Most of the studies confirmed that patients
with a high DAPT score have a higher incidence of ischemic
events when compared with patients with a low DAPT score.
For the strategy of very short DAPT (1–3 months) followed by
P2Y12 inhibitor monotherapy, the influence of the DAPT score
remains unclear. GLOBAL LEADERS trial is a randomized study
comparing 1 year of DAPT therapy (aspirin plus clopidogrel or
ticagrelor) followed by 1 year of aspirin monotherapy with 1
month of DAPT therapy (aspirin plus ticagrelor) followed by 23
months of ticagrelor, among patients undergoing PCI for stable
CAD or ACS (12). A recent study analyzed the clinical outcomes
from the second year follow up with aspirin or ticagrelor
monotherapy in the GLOBAL LEADERS trial. It demonstrated
that patients with high DAPT score had a significantly higher rate
of the composites of MI or stent thrombosis (0.70% vs. 1.55%,
p < 0.0001) and a similar rate of BARC type 3 or 5 bleeding (24).
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TABLE 2 | Baseline characteristics of patients with different DAPT scores.

Characteristic Inverse probability of treatment weighting

Before After

All Low DAPT score High DAPT score ASMD Low DAPT

score

High DAPT

score

ASMD

N = 498 (%) N = 199 (%) N = 299 (%) (N = pseudo

data)

(N = pseudo

data)

*Age 70.18 ± 12.84 75.72 ± 10.97 66.50 ± 12.68 0.777 76.86 ±

17.54

66.18 ±

15.44

0.647

Male 355 71.29 118 59.30 237 79.26 0.443 72.08 70.48 0.035

*BMI>30 43 8.63 7 3.52 36 12.04 0.322 3.79 8.49 0.197

STEMI 141 28.31 45 22.61 96 32.11 0.214 29.14 31.04 0.041

*Diabetes mellitus 271 54.42 66 33.17 205 68.56 0.757 24.57 70.30 1.030

Hypertension 376 75.50 149 74.87 227 75.92 0.024 77.98 76.23 0.042

Hyperlipidemia 273 54.82 106 53.27 167 55.85 0.052 54.38 55.35 0.020

*Smoker 146 29.32 17 8.54 129 43.14 0.860 7.48 44.66 0.935

*Previous MI 78 15.66 6 3.02 72 24.08 0.647 2.23 24.81 0.700

*Previous PCI 140 28.11 36 18.09 104 34.78 0.386 13.34 34.30 0.508

Previous CABG 16 3.21 5 2.51 11 3.68 0.067 2.39 3.98 0.090

*Previous ischemic stroke 76 15.26 31 15.58 45 15.05 0.015 9.77 13.01 0.102

Previous hemorrhagic stroke 3 0.60 2 1.01 1 0.33 0.082 0.65 0.48 0.024

CKD without dialysis 180 36.14 67 33.67 113 37.79 0.086 38.88 37.81 0.022

*ESRD with dialysis 68 13.65 24 12.06 44 14.72 0.078 9.38 12.89 0.112

Heart failure 168 33.73 17 8.54 151 50.50 1.036 35.34 34.70 0.013

*Atrial fibrillation 66 13.25 22 11.06 44 14.72 0.109 8.18 15.24 0.221

Peripheral artery disease 32 6.43 15 7.54 17 5.69 0.075 5.77 6.13 0.015

Bleeding history 158 31.73 70 35.18 88 29.43 0.123 28.11 31.15 0.066

*LVEF 57.17 ± 14.53 62.55 ± 12.01 53.59 ± 14.97 0.660 58.49 ±

21.21

55.92 ±

17.98

0.130

Hb (g/dL) 12.14 ± 2.81 11.93 ± 2.47 12.28 ± 3.01 0.126 11.94 ± 4.31 12.06 ± 3.86 0.030

WBC 9,822.24 ± 4,308.33 9,214.77 ± 4,099.82 10,226.54 ± 4,402.09 0.238 9,275.96 ±

6,468.48

9,779.31 ±

5,415.31

0.084

*CAG finding 0.050 0.188

1-vessel disease 123 24.70 48 24.12 75 25.08 0.022 36.99 28.42 0.184

2-vessel disease 141 28.31 59 29.65 82 27.42 0.049 26.67 28.56 0.042

3-vessel disease 234 46.99 92 46.23 142 47.49 0.025 36.35 43.02 0.137

*PCI procedure 0.018 0.152

Single lesion intervention 278 55.82 110 55.28 168 56.19 49.08 58.45

Multiple lesions intervention 220 44.18 89 44.72 131 43.81 49.08 41.55

(Continued)
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TABLE 2 | Continued

Characteristic Inverse probability of treatment weighting

Before After

All Low DAPT score High DAPT score ASMD Low DAPT

score

High DAPT

score

ASMD

N = 498 (%) N = 199 (%) N = 299 (%) (N = pseudo

data)

(N = pseudo

data)

*Location of lesion treated

LM 38 7.63 17 8.54 21 7.02 0.057 4.83 6.53 0.073

LAD 319 64.06 130 65.33 189 63.21 0.044 55.26 63.18 0.162

LCX 194 38.96 78 39.20 116 38.80 0.008 31.83 38.42 0.138

RCA 234 46.99 94 47.24 140 46.82 0.008 52.45 44.55 0.159

SVG 2 0.40 0 0.00 2 0.67 0.116 - 0.90

*Stent

Bare metal stent 214 42.97 80 40.20 134 44.82 0.094 35.84 43.62 0.159

Everolimus-eluting stent 93 18.67 35 17.59 58 19.40 0.047 17.16 19.61 0.063

Zotarolimus-eluting stent 99 19.88 43 21.61 56 18.73 0.072 17.40 19.26 0.048

Biolimus-eluting stent 26 5.22 14 7.04 12 4.01 0.133 7.07 4.75 0.098

Sirolimus-eluting stent 65 13.05 31 15.58 34 11.37 0.123 17.55 12.00 0.157

Stent < 3mm 200 40.16 60 30.15 140 46.82 0.348 20.12 52.30 0.711

Medications

Clopidogrel 271 54.42 118 59.30 153 51.17 0.164 51.15 46.26 0.098

Ticagrelor 227 45.58 81 40.70 146 48.83 0.164 48.85 53.74 0.098

Beta blocker 367 73.69 133 66.83 234 78.26 0.258 75.79 73.35 0.056

RAS inhibitor 283 56.83 105 52.76 178 59.53 0.137 57.64 56.88 0.015

*Statin 405 81.33 153 76.88 252 84.28 0.188 75.87 82.19 0.156

PPI use 203 40.76 96 48.24 107 35.79 0.254 39.63 40.53 0.018

BMI, body mass index; CABG, coronary artery bypass graft; CAG, coronary angiography; CKD, chronic kidney disease; DAPT, dual antiplatelet therapy; ESRD, end stage renal disease; LAD, left anterior descending artery, LCX, left

circumflex artery; LM, left main artery; LVEF, left ventricular ejection fraction; MI, myocardial infarction; PCI, percutaneous coronary intervention; PPI, proton pump inhibitor; RAS, renin angiotensin system; RCA, right coronary artery;

STEMI, ST-segment elevation myocardial infarction; SVG, saphenous vein graft; ASMD, absolute standardized difference.
*ASMD >0.1 between the groups.

F
ro
n
tie
rs

in
C
a
rd
io
va
sc
u
la
r
M
e
d
ic
in
e
|w

w
w
.fro

n
tie
rsin

.o
rg

6
F
e
b
ru
a
ry

2
0
2
2
|
V
o
lu
m
e
8
|A

rtic
le
7
7
2
8
2
0

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Huang et al. DAPT Score and P2Y12 Inhibitor Monotherapy

TABLE 3 | Clinical outcomes at 12-months follow-up.

Outcome All Low DAPT score High DAPT score Crude HR p value Adjusted HR p value

N = 498 N = 199 (Ref) N = 299 (95% CI) (95% CI)

Primary composite endpoint 66 (13.25) 23 (11.56) 43 (14.38) 0.792 (0.579–1.082) 0.143 1.169 (0.832–1.643) 0.367

Secondary endpoint

Recurrent ACS or

unplanned revascularization

41 (8.23) 12 (6.03) 29 (9.70) 1.965 (1.145–3.372) 0.014 1.900 (1.095–3.295) 0.022

Stroke 1 (0.20) 0 1 (0.33) - -

All-cause death 24 (4.82) 11 (5.53) 13 (4.35) 0.426 (0.277–0.654) <0.001 0.758 (0.465–1.237) 0.268

BARC 3 or 5 bleeding 18 (3.61) 6 (3.02) 12 (4.01) 1.341 (0.709–2.539) 0.367 1.206 (0.623–2.335) 0.578

ACS, acute coronary syndrome; BARC, Bleeding Academic Research Consortium; DAPT, dual antiplatelet therapy.

Adjusted variables included body mass index >30, previous ischemic stroke, end stage renal disease with dialysis, atrial fibrillation, coronary angiography finding, percutaneous coronary

intervention procedure, location of treated lesion, bare metal stent, and statin.

FIGURE 1 | Subgroup analysis of the effect of different dual antiplatelet therapy scores on primary composite endpoints. CAG, coronary angiography; CKD, chronic

kidney disease; DES, drug-eluting stent; PCI, percutaneous coronary intervention.

The authors concluded that the DAPT score can stratify ischemic
risk but not bleeding risk in a contemporary PCI population
during the second year.

Our study only included ACS patients receiving P2Y12
inhibitor monotherapy (ticagrelor or clopidogrel), and we

observed the first year outcomes after PCI. We initially
hypothesized that a high DAPT score would predict higher
composite ischemic events, but the results were not as expected.
The potential reasons for this are the limited follow-up time (12
months) and the small case number. However, we did find that
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the risk of recurrent ACS or unplanned revascularization was
significantly higher in the high DAPT score group. In addition,
our study also found that the DAPT score could not stratify
bleeding risk in ACS patients undergoing PCI, which was similar
to the results of the GLOBAL LEADERS trial (24). Subgroup
analysis revealed that there weremore ischemic events in the high
DAPT score group with 3-vessel disease, and coronary anatomy
complexity is a known risk factor for MACEs after PCI (25, 26).

Our study results indicate that early discontinuation of aspirin
with P2Y12 inhibitor monotherapy should be the last resort
for ACS patients with 3-vessel disease and a high DAPT score
because the high ischemic risk is still a major concern. Overall,
the patients receiving BMS deployment had higher ischemic
events than those receiving DES deployment (recurrent ACS
or unplanned revascularization: BMS 11.21 vs. DES 6.72%).
However, in the subgroup analysis, we found that patients
receiving P2Y12 inhibitor monotherapy with ticagrelor and DES
deployment, had higher primary composite endpoints in the high
DAPT score group. Probable reasons to explain this result are
that the choice of P2Y12 inhibitor and stent in real-world practice
are based on the clinician’s experience and the local insurance
system. Ticagrelor ismore expensive than clopidogrel. A previous
real-world observation study of ACS in Taiwan demonstrated
that ticagrelor offers a better protective effect against ischemic
events when compared with clopidogrel (27). However, BMS
is still commonly used in Taiwan because the Taiwan National
Health Insurance only reimburses the price of BMS. Patients
using DES have to pay the price difference, which is around
US$1,500 to US$2,000 for one DES (28). Therefore, it is likely that
physicians in Taiwan are prone to choosing ticagrelor and DES
for ACS patients with a higher ischemic risk and recurrent events.

To the best of our knowledge, this is the first study to
assess the ability of the DAPT score to stratify ischemic and
bleeding risk in ACS patients with P2Y12 inhibitor monotherapy
undergoing PCI in Asia. However, our study did have several
limitations. First, our study was a retrospective, nonrandomized,
observational study. The unadjusted confounding factors were
unavoidable, even though a propensity score-matched analysis
was used to compensate for this. Second, the case number was
relatively small in our study, which may have caused selection
bias of the included patients. Standard 12-month DAPT is still
the recommended therapy for ACS patients who undergo PCI in
Taiwan (29). Therefore, it is difficult to collect large case numbers
of patients with only P2Y12 inhibitor monotherapy from real-
world practice. Third, there was only a 12-month follow-up
after PCI. A longer follow-up duration may be necessary to
determine the definite association of the DAPT score with the
clinical outcomes. Fourth, although the guidelines recommend
new-generation P2Y12 inhibitors and DES for ACS patients
undergoing PCI, BMS and clopidogrel are still commonly used
in Taiwan for various reasons. Our study results may be different
if all patients were treated with ticagrelor and DES. Fifth, we
did not know the exact cause of death in all 24 patients with

mortality. Some patients died from sepsis/pneumonia, cancer,
and respiratory failure, but not cardiovascular causes. Finally, our
results may not be applicable to non-Asian patients.

In conclusion, ACS patients receiving early P2Y12
monotherapy with high DAPT score had a higher risk of
recurrent ACS or unplanned revascularization compared with
those with low DAPT score. The risk of major bleeding was
similar between those with low and high DAPT scores. This
study suggests that the DAPT score is validated for predicting
cardiovascular events in ACS patients undergoing PCI with short
DAPT treatment followed by P2Y12 inhibitor monotherapy.
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Abstract

Purpose

Atrial fibrillation (AF) is a significant independent risk factor for 1-year mortality in patients

with first acute ischemic stroke (AIS). The CHA2DS2-VASc score was initially developed to

assess the risk of stroke in patients with AF. Recently, this scoring system has been demon-

strated to have clinical value for predicting long-term clinical outcomes in AIS but the evi-

dence is insufficient. This large-scale prospective cohort study investigated the independent

predictive value of the score in such patients.

Methods

We included patients with AIS from the Taiwan Stroke Registry (TSR) during 2006–2016 as

the present study population. Patients were divided into those with high (�2) and low (<2)

CHA2DS2-VASc scores. We further analyzed and classified patients according to the pres-

ence of AF. The clinical endpoint was major adverse cardiac and cerebrovascular events

(MACCEs) at 1 year after the index AIS.

Results

A total of 62,227 patients with AIS were enrolled. The median age was 70.3 years, and 59%

of the patients were women. After confounding factors were controlled, patients with high

CHA2DS2-VASc scores had significantly higher incidence of 1-year MACCEs (adjusted
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hazard ratio [HR] = 1.63; 95% confidence interval [CI] = 1.52, 1.76), re-stroke (adjusted HR

= 1.28; 95% CI = 1.16, 1.42), and all-cause mortality (adjusted HR = 2.03; 95% CI = 1.83,

2.24) than those with low CHA2DS2-VASc scores did. In the comparison between AF and

non-AF groups, the AF group had increased MACCEs (adjusted HR = 1.74; 95% CI = 1.60,

1.89), myocardial infarction (adjusted HR = 4.86; 95% CI = 2.07, 11.4), re-stroke (adjusted

HR = 1.47; 95% CI = 1.26, 1.71), and all-cause mortality (adjusted HR = 1.90; 95% CI =

1.72, 2.10). The Kaplan–Meier curve revealed that both CHA2DS2-VASc scores and AF

were independent risk predictors for 1-year MACCEs and mortality.

Conclusions

The CHA2DS2-VASc score and AF appeared to consistently predict 1-year MACCEs of AIS

patients and provide more accurate risk stratification. Therefore, increased use of the

CHA2DS2-VASc score may help improve the holistic clinical assessment of AIS patients

with or without AF.

Introduction

Ischemic stroke risk is increased fivefold in patients with atrial fibrillation (AF) [1, 2]. More

than half of all cardioembolic strokes are related to AF [3]. In addition, the Framingham study

showed that AF is a significant independent risk factor for 1-year mortality in first acute ische-

mic stroke (AIS) and the elderly are particularly vulnerable to stroke when AF is present [4].

The CHA2DS2-VASc (congestive heart failure, hypertension, age�75 years, diabetes mellitus

[DM], previous stroke, vascular disease, age 65–74 years, sex category) score is a clinical risk-

stratification tool initially used to assess the risk of stroke in patients with non-valvular AF,

with a score of�2 defined as high risk [5]. The current American Heart Association [6] and

European Society of Cardiology guidelines [7] still recommend using this validated scoring

system to establish the indication for oral anticoagulation therapy.

However, because all components of the CHA2DS2-VASc score are important cardiovascu-

lar risk factors, previous studies have reported the use of this scoring system in predicting clini-

cal prognosis, including the in-hospital mortality of patients with acute coronary syndrome

and long-term cardiac outcomes in older patients and those with acute myocardial infarction

(AMI) [8–10]. A systematic review demonstrated that the CHA2DS2-VASc score is a useful

tool for identifying AF patients at higher risk of 1–5 year all-cause mortality and that the

CHA2DS2-VASc score is correlated with the development of AMI, cardiovascular hospitaliza-

tion, outcome in stroke, and major adverse cardiovascular events (MACEs) [11, 12].

The CHA2DS2-VASc score has been reported to have clinical value for predicting the

severity of infarction and short to long-term clinical outcomes after AIS with and without AF

in addition to its original purpose of assessing the risk of stroke in patients with AF. However,

the evidence is not sufficiently strong due to short-term follow-up and limited studies and the

authors suggest that further studies should be conducted to modify the stratification instru-

ment for history of AF and other concomitant risk factors [13, 14].

To date, no consensus has been reached on the usefulness of the CHA2DS2-VASc score to

estimate endpoint outcomes in different clinical diseases. In addition, there is still no a clini-

cally useful tool to predict the outcomes after AIS. Thence, this large-scale cohort study using

the Taiwan Stroke Registry (TSR), aimed to investigate the independent predictive value of the
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CHA2DS2-VASc score in 1-year major adverse cardiac and cerebrovascular events (MACCEs)

after AIS.

Materials and methods

Data source

The TSR is a prospective, multicenter registry of patients with acute stroke admitted to 54

major hospitals in Taiwan [15]. The aims of the TSR are to investigate the risk factors and out-

comes of stroke in a nationwide registry and to assess the quality of stroke care. It includes the

clinical data and outcomes of all patients with stroke. The registry was established in 2006 and

involved 65 academic and community hospitals. Data includes demographic profiles, timeta-

bles of stroke onset, inpatient records, discharge information, and follow-up information.

Informed consent was obtained from all patients before they were included in the registry. The

research ethics committee of China Medical University Hospital in Taiwan approved the pres-

ent study protocol (CMUH102-REC1-086(CR-7)).

Ethics statement

The TSR encrypts personal information of the patients to protect privacy and provides

researchers with anonymous identification numbers associated with relevant claims informa-

tion, including sex, date of birth, medical services received, and prescriptions. Therefore,

patient’s consent is not required to access the TSR. This study was approved to fulfill the con-

dition for exemption by the Institutional Review Board (IRB) of China Medical University

(CMUH102-REC1-086(CR-7)). The IRB also specifically waived the consent requirement. We

confirm that all methods were carried out in accordance with relevant guidelines and

regulations.

Study population and data collection

After patients with hemorrhagic stroke and transient ischemic attack (TIA) were excluded, all

patients with AIS were enrolled in our study if the following inclusion criteria were met: (1)

aged>18 and<100 years, (2) underwent computed tomography and/or magnetic resonance

imaging for the index event, and (3) had complete CHA2DS2-VASc score data at admission.

TSR registration data recorded between August 1, 2006, and August 31, 2016, were retrieved

and comprised 62,227 patients who met the inclusion criteria (Fig 1). Data were prospectively

collected through web-based data entry by TSR-trained study nurses. To assess the impact of

CHA2DS2-VASc score and AF on stroke outcome, we collected the following data: (1) pread-

mission demographic profile, previous medical history of heart failure, hypertension, DM,

stroke, TIA, and vascular diseases (inclusive of peripheral arterial disease and previous myo-

cardial infarction); (2) previous AF history or new AF recorded on electrocardiography (ECG)

or 24-h Holter ECG during admission; and (3) occurrence of myocardial infarction, re-stroke,

or all-cause mortality at 1, 3, 6, and 12 months after the index stroke.

Outcome measurement

The clinical endpoint was MACCE (a composite of myocardial infarction, re-stroke, or all-

cause mortality) 12 months after the onset of the index AIS. We defined a CHA2DS2-VASc

score of�2 points as high and 0–1 points as low according to its original score distinction [5].

For the cumulative incidence of endpoints and survival analysis, we divided all patients into

four groups according to their CHA2DS2-VASc score and presence of AF into Group I
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(reference group; low score without AF), Group II (low score with AF), Group III (high score

without AF), and Group IV (high score with AF).

Statistical analysis

The difference in the distribution of continuous variables between the two groups was tested

using the standard mean difference (SMD). A SMD less than 0.1 means there was no differ-

ence between two groups. Hazard ratios (HRs) were estimated using the Cox proportional

model. We made two adjustments for HR: one with AF and body mass index (BMI) and the

other with BMI, sex, age, heart failure, hypertension, diabetes, previous stroke, and vascular

disease. A survival curve was plotted using the Kaplan–Meier method and assessed with a log-

rank test. The risk ratio of each risk factor of the CHA2DS2-VASc score was calculated and

visualized on a forest plot. The performance of the predictive model was evaluated by the area

under the curve (AUC) of the receiver operating characteristic curve (ROC). All statistical

analyses were performed using SAS version 9.4 (SAS Institute, Inc., Cary, NC, USA). A p value

of<0.05 was considered significant for all analyses.

Results

Patient characteristics

A total of 62,227 patients (25,497 males and 36,730 females) with AIS who met the inclusion

criteria were enrolled. Their median age was 70.3 years, and 59.0% of the patients were

women. A total of 48,559 patients (78.0%) had high CHA2DS2-VASc scores and 4,627 patients

(7.44%) had AF. In the 1-year cohort, we identified 7105 patients (11.4%) with MACCEs and

Fig 1. Patient flow in the study comparing high and low CHA2DS2-VASc score.

https://doi.org/10.1371/journal.pone.0270823.g001
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55,122 patients without MACCEs, as shown in Table 1. Patients with high CHA2DS2-VASc

scores had lower BMIs (24.5 vs. 24.9) and older age (72.4 vs. 56.1) than those with low

CHA2DS2-VASc scores did. Patients with high CHA2DS2-VASc scores also had significantly

more comorbidities, including AF (8.5% vs. 3.8%), hypertension (86.9% vs. 48.3%), DM

(50.6% vs. 8.73%), vascular diseases (6.46% vs. 14.3%) and previous stroke or TIA (1.3% vs.

0%).

CHA2DS2-VASc score and 1-year outcomes

Table 2 presents the association between CHA2DS2-VASc score and 1-year clinical outcomes.

Among patients with high and low CHA2DS2-VASc scores, 6,143 of the 48,559 (12.7%) and

984 of the 13,668 (7.2%), respectively, reached the composite endpoints. After the confounding

factors of AF and BMI were controlled, patients with high CHA2DS2-VASc scores had signifi-

cantly higher incidences of 1-year MACCEs (adjusted HR = 1.63; 95% CI = 1.52, 1.76), re-

stroke (adjusted HR = 1.28; 95% CI = 1.16, 1.42), and all-cause mortality (adjusted HR = 2.03;

95% CI = 1.83, 2.24) than those with low CHA2DS2-VASc scores did.

Table 1. Characteristics and comorbidities of patients at baseline.

CHA2DS2-VASc scores <2 CHA2DS2-VASc scores�2

N = 13 668 N = 48 559

Variables N n % N n % SMD

Gender 0.922

female 13 668 12 168 89.0 48 559 24 562 50.6

male 13 668 1 500 11.0 48 559 23 997 49.4

Height(cm) 0.797

mean, (±SD) 12 552 165.4 (±7.09) 43 058 159.4 (±8.39)

Weight(kg) 0.419

mean, (±SD) 12 841 68.3 (±12.5) 44 470 62.3 (±12.2)

BMI (kg/m2) 0.118

mean, (±SD) 12 432 24.9 (±3.91) 42 276 24.5 (±4.08)

Age 1.510

mean, (±SD) 13 668 56.1 (±10.3) 48 559 72.4 (±11.2)

Atrial fibrillation 13 667 524 3.8 48 553 4103 8.5 0.193

Heart failure 13 668 33 0.2 48 559 1458 3.0 0.220

Hypertension 13 668 6 598 48.3 48 559 42213 86.9 0.907

Diabetes 13 668 1 193 8.73 48 559 24547 50.6 1.303

Vascular diseases 13 668 883 6.46 48 559 6926 14.3 0.274

Previous stroke 13 668 0 - 48 559 661 1.4 0.166

Previous TIA 13 405 0 - 47 355 623 1.3 0.062

Discharge medications

Anti-platelet agents 13 648 11 032 80.8 48 503 37551 77.4 0.084

Anti-HTN agents 13 564 4 921 36.3 48 385 26083 53.9 0.360

Statin 13 668 2 738 20.0 48 559 9096 18.8 0.005

TOAST category

Large artery atherosclerosis 13 668 3 156 23.9 48 559 12 809 26.4 0.076

Small vessel occlusion 13 668 5 669 41.5 48 559 17 358 35.8 0.118

Cardioembolism 13 668 578 4.23 48 559 460 0.95 0.208

SD: standard deviation; BMI: body mass index; TIA: Transient ischemic attack; HTN: hypertension; TOAST: trial of ORG 10172 in acute stroke treatment)

SMD: standard mean difference (<0.1 means negligible difference between groups)

https://doi.org/10.1371/journal.pone.0270823.t001
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AF and 1-year outcomes

The risk of MACCEs between patients with and without AF is compared in Table 3. In patients

with and without AF, 845 of 4,627 (18.2%) and 6,282 of 57,600 (10.9%), respectively, reached

the composite endpoints. After adjustment for all risk factors in the CHA2DS2-VASc score

(sex, age, heart failure, hypertension, DM, previous stroke, and vascular disease), the AF group

was associated with increased MACCEs (adjusted HR = 1.74; 95% CI = 1.60, 1.89), myocardial

infarction (adjusted HR = 4.86; 95% CI = 2.07, 11.4), re-stroke (adjusted HR = 1.47; 95%

CI = 1.26, 1.71), and all-cause mortality (adjusted HR = 1.90; 95% CI = 1.72, 2.10).

Cumulative incidence of MACCE and survival curve

The Kaplan–Meier curves showed that the cumulative incidence of MACCEs was the highest

in Group IV (32.1%) and the lowest in Group I (10.6%; Fig 2A). Similar cumulative incidences

were observed in Group II (19.3%) and Group III (18.4%). Among patients with AF, Group IV

had a higher incidence of MACCEs than did Group II (crude HR = 1.57; p-value = 0.001).

Among patients with high CHA2DS2-VASc scores, Group IV had a higher incidence of

MACCEs than did Group III (crude HR = 2.06; p-value< 0.001).

Fig 2B shows that the event-free survival rate for all-cause mortality was the lowest in

Group IV (75.3%) and the highest in Group I (95.0%). Similar survival probabilities were

Table 2. The association of CHA2DS2-VASc score and 1 year outcomes.

CHA2DS2-VASc scores

0–1 �2

Outcome N PY IR N PY IR Crud HR (95% CI) p-value adjusted HR† (95% CI) p-value

MACCE 984 6457 1.52 6143 22022 2.79 1.78 (1.67, 1.91)��� <0.001 1.63 (1.52,1.76)��� <0.001

all-cause mortality 502 6619 0.76 4057 22665 1.79 2.30 (2.10, 2.52)��� <0.001 2.03 (1.83,2.24)��� <0.001

myocardial infarction 2 6618 0.003 34 22656 0.02 4.95 (1.19, 20.6)� 0.03 3.85 (0.92,16.2) 0.07

re-stroke 510 6506 0.78 2272 22254 1.02 1.29 (1.17, 1.42)��� <0.001 1.28 (1.16,1.42)��� <0.001

N: number of event; PY: person-years; IR: incidence rate per 10 person-years; HR: hazard ratio; CI: confidence interval; MACCE: major adverse cardiac and

cerebrovascular events
†: adjusted by body mass index and atrial fibrillation

�:p-value < 0.05

���: p-value<0.001

https://doi.org/10.1371/journal.pone.0270823.t002

Table 3. The association of atrial fibrillation and 1 year outcomes.

Atrial fibrillation

No Yes

Outcome N PY IR N PY IR crude HR (95% CI) p-value adjusted HR† (95% CI) p-value

MACCE 6282 27028 2.32 845 1448 5.84 2.17 (2.02,2.33)��� <0.001 1.74 (1.60,1.89)��� <0.001

all-cause mortality 3904 27786 1.41 655 1495 4.38 2.66 (2.44,2.89)��� <0.001 1.90 (1.72,2.10)��� <0.001

myocardial infarction 26 27778 0.01 10 1493 0.07 6.92 (3.33,14.4)��� <0.001 4.86 (2.07,11.4)��� <0.001

re-stroke 2568 27281 0.94 214 1476 1.45 1.49 (1.30,1.71)��� <0.001 1.47 (1.26,1.71)��� <0.001

N: number of event; PY: person-years; IR: incidence rate pre 10 person-years; HR: hazard ratio; CI: confidence interval; MACCE: major adverse cardiac and

cerebrovascular events
†: adjusted by body mass index, sex, age, heart failure, hypertension, diabetes, previous stroke and vascular.

���: p-value<0.001

https://doi.org/10.1371/journal.pone.0270823.t003
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observed in Group II (87.1%) and Group III (88.1%). Among patients with AF, Group IV had

a higher probability of mortality than did Group II (crude HR = 1.81; p-value < 0.001).

Among patients with high CHA2DS2-VASc scores, Group IV had a higher incidence of

MACCEs than Group III did (crude HR = 2.47; p-value< 0.001).

These results demonstrated that both a high CHA2DS2-VASc score and AF are indepen-

dent predictors and have an additional effect of unfavorable 1-year outcomes after AIS.

Individual components of the CHA2DS2-VASc score

In the investigation of the effect of individual risk factors in the CHA2DS2-VASc score (Fig 3),

age> 65 years, male sex, and a previous history of congestive heart failure, DM, previous

stroke/TIA, and vascular disease significantly increased the risk ratio of MACCEs. Patients

with a previous history of hypertension had an increasing MACCE trend that did not reach

Fig 2. (A) Time-to-Event curves for the major adverse cardiovascular and cerebrovascular events; (B) Kaplan-Meier

survival curves for all-cause mortality.

https://doi.org/10.1371/journal.pone.0270823.g002

Fig 3. 1 year MACCE associated with individual risk factor of CHA2DS2-VASc score.

https://doi.org/10.1371/journal.pone.0270823.g003
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statistical significance, this results may possibly explained by anti-hypertensive agents

administration

Discussion

This study was based on the TSR [15], a nationwide, large-scale stroke registry with rigorous

control of entry data, to compare 1-year MACCEs after AIS. The data demonstrated that both

a high CHA2DS2-VASc score and presence of AF can independently predict unfavorable clini-

cal outcomes. From these results, we can conclude that the CHA2DS2-VASc score at admis-

sion is an effective tool for AIS patients with or without AF. Because this scoring system is

common and simple, it can be used as a risk-stratification system after AIS that can help physi-

cians identify patients with poor prognoses.

Previous studies have reported AF to be an independent outcome predictor of AIS caused

by potential cardiac embolism and large infarct size [3, 16]. Some studies have addressed the

effect of the CHA2DS2-VASc score on clinical outcomes after AIS. Tu et al. [13] conducted a

study that included 6,612 patients with AIS, of whom 26.5% had AF. The study found that a

CHA2DS2-VASc score of�2 was associated with higher mortality and more serious adverse

cardiac events (acute coronary syndrome, symptomatic heart failure, cardiopulmonary arrest,

life-threatening arrhythmia, and cardiac death) 3 months after admission. Ntaios et al. [17]

also reported that prestroke CHA2DS2-VASc scores predict long-term stroke outcomes (mor-

tality, stroke recurrence, and cardiovascular events) in 1,756 patients without AF. However,

Yang et al. [18] reported that the CHA2DS2-VASc score cannot predict both mortality and re-

stroke in patients with lacunar stroke without AF. In summary, whether the CHA2DS2-VASc

score and AF are both valuable and independent clinical outcome predictors after AIS remains

uncertain.

In 2018, Su et al. [14] studied 1,494 AIS patients (13% AF) and demonstrated that higher

CHA2DS2-VASc score was associated with higher re-stroke and mortality rates irrespective of

the presence of AF after the mean follow-up time of 37.5 months. In the present study, AF

remained a strong outcome predictor, but significantly higher CHA2DS2-VASc scores were

detected in patients with AF. The authors considered this to be a possibly major reason for

poorer outcomes in ischemic stroke patients with AF. However, the results couldn’t clarify the

independent predictor value of AF in AIS due to insufficient sample size. In contrast, the

patient numbers of our large-scale cohort study allowed us to analyze this issue. After adjust-

ment for BMI and all confounding risk factors in the CHA2DS2-VASc score, patients with AF

still had significantly higher odds of 1-year MACCEs and all-cause mortality than those with-

out AF. These results provide stronger evidence of the independent predictive value of the AF

in patients with AIS. In addition, inconsistent with previous studies [14, 18], AF was associated

with the incidence of 1-year re-stroke despite the common use of anticoagulation agents.

More importantly, our results reveal that high CHA2DS2-VASc scores were also significantly

associated with higher odds of 1-year MACCEs and all-cause mortality compared with low

CHA2DS2-VASc scores.

Our study included a total of 7,127 MACCEs and 4559 mortality events in 62,227 patients

with AIS. We separately analyzed the predictive effectiveness of AF and CHA2DS2-VASc

scores after adjusting for confounding factors. The results reveal that both had strong, inde-

pendent predictive value for MACCEs and all-cause mortality. The cumulative 1-year inci-

dence of MACCEs and the survival curve provided clearer evidence that high

CHA2DS2-VASc scores and AF have an added effect of unfavorable outcomes after AIS.

The stroke types that divided in TSR include large artery atherosclerosis, small vessel occlu-

sion and cardioembolism. The patient numbers of these three types are not significantly
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different between high and low CHA2DS2-VASc score groups. Previous study demonstrated

stroke severity measured by the baseline National Institutes of Health Stroke Scale (NIHSS) is

also a strong predictor of stroke outcome. Comparing to NIHSS, CHA2DS2-VASc score is

well-known and easier to calculate. We compared the prediction model with CHA2DS2-VASc

score and NHISS by area under curve (AUC) of receiver operating characteristic curve (ROC).

There is no significance difference between two AUC for predicting MACCE (S1 Fig).

Currently, no study has addressed the effect of an individual component of the CHA2DS2--

VASc score on clinical outcomes after AIS. In 2010, the INTERSTROKE study [19] reported

history of hypertension and DM as significant risk factors in 2,337 patients with AIS. In 2017,

Tang et al. [20] reported that low pulse pressure after AIS is associated with unfavorable out-

comes based on TSR data. In our large-scale cohort study, the patient number allowed us to

evaluate the individual risk factors of the CHA2DS2-VASc score. In addition to age, a history

of congestive heart failure, DM, stroke/TIA, and vascular disease were all associated with unfa-

vorable outcomes. Regarding sex, Nielsen et al. [21] reported that female sex is a risk modifier

but not a risk factor for stroke in patients with AF. Similarly, our study revealed that female

gender was also not a predictor of 1-year MACCEs. According to both the INTERSTROKE

study [19] and our results, DM is both a risk factor and an outcome predictor of AIS.

Our study had several potential limitations: (1) Our study design was observational and not

a randomized controlled trial. Additional adequately powered prospective clinical trials with

larger sample size are necessary to confirm our findings. (2) The registry did not record

whether patients performed the 24-h Holter ECG or not. Even for some patients, paroxysmal

AF was not detected on ECG or 24-h Holter ECG during admission, and this was a potential

reason for the relatively lower incidence of AF in this study compared with that in previous

reports. (3) Some patients with AIS were excluded due to loss to follow-up within 1 year after

AIS. (4) Patients at higher score group have more comorbidity, that may have impacts on fur-

ther events.

Conclusion

To the best of our knowledge, this is the first study to demonstrate that both the CHA2DS2--

VASc score and AF are strong and independent risk predictors of 1-year MACCEs after AIS.

Therefore, wider application of the CHA2DS2-VASc score may help improve the holistic clini-

cal assessment of AIS patients with and without AF.
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Hydroxychloroquine Does Not
Increase the Risk of Cardiac
Arrhythmia in Common Rheumatic
Diseases: A Nationwide Population-
Based Cohort Study
Chien-Hsien Lo1,2†, James Cheng-Chung Wei3,4,5,6†, Yu-Hsun Wang7, Chin-Feng Tsai1,2,
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Objectives: Hydroxychloroquine (HCQ) is widely used to treat rheumatic diseases
including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and Sjögren’s
syndrome (SS). Cardiac arrhythmia has been concerned as important safety issue for
HCQ. The aim of this study was to investigate whether hydroxychloroquine increases new-
onset arrhythmia among patients with RA, SLE or SS.

Methods: This was a retrospective cohort study that conducted from the longitudinal
health insurance database of Taiwan. Patients with newly diagnosed RA, SLE or SS with
age ≥20 years old were selected from 2000 to 2012. Patients who received HCQ and
without HCQ treatment groups were matched by propensity score to minimize the effect of
selection bias and confounders. The Cox proportional hazard model was used to analyze
the risk of arrhythmia between the two groups after controlling for related variables.

Results: A total of 15892 patients were selected to participate and finally 3575 patients
were enrolled in each group after matching. There was no different risk of all arrhythmia in
patients using HCQ than without HCQ (adjusted hazards ratio 0.81, 95%CI 0.61–1.07) and
ventricular arrhythmia as well. The incidence of arrhythmia did not increase when HCQ co-
administrated with macrolides. The arrhythmia risk was also not different regardless of daily
HCQ dose <400mg or ≥400mg or follow-up duration of ≦4 months or >4 months.

Conclusion: The administration of HCQ did not increase the risk of all cardiac arrhythmia
and ventricular arrhythmia regardless of different duration of treatment (≦4 months or >4
months) or cumulative dose (<400mg or ≥400mg) in patients with common autoimmune
diseases such as RA, SLE and SS.
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INTRODUCTION

Hydroxychloroquine (HCQ) is an antimalarial drug that also has
been extensively used in certain rheumatic diseases such as
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE)
and Sjögren’s syndrome (SS) to control disease activity and
improve survival for several decades (1–5). HCQ can modulate
prothrombotic signaling pathways and protect against systemic
inflammation by inhibiting endosomal NADPH oxidase (6).
Coronavirus disease 2019 (Covid-19) become pandemic since
2019 December, currently still spreads rapidly, rising number of
cases and deaths worldwide (7, 8). Because of Covid-19 pandemic,
the efficacy and safety of HCQ has been more concerned and
explored recently. Cardiac arrhythmia is one of the safety issues in
patients receiving HCQ. Previous studies had been debating on the
effect of HCQ and the risk of cardiac arrhythmia (9–11). A recent
meta-analysis including 45 articles concluded that HCQ use was not
associated with mortality, benefit or harm in Covid-19 patient (12).
A prospective trial reported that prolongation of QTc interval was
foundmore frequently in the HCQ group, but there was no increase
in arrhythmia (13). Rosenberg et al. reported more patients in the
HCQ experienced arrhythmias compared with non-HCQ group
(14). McGhie et al. pointed that cumulative antimalarial dose did
not significant associate with ECG structural abnormalities, while
was protective for ECG conduction abnormalities (15). Recent study
for hospitalized patients showed that the risk of supraventricular
tachycardia, ventricular arrhythmia and AV block were not
increased in HCQ group (16). The data about the treatment of
HCQ and clinical outcome are mixing and still inconsistent.
Therefore, we designed a retrospective cohort study from large
population-based dataset to investigate whether HCQ increase the
risk of arrhythmia or not in patients with rheumatic diseases
including RA, SLE and SS.

MATERIALS AND METHODS

Data Source
We conducted a retrospective cohort study using data from the
Taiwan National Health Insurance Research Database (NHIRD),
which contains information on outpatient visits, emergency care,
hospitalization, medical procedures, and medications. It contains
one million people randomly sampled from the NHIRD with
International Classification of Diseases, 9th Revision, Clinical
Modification (ICD-9-CM) diagnosis codes (17) and data were
collected from 1999 to 2013. This study was approved by the
Research Ethics Committee of Chung Shan Medical University
and Hospital (CS-17114).

Patient Selection
This data was collected from 1999 to 2013 from the Longitudinal
Health Insurance Database. We enrolled all people with age ≧20
years-old, who were newly diagnosed with RA (ICD-9-CM=714.0)
(18, 19), SLE (ICD-9-CM=710.0) (6, 20) and SS (ICD-9-CM=710.2)
with at least three outpatient clinic visits or one admission from
2000 to 2012. Patients with a diagnosis of arrhythmia (ICD-9-

CM=426–427), before the diagnosis of disease RA, SLE or SS were
excluded. The first date of HCQ after a disease diagnosis was set as
the index date. The comparison group was non-use of HCQ after
disease diagnosis. The comparison group included patients who had
not been diagnosed with arrhythmia after the disease diagnosis. The
primary outcome was defined as a new diagnosis of all arrhythmias
including conduction disorders such as atrioventricular block and
bundle branch block (ICD-9-CM=426), supraventricular
tachyarrhythmias, ventricular tachyarrhythmias and sinus node
dysfunction (ICD-9-CM=427). Ventricular tachyarrhythmias
alone (ICD-9-CM=427.1, 427.4–427.5) was also analyzed as
secondary outcome. The study period was from the index date to
the first onset of arrhythmia, withdraw from the national health
insurance system, or 2013/12/31, which came first.

Covariates and Propensity Score Matching
To minimize the effect of confounding factors, we used propensity
score (PS) matching to obtain a 1:1 matched by the age, gender,
comorbidities such as hypertension (HTN: ICD-9-CM=401–405),
hyperlipidemia (ICD-9-CM=272.0–272.4), chronic liver disease
(ICD-9-CM=571), chronic kidney disease (CKD: ICD-9-
CM=585), diabetes mellitus (DM: ICD-9-CM=250), chronic
obstructive pulmonary disease (COPD: ICD-9-CM=491,492,496),
ischemic heart disease (ICD-9-CM=410–414), heart failure (ICD-9-
CM=428), stroke (ICD-9-CM=430–438), history of beta (b)-blocker
usage, antibiotic macrolides treatment and index year. The pre-
existing comorbidity was diagnosed one year before index date. The
medications were used during the study period. PS matching is a
statistical matching technique that can reduce potential
confounding caused by unbalanced covariates in non-
experimental settings. PS matching is the probability calculated
via a logistic regression model. The score is a unit with certain
characteristics, which can be used to reduce or eliminate
selection bias.

Statistical Analysis
To compare the characteristics of HCQ and non-HCQ groups,
Chi-square test for categorical variables and independent t test
for continuous variables were used. The incidence of events was
determined by the number of events divided by the observed
person-years. The Kaplan-Meier method was applied to obtain
the cumulative incidences of newly diagnosed arrhythmia and
log-rank test to perform the significance. We used a Cox
proportional hazard model to estimate the crude hazard ratios
(HR), adjusted HR, and 95% confidence intervals (CIs) among
the two groups. The per-day HCQ dosage was also calculated to
perform the risk of arrhythmia. All statistical analyses were
conducted using software SPSS version 18.0 (SPSS Inc.,
Chicago, IL, USA). A p value less than 0.05 between the two
groups was considered to be statistically significant.

RESULTS

The flow chart for patient selection is demonstrated in Figure 1.
Among the one million patients, a total of 15892 patients with newly
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diagnosed RA, SLE and SS were selected to participate in the study.
2988 patients were excluded due to previous arrhythmia before their
RA diagnosis, those using antiarrhythmic agents such as amiodarone,
dronedarone, or propafenone. After PS matching with 1:1 ratio, a
total of 3575 patients were enrolled in the both groups respectively.

Baseline demographic and clinical characteristics of the
participants are summarized in Table 1. The mean (SD) age of
the patients was 51.1 (13) years in the both groups. About 80% of
the study population was female. Most underlying comorbidities
were higher in non-HCQ group which were balanced after PS
matching. 438 (12.3%) used a macrolide antibiotic combined
with HCQ, whereas 420 (11.7%) patients used macrolide
antibiotics in the non-HCQ group (p=0.512).

The main arrhythmias outcome was illustrated in Figure 2.
The cumulative risk of both all arrhythmia (Figure 2A) and

ventricular tachyarrhythmia (Figure 2B) were not different in
the HCQ group compared with non-HCQ group (log-rank test,
p=0.165 and p=0.548 respectively).

The result of Cox regressions to determine the hazard ratios
for arrhythmia is listed in Table 2. The incidence of arrhythmia
did not increase in HCQ group with an adjusted HR of 0.81, 95%
CI 0.61–1.07. The incidence of arrhythmia was 106 per 41916
person-months in the non-HCQ group and 87 per 42057 person-
months in the HCQ group (Table S1). There was no different in
ventricular arrhythmia in HCQ usage than in the non-HCQ
group with an adjusted HR of 1.35, 95% CI 0.61–2.99 (Table S2).
Age ≥50 years had higher risk of arrhythmia (adjusted HR 1.64,
95% CI 1.18–2.28). People with underlying hypertension,
chronic kidney disease, ischemic heart disease, stroke and
using b-blocker had significantly higher numbers of

FIGURE 1 | Flow chart of patient selection for those with rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) or Sjögren’s syndrome
(SS), who were using hydroxychloroquine (HCQ) (study group) and or not using HCQ (non-HCQ control group) from the National Health Insurance
Research Database.
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arrhythmias. Other comorbidities were not significantly different
for the risk of arrhythmia.

The subgroup analysis for association of arrhythmia between
HCQ and non-HCQ group is shown in Figure 3 and Table S3.
There was no statistically significant difference between the
combination of HCQ and macrolide antibiotics and incidence of
arrhythmia (only 13 events over 438 patients in HCQ group
compared with 9 events among 420 patients in the non HCQ
group) (adjustedHR of 1.38, 95%CI 0.59–3.23). Age above or below

50 years, gender and b-blocker usage also did not increase the risk of
arrhythmia either patients using HCQ or not. Figure 4, Tables S4,
S5 provide the Cox regression hazard ratios for the relationships
between arrhythmia andHCQ cumulative dose. All three diseases as
well as individual RA, SLE and SSwere also analyzed.We found that
the risk of arrhythmia for HCQ did not significantly different
regardless of the daily dose of <400 mg (adjusted HR 0.84, 95% CI
0.61–1.17) or ≥400 mg (adjusted HR 0.76, 95% CI 0.51–1.12), and
follow-up duration of ≦4 months (adjusted HR 0.85, 95% CI 0.53–

TABLE 1 | Demographic characteristics of the HCQ and Non-HCQ groups.

Before PS matching After PS matching

HCQ (N= 3575) Non-HCQ (N = 9238) HCQ (N= 3575) Non-HCQ (N = 3575)

n % n %

p-value

n % n %

p-value

Age <0.001 0.255
<50 1647 46.1 3786 41.0 1647 46.1 1695 47.4
≥50 1928 53.9 5452 59.0 1928 53.9 1880 52.6

Mean ± SD 51 ± 15.1 53.8 ± 15.9 <0.001 51 ± 15.1 51 ± 15.6 0.937
Sex <0.001 0.720
Female 2873 80.4 6271 67.9 2873 80.4 2885 80.7
Male 702 19.6 2967 32.1 702 19.6 690 19.3

Hypertension 620 17.3 2094 22.7 <0.001 620 17.3 595 16.6 0.431
Hyperlipidemia 271 7.6 720 7.8 0.685 271 7.6 270 7.6 0.964
Chronic liver disease 206 5.8 481 5.2 0.211 206 5.8 203 5.7 0.879
Chronic kidney disease 49 1.4 105 1.1 0.276 49 1.4 49 1.4 1
Diabetes mellitus 274 7.7 941 10.2 <0.001 274 7.7 262 7.3 0.590
COPD 103 2.9 318 3.4 0.110 103 2.9 114 3.2 0.448
Ischemic heart disease 159 4.4 504 5.5 0.021 159 4.4 171 4.8 0.499
Stroke 96 2.7 345 3.7 0.003 96 2.7 99 2.8 0.828
Heart failure 33 0.9 99 1.1 0.455 33 0.9 40 1.1 0.410
Macrolides 438 12.3 1275 13.8 0.021 438 12.3 420 11.7 0.512
B-blocker 645 18.0 1789 19.4 0.087 645 18.0 612 17.1 0.305

HCQ, Hydroxychloroquine; PS, propensity score; COPD, Chronic obstructive pulmonary disease.

A B

FIGURE 2 | The cumulative incidence of all cardiac arrhythmia (A) and ventricular tachyarrhythmia (B) between the hydroxychloroquine (HCQ) group and the non-
HCQ group (p-value=0.165 and p-value=0.548 respectively, Log-rank test).
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1.36) or >4months (adjustedHR 0.78, 95%CI 0.55–1.12) compared
with nonHCQusage. The different dose result was also consistent in
all sub-analyzed individual disease.

DISCUSSION

The aim of this study was to determine the safety concern of
HCQ treatment and the risk of arrhythmia. The results indicated
that common rheumatic disease patients using HCQ did not

have higher risks of all kinds of cardiac arrhythmias including
ventricular tachyarrhythmia. Furthermore, the risk of
arrhythmia was not dependent on a longer duration of HCQ
treatment >4 months or higher daily dose of ≥400mg.

HCQ has been used in many thousands of patients all over the
world for the treatment of Covid-19 in early outbreak. However,
recently observational and prospective studies have reported on
the efficacy of HCQ treatment for Covid-19. Although some
retrospective data disclosed use of HCQ alone and in
combination with azithromycin decreased the Covid-19
associated mortality (21), most reports showed that HCQ
treatment did not improve their clinical status or reduce the
risk of intubation or death (13, 14, 16, 22). A recent systemic
review and meta-analysis conducted by Putman et al. who
collected 45 articles including 4 randomized controlled trials,
29 cohort studies and 12 case series, concluded that HCQ use was
not associated with benefit or harm with regard to Covid-19
mortality (12). In addition, the safety of HCQ treatment in
cardiac arrhythmia also had been discussed and results were
inconsistent. Cavalcanti et al. conducted a prospective trial with
667 patients (13), and reported that prolongation of QTc interval
was found more frequently in the HCQ group, but there was no
increase in arrhythmia. Rosenberg et al. investigated 1438
hospitalized patients (14), reported 16% of patients in the
HCQ experienced arrhythmias compared with 10% in the non-
HCQ group. McGhie et al. analyzed 453 patients treated with
antimalarial including HCQ and chloroquine which showed that
cumulative antimalarial dose did not significant associate with
ECG structural abnormalities, while was protective for ECG
conduction abnormalities (15). Recent study from the
RECOVERY collaborative group with 4716 hospitalized
patients (16) showed that the risk of supraventricular
tachycardia, ventricular arrhythmia and AV block were not
increased in HCQ group. The study design, relatively small
sample size and low event rate may have affected the outcomes
and results. In the present study, we found no significant

TABLE 2 | Association of arrhythmia in RA, SLE or SS patients with multivariable
analysis and Cox proportional hazard analysis.

Crude HR
(95% C.I.)

p-value Adjusted HR†

(95% C.I.)
p-value

HCQ
No Reference Reference
Yes 0.82 (0.62-1.09) 0.165 0.81 (0.61-1.07) 0.137

Age
<50 Reference Reference
≥50 2.07 (1.52-2.82) <0.001 1.64 (1.18-2.28) 0.003

Sex
Female Reference Reference
Male 1.01 (0.71-1.45) 0.940 0.95 (0.66-1.36) 0.760

Hypertension 1.58 (1.14-2.20) 0.006 0.61 (0.41-0.89) 0.011
Hyperlipidemia 2.01 (1.34-3.02) <0.001 1.44 (0.93-2.22) 0.102
Chronic liver disease 1.20 (0.68-2.11) 0.522 0.92 (0.52-1.62) 0.765
Chronic kidney disease 4.22 (2.24-7.98) <0.001 2.78 (1.42-5.42) 0.003
Diabetes 1.45 (0.91-2.30) 0.117 0.82 (0.50-1.34) 0.420
COPD 2.20 (1.23-3.95) 0.008 1.65 (0.90-3.02) 0.104
Ischemic heart disease 2.99 (1.95-4.58) <0.001 1.65 (1.03-2.64) 0.036
Stroke 3.08 (1.82-5.22) <0.001 2.00 (1.16-3.47) 0.013
Heart failure 3.46 (1.54-7.81) 0.003 1.50 (0.63-3.54) 0.361
Macrolides 0.94 (0.60-1.46) 0.778 0.80 (0.51-1.25) 0.329
B-blocker 3.87 (2.91-5.14) <0.001 3.53 (2.59-4.80) <0.001

HCQ, Hydroxychloroquine; RA, Rheumatoid arthritis; SLE, systemic lupus erythematosus;
SS, Sjögren’s syndrome; HR, hazard rati; COPD, Chronic obstructive pulmonary disease;
†Adjusted for age, gender, hypertension, hyperlipidemia, chronic liver disease, chronic
kidney disease, diabetes mellitus, COPD, ischemic heart disease, stroke, heart failure,
macrolides, and B-blocker.

FIGURE 3 | Subgroup analysis using the Cox proportional hazard model for the association between arrhythmia and HCQ. HR, hazard ratio; HCQ, hydroxychloroquine.
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different between cardiac arrhythmia and the use of HCQ in
most rheumatic patients.

An open-label trial discloses azithromycin added to HCQ was
significantly more efficient for virus elimination (23). HCQ with or
without azithromycin were used as a treatment option for Covid-19
in several countries during early outbreak (23, 24). However, co-
administration of HCQ with other drugs such as azithromycin
might amplify the arrhythmia risk. Some antibiotics, including
macrolides, show pharmacodynamic evidence of iKr inhibition,
which results in QT prolongation and dispersion of recovery across
the ventricular wall. This phenomenon also has the chance to
induce TdP and increase the risk of cardiovascular death (25, 26).
In animal studies, there are no synergistic arrhythmic effects of
azithromycin with or without chloroquine (27). Nevertheless, one
retrospective cohort study reported that patients taking
azithromycin had increased risk of mortality, including
cardiovascular death, compared with those without antibiotic use
during the 5 days of therapy (26). Several studies report the
combination of HCQ and azithromycin in Covid-19 treatment
prolonged the QT interval, however inconsistent outcomes about
the development of life-threatening arrhythmia and mortality were
found (13, 28–30). Hence, we also analyzed whether arrhythmia
increased or not in the specific subgroups using HCQ with added
macrolide treatment for other reasons, which showed that
combination therapy of HCQ with macrolides also did not
increase any arrhythmia (Figure 3 and Table S3). Nonetheless,
the event numbers (arrhythmias) are low in both the HCQ and

non-HCQ groups. Even so, it may support the safety of HCQ
combined with macrolide therapy.

Regarding comorbidities (Table 2), patients with CKD,
ischemic heart disease and stroke had a significantly increased
risk of arrhythmia. The anticipated result of CKD come from
CKD related various arrhythmogenic alternation including
autonomic nervous system, metabol ic hemostas i s ,
pharmacokinetics and pharmacodynamics of drugs that may
facilitate cardiac arrhythmias (31, 32). b-blockers provide an
antiarrhythmic effect because they decrease sympathetic activity
by inhibition of the b1 adrenergic receptor and reduce atrial also
ventricular tachyarrhythmia (33, 34). But they are also
widely used in other cardiovascular diseases rather than
arrhythmia such as post myocardial infarction, heart failure,
and hypertension (35, 36). In our study, b-blockers were
matched by PS matching to reduce possible confounding bias.
We found that patients taking b-blocker developed more
arrhythmia with an adjusted hazard ratio of 3.53. It may be
due to patients taking b-blocker had more underlying
comorbidities. In the subgroup analysis, b-blocker did not
further increase or decrease risk of arrhythmia either patients
using HCQ or not.

Recently we have reported that patients with RA using HCQ
did not have a higher risk of cardiac arrhythmia regardless of the
daily HCQ dose or follow-up duration (37), which result is
consistent with the current study. In addition to RA population,
our study includes SLE and SS which increase the sample size,

FIGURE 4 | The risk of arrhythmias in the subgroup analysis of individual diseases and those with different daily HCQ doses and follow-up durations. aHR, adjusted
hazard ratio; HCQ, hydroxychloroquine.
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better matching between the 2 groups and further subgroup
analysis. We also determined the sensitivity analysis for
development of only ventricular tachyarrhythmia as secondary
outcome, which also disclosed consistent outcome. The sub-
group analysis of the individual disease of RA, SLE and SS, all
revealed no significant increase risk of arrhythmia. Our data
showed that the administration of HCQ had a neutral effect on
the development of all arrhythmias and ventricular
tachyarrhythmias. The previous study reports cardiotoxicity of
HCQ was possibly associated with cumulative dose (38). The
chronic use of HCQ has also been reported to provoke cardiac
arrhythmia (10). According to the sub-analysis (Figure 4, Tables
S4 and S5), we did not find the incidence of cardiac arrhythmia
increase with larger HCQ dose or longer follow-up duration.
These data suggest the safety of HCQ regardless of different dose
(<400mg or ≥400mg) or treatment duration (≦4 months or
>4 months).

There are some strengths and limitations in our study. The
strength of this study stands its large NHIRD system, covers 99%
of the Taiwanese population, which minimize bias from
selection, poor recall or participation (39). Limitations were
also notified. First, electrocardiography (ECG) is recommended
to measure the QTc interval in individuals receiving HCQ
administration (40). In the database, we could not determine
the QTc interval by ECG. Nevertheless, our result is safe for risk
of arrhythmia in HCQ therapy even we did not provide a
baseline ECG indicated that routine ECG data is not always
required. Second, only macrolide antibiotics were analyzed as
combination therapy, and we did not further investigate other
possible drugs that could have prolonged QT. Third, duration
and dose of macrolides are not reported as the event numbers is
less. Thus claims of association between HCQ and macrolides
should be limited. Fourth, diseases were defined according to
ICD-9 codified data without any procedure codes, which may
lead to over diagnosis. Thence, we added disease codes with at
least three outpatient clinic visits or one admission to reduce this
bias. Fifth, our study population limited for the patients with RA,
SLE and SS hence the results should not be totally applied
on patients using HCQ for other diseases. Finally, this
is a retrospective cohort design so patient follow-up is not
by protocol. There may remain as the possibility of
having mild cases of arrhythmias in either group which may
have gone undetected. Further larger prospective or
randomized control trials are necessary to verify the outcomes
of this study.

CONCLUSION

The administration of HCQ in patients with RA, SLE and SS did
not increase the risk of cardiac arrhythmia as well as ventricular
tachyarrhythmia regardless of the treatment duration
(≦4 months or >4 months) or cumulative dose (<400mg or
≥400mg). The outcome is also consistent with others for
combination HCQ with macrolide antibiotics.
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Correspondence on ‘Festina lente: 
hydroxychloroquine, COVID- 19 and the role of 
the rheumatologist’ by Graef et al

We read with interest the study by Graef et al,1 who mentioned 
about the treatment and safety of hydroxychloroquine (HCQ) for 
the current COVID- 19 pandemic. They described that decades 
of research strongly support the well control of disease activity 
and survival benefit of HCQ use in rheumatic diseases, such as 
systemic lupus erythematosus and rheumatoid arthritis (RA). They 
also highlight that HCQ should be used with caution in patients 
with COVID- 19, including the safety concern, especially when 
combined with administration of azithromycin because both of 
them are known corrected QT interval (QTc) prolongation agents.

During early outbreak, HCQ, combined with azithromycin, has 
been used as a treatment option for COVID- 19.2 3 Recently, an 
observational study with 1446 patients with COVID- 19 reported 
that HCQ administration was not associated with a lower risk of 
intubation or death.4 However, the reasons for mortality were not 
illustrated. Multiple confounding factors like histories of ischaemic 
heart disease, heart failure and cardiac arrhythmia were not well 
adjusted. The main functional site of HCQ in COVID- 19 is the 
entry via ACE2 preceptor.5 6 We believe that patient selection in 
early phases of COVID- 19 infection would be more appropriate 
than well- established pneumonia or cytokines storm cases.

The risk of cardiac arrhythmias is an important safety issue. HCQ 
inhibits the ‘funny’ current of sinoatrial node and rapid component 
of the delayed rectifier potassium current, causing lengthening 
of the action potential and QTc prolongation, which results in 
potential life- threatening ventricular arrhythmias such as torsades 
de pointes.7–10 Nevertheless, previous reports showed limited and 
inconsistent arrhythmia risk of HCQ treatment.11 12

We investigated a report to clarify whether HCQ increased 
the new onset of arrhythmia in patients with RA by using a large 
population- based dataset from the National Health Insurance 
Research Database in Taiwan from 1999 to 2013. We enrolled all 
people aged 20 years or more who were newly diagnosed with RA 

(International Classification of Diseases, Ninth Revision, Clinical 
Modification (ICD- 9- CM)=714.0)13 14 with at least ≥3 outpatient 
clinic or once admission. Patients with previous arrhythmia history 
(ICD- 9- CM=426–427) or usage of antiarrhythmic agents such as 
amiodarone, propafenone and dronedarone were excluded. The 
end point was set as the first cardiac arrhythmia or 1 year from 
the index date. To minimise the effect of confounding factors, we 
used propensity score matching (PSM) to obtain 1:1 ratio matched 
by age and gender, and comorbidities such as hypertension, hyper-
lipidaemia, chronic liver disease, chronic kidney disease, diabetes 
mellitus, chronic obstructive pulmonary disease, ischaemic heart 
disease, heart failure, stroke, history of β-blocker usage and anti-
biotic macrolide treatment. χ2 test for categorical variables and 
independent t- test for continuous variables were used. The Kaplan- 
Meier method was applied to obtain the cumulative incidences of 
newly diagnosed arrhythmia and log- rank test to determine the 
significance. We used a Cox proportional hazard model to estimate 
crude HRs, adjusted HRs (aHRs) and 95% CIs between the two 
groups.

A total of 8564 patients with newly diagnosed RA were selected 
to participate in the study. We excluded 1559 patients who had 
arrhythmia before their RA diagnosis and those using antiar-
rhythmic agents. After PSM, 2111 patients were enrolled in both 
HCQ and non- HCQ groups, respectively (see online supplemen-
tary figure 1). Table 1 shows the baseline patient demographic 
and clinical characteristics. The mean age of the patients was 52.7 
(SD 14.1) years in the HCQ group and 53.6 (SD 14.4) years in 
the non- HCQ group. The cumulative risk of arrhythmia was not 
significantly higher in the HCQ group than in the non- HCQ group 
(log- rank test, p=0.99) (figure 1).

The incidence of arrhythmia did not increase when a combi-
nation of HCQ with or without a macrolide antibiotic was taken 
(aHR 2.7, 95% CI 0.73 to 9.97, p=0.114). Age above or below 
50 years, gender and β-blocker usage also did not increase the risk 
of arrhythmia in patients either using HCQ or not using HCQ (see 
online supplementary table 2). We found that the risk of arrhythmia 
for HCQ was not significantly different regardless of the daily dose 
of <400 mg (aHR 1.0, 95% CI 0.65 to 1.53) or ≥400 mg (aHR 

Correspondence

Table 1 Demographic characteristics of patients in the HCQ and non- HCQ groups
Before PSM After PSM

HCQ
(N=2112)

Non- HCQ
(N=4834)

HCQ
(N=2111)

Non- HCQ
(N=2111)

n % n % P value n % n % P value

Age (years) <0.001 0.473

  <50 872 41.3 1746 36.1 872 41.3 895 42.4

  ≥50 1240 58.7 3088 63.9 1239 58.7 1216 57.6

  Mean±SD 52.8±14.1 55.8±14.8 <0.001 52.7±14.1 53.6±14.4 0.058

Gender <0.001 0.514

  Female 1607 76.1 3075 63.6 1606 76.1 1624 76.9

  Male 505 23.9 1759 36.4 505 23.9 487 23.1

Hypertension 503 23.8 1528 31.6 <0.001 503 23.8 492 23.3 0.690

Hyperlipidaemia 318 15.1 726 15.0 0.967 318 15.1 314 14.9 0.863

Chronic liver disease 225 10.7 580 12.0 0.107 225 10.7 215 10.2 0.614

Chronic kidney disease 37 1.8 79 1.6 0.725 36 1.7 31 1.5 0.538

Diabetes mellitus 246 11.6 721 14.9 <0.001 246 11.7 257 12.2 0.601

COPD 132 6.3 404 8.4 0.002 132 6.3 89 4.2 0.003

Ischaemic heart disease 155 7.3 468 9.7 0.002 155 7.3 142 6.7 0.434

Stroke 86 4.1 299 6.2 <0.001 86 4.1 77 3.6 0.472

Heart failure 37 1.8 98 2.0 0.444 37 1.8 25 1.2 0.125

Macrolides 246 11.6 611 12.6 0.248 246 11.7 221 10.5 0.220

β blocker 368 17.4 1015 21.0 0.001 368 17.4 333 15.8 0.148

COPD, chronic obstructive pulmonary disease; HCQ, hydroxychloroquine; PSM, propensity score matching.
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0.85, 95% CI 0.52 to 1.4), and follow- up duration of <3 months 
(aHR 1.0, 95% CI 0.52 to 1.91) or ≥3 months (aHR 0.98, 95% CI 
0.62 to 1.53) compared with non- HCQ usage (see online supple-
mentary table 3).

This report may represent the first cohort study that used nation-
wide population- based data to assess the risk of arrhythmia with 
HCQ usage in patients with RA. The main results indicate that 
patients with RA using HCQ did not have a higher risk of cardiac 
arrhythmia. Larger daily HCQ dose, longer follow- up duration and 
combination therapy of HCQ with macrolides also did not increase 
any arrhythmia. Our result provides safety evidence of HCQ for 
rheumatic diseases. It may indirectly support the safety of HCQ 
therapy for other diseases such as COVID- 19. Further prospective 
randomised controlled trial is required.
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Figure 1 Cumulative incidence of cardiac arrhythmia between the 
HCQ group and the non- HCQ group (p value=0.99, log- rank test). HCQ, 
hydroxychloroquine.
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Abstract

Objectives

Hydroxychloroquine is widely used to treat certain viral and rheumatic diseases including

systemic lupus erythematosus. Cardiac arrhythmia is an important safety issue with hydro-

xychloroquine. The aim of this study was to investigate whether hydroxychloroquine

increases new-onset arrhythmia among patients with systemic lupus erythematosus.

Methods

This was a nested case-control study using data from the Longitudinal Health Insurance

Database of Taiwan. A conditional logistic regression model was used to analyse differ-

ences in the risk of arrhythmia between systemic lupus erythematosus patients with and

without hydroxychloroquine treatment after controlling for related variables.

Results

A total of 2499 patients with newly diagnosed systemic lupus erythematosus were identified

(81% females), of whom 251 were enrolled in the new-onset arrhythmia group (mean age

50.4 years) and 251 in the non-arrhythmia group (mean age 49.1 years). There was no sig-

nificantly increased risk of cardiac arrhythmia (adjusted odds ratio = 1.49, 95% confidence

interval: 0.98–2.25) or ventricular arrhythmia (adjusted odds ratio = 1.02, 95% confidence

interval: 0.19–5.41) between the patients with and without hydroxychloroquine treatment. In

addition, there were no significant differences in the risk of arrhythmia between those
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receiving hydroxychloroquine treatment for <180 days or�180 days, with a drug adherence

rate of <50% or�50%, and receiving a daily dose of <400 mg or�400 mg.

Conclusion

In patients with systemic lupus erythematosus, hydroxychloroquine treatment did not signifi-

cantly increase the risk of cardiac arrhythmia or life-threatening ventricular arrhythmia

regardless of the different hydroxychloroquine treatment duration, drug adherence rate, or

daily dose.

Introduction

The antimalarial drug hydroxychloroquine (HCQ) has been used as standard treatment to

reduce disease activity and improve survival for certain inflammatory diseases such as systemic

lupus erythematosus (SLE) and rheumatoid arthritis (RA) for more than half a century [1–3].

HCQ can modulate and protect against systemic inflammation and prothrombotic signalling

pathways by inhibiting endosomal NADPH oxidase [4]. HCQ has also been demonstrated to

reduce glycosylation of severe acute respiratory syndrome coronavirus (SARS-CoV) receptors

that block the entry site via ACE2 preceptors [5, 6]. Coronavirus disease 2019 (Covid-19) is

caused by SARS-CoV-2, which is transmitted rapidly and is widespread, and threatens the

global population [7]. During the early outbreak, HCQ was used as a therapeutic option for

Covid-19 treatment whether in combination with azithromycin or not [8, 9].

The risk of cardiac arrhythmias in patients receiving HCQ is an important safety issue.

HCQ slows the rate of action potential firing in sinoatrial nodes through channels that inhibit

the “funny” current (If) [10]. It has also been shown to cause inhomogeneous lengthening of

the action potential and prolongation of corrected QT interval (QTc) by inhibiting the rapid

component of the delayed rectifier potassium current (iKr), which potentially results in life-

threatening ventricular arrhythmias such as torsades de pointes (TdP) [11–13]. Previous

reports have shown that the risk of cardiac arrhythmia may be increased in patients using

HCQ [14, 15], however the evidence is limited and the results have been inconsistent. More-

over, in everyday practice, very few arrhythmic events have been reported in patients taking

HCQ. Therefore, the aim of this study was to clarify whether the risk of arrhythmia is

increased in patients receiving HCQ therapy for SLE using a large population-based dataset

from the National Health Insurance Research Database (NHIRD) in Taiwan.

Materials and methods

Data source

This retrospective case control study was conducted using data from the Taiwan National

Health Insurance (NHI) program, which covers approximately 99% of the population in Tai-

wan. The NHIRD contains information on outpatient visits, inpatient care, medical proce-

dures, and medications. We used the Longitudinal Health Insurance Database (LHID) which

contains one million people randomly sampled from the NHIRD with International Classifica-

tion of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) diagnosis codes [16]. All

data were completely anonymized, deidentified and aggregated before we accessed them. The

Research Ethics Committee of Chung Shan Medical University and Hospital approved this

study (CS-17114) and patient consent for publication is not required.
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Patient selection

This study was conducted using claims data from 1999 to 2013 from the LHID. We enrolled

all people who were newly diagnosed with SLE (ICD-9-CM = 710.0) [17, 18] with at least two

outpatient clinic visits or one admission from 2000 to 2012. Patients with a diagnosis of

arrhythmia (ICD-9-CM = 426, 427) before the diagnosis of SLE were excluded. The first date

of newly diagnosed arrhythmia after a diagnosis of SLE was set as the index date. The compari-

son group included patients who had not been diagnosed with arrhythmia after a diagnosis of

SLE. The study period was from the first date when SLE was diagnosed to the index date.

The main cardiac arrhythmia in this study was defined as a new diagnosis of all arrhythmias

(ICD-9-CM = 426–427) [19], including conduction disorders such as atrioventricular block

and bundle branch block (ICD-9-CM = 426), supraventricular tachyarrhythmias, ventricular

tachyarrhythmias and sinus node dysfunction (ICD-9-CM = 427). Ventricular tachyarrhyth-

mias alone (ICD-9-CM = 427.1, 427.4–427.5) were also analysed as sub-group data.

Covariates and matching

To minimise the effect of confounding factors, we performed simple matching to obtain a 1:1

ratio by age, sex and year of SLE diagnosis. The analysed covariates were underlying comor-

bidities including hypertension (ICD-9-CM = 401–405), hyperlipidemia (ICD-9-CM = 272.0–

272.4), chronic liver disease (ICD-9-CM = 571), chronic kidney disease (ICD-9-CM = 585),

diabetes mellitus (ICD-9-CM = 250), chronic obstructive pulmonary disease (ICD-

9-CM = 491, 492, 496), ischaemic heart disease (ICD-9-CM = 410–414), heart failure (ICD-

9-CM = 428), stroke (ICD-9-CM = 430–438), and alcoholism (ICD-9-CM = 305, 571.0–

571.2).

Statistical analysis

To compare the characteristics of the patients with and without arrhythmias and HCQ ther-

apy, the chi-square test was used for categorical variables and independent t test for continuous

variables. We used a conditional logistic regression model to estimate crude odds ratios (ORs),

adjusted ORs, and 95% confidence intervals (CIs) between the two groups. The per-day HCQ

dosage was also calculated to analyse the risk of arrhythmia. All statistical analyses were con-

ducted using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA). The null hypothesis of no signif-

icant difference between two groups was rejected if P < 0.05.

Results

The flow chart of patient selection in this study is illustrated in Fig 1. Among the one million

patients, 2499 with newly diagnosed SLE were selected to participate in the study. We excluded

328 patients who had arrhythmia before their SLE diagnosis, and the remaining patients with

or without newly diagnosed arrhythmia were classified into two groups for further compari-

sons. After matching at a 1:1 ratio, a total of 251 patients were enrolled in each group.

The baseline patient demographic and clinical characteristics are summarised in Table 1.

The mean (SD) age of the patients was 50.4 (17.9) years in the arrhythmia group and 49.1

(17.4) years in the non-arrhythmia group. Overall, 81% of the study population was female.

Most underlying comorbidities were balanced after matching except for ischaemic heart dis-

ease and heart failure.

Table 2 shows the results of conditional logistic regression analysis to determine the ORs

for arrhythmia. The patients who received HCQ therapy seemed to have a higher risk of

arrhythmia, however the difference did not reach significance (adjusted OR 1.49 (95% CI
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0.98–2.25, p = 0.060). The patients with underlying ischaemic heart disease had a significantly

higher risk of arrhythmia (adjusted OR 4.82, 95% CI 2.16–10.74, p<0.001). The patients with

underlying hypertension, chronic obstructive pulmonary disease and heart failure seemed to

have higher risks of arrhythmia, however the differences did not reach significance after

adjusting the ORs. There were no significant associations between other comorbidities and the

risk of arrhythmia.

The ORs for the relationships between arrhythmia and HCQ adherence and cumulative

dose are shown in Fig 2. Compared to the non-HCQ group, the risk of arrhythmia did not

increase with HCQ treatment regardless of treatment duration <180 days or�180 days

(adjusted ORs 1.61, and 1.44; p = 0.133 and 0.122, respectively), <50% or�50% adherence

rate (adjusted ORs 1.62 and 1.37; p = 0.084 and 0.235, respectively) or daily dose of<400 mg

or�400 mg (adjusted ORs 1.47 and 1.53; p = 0.096 and 0.210, respectively). In Table 3, we

analyzed the sub-group for patients with ischaemic heart disease which found that the arrhyth-

mia was not increased in HCQ treatment compared with non HCQ group (adjusted OR 1.1,

95% CI 0.298–4.08, p = 0.883). The sensitivity analysis about possible life-threatening ventricu-

lar arrhythmia is shown in Fig 3. Similarly, the results showed that the risk of events was not

associated with HCQ treatment (adjusted OR 1.02, 95% CI 0.19–5.41, p = 0.985).

Discussion

The main purpose of this study was to clarify the controversy concerning the safety of HCQ

treatment and the risk of cardiac arrhythmia in patients with SLE. The results indicated that

the SLE patients using HCQ did not have higher risks of all kinds of cardiac arrhythmias or

conduction disturbance. Moreover, the risk of arrhythmia was not affected by a longer dura-

tion of HCQ treatment, higher daily dose or better drug adherence rate. To the best of our

knowledge, this is the first study to use nationwide population-based data to assess the risk of

Fig 1. Flow chart of patient selection.

https://doi.org/10.1371/journal.pone.0251918.g001
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arrhythmia and HCQ treatment in patients with SLE. In our recent cohort study, patients with

RA using HCQ did not have a higher risk of cardiac arrhythmia regardless of the daily HCQ

dose or follow-up duration [19], which is consistent with the current study.

Subsequently, observational and prospective studies have reported on the efficacy and safety

of HCQ treatment for Covid-19. In an observational study with 1446 Covid-19 patients,

Geleris et al. reported that HCQ treatment did not reduce the risk of intubation or death, but

the reasons for mortality were not illustrated [20]. In their study, the HCQ group received sig-

nificantly more of the macrolide antibiotic azithromycin even after propensity score matching,

and multiple confounding factors such as underlying ischaemic heart disease, heart failure and

Table 1. Demographic characteristics of the SLE patients with and without arrhythmia.

With arrhythmia (N = 251) Without arrhythmia (N 251)

n % n % p-value

Age (years) 0.412

<50 118 47.0 131 52.2

�50 133 53.0 120 47.8

Mean ± SD 50.4 ± 17.9 49.1 ± 17.4 0.412

Sex 1

Female 205 81.7 205 81.7

Male 46 18.3 46 18.3

Hypertension 87 34.7 69 27.5 0.083

Hyperlipidemia 51 20.3 40 15.9 0.203

Chronic liver disease 51 20.3 49 19.5 0.823

Chronic kidney disease 19 7.6 9 3.6 0.052

Diabetes mellitus 40 15.9 27 10.8 0.088

COPD 31 12.4 18 7.2 0.051

Ischaemic heart disease 54 21.5 19 7.6 <0.001

Heart failure 14 5.6 1 0.4 0.001

Stroke 28 11.2 18 7.2 0.122

Alcoholism 5 2.0 2 0.8 0.450†

Hydroxychloroquine 104 41.4 87 34.7 0.118

Diagnosis year of SLE 1

2000 60 23.9 60 23.9

2001 34 13.5 34 13.5

2002 31 12.4 31 12.4

2003 25 10.0 25 10.0

2004 25 10.0 25 10.0

2005 15 6.0 15 6.0

2006 18 7.2 18 7.2

2007 14 5.6 14 5.6

2008 13 5.2 13 5.2

2009 6 2.4 6 2.4

2010 5 2.0 5 2.0

2011 2 0.8 2 0.8

2012 3 1.2 3 1.2

Study period (years) 4.6 ± 3.5 4.6 ± 3.5 0.995

COPD: chronic obstructive pulmonary disease. SLE: systemic lupus erythematosus

†Fisher’s exact test.

https://doi.org/10.1371/journal.pone.0251918.t001
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cardiac arrhythmia were not adjusted. Baseline QTc interval and heart rate were also impor-

tant concerns before treatment, and cardiac death caused by new-onset arrhythmia was one of

the possible reasons for negating the benefit of HCQ and azithromycin treatment. In addition,

Cavalcanti et al. conducted a multicentre, open-label, randomised controlled trial with 667

patients [21], and reported that the use of HCQ in patients with mild-to-moderate Covid-19

did not improve their clinical status at 15 days. They found that prolongation of QTc interval

was more frequent in the HCQ group, but that there was no increase in arrhythmia. The rela-

tively small sample size and low event rate may have affected the outcomes of their study. In

the present study, we found no correlation between cardiac arrhythmia and the use of HCQ in

SLE patients. The strength of this study lies in its large dataset of patients enrolled in the NHI

system, which covers 99% of the Taiwanese population and reduces bias from selection, partic-

ipation, or poor recall [22]. Prospective clinical trials with a long follow-up period are difficult

Table 2. Multivariable logistic regression analysis of factors associated with arrhythmia in the SLE patients.

Crude OR 95% CI p-value Adjusted OR† 95% CI p-value

Hydroxychloroquine 1.33 0.93–1.92 0.120 1.49 0.98–2.25 0.060

Hypertension 1.58 1.01–2.48 0.046 1.07 0.63–1.83 0.797

Hyperlipidemia 1.48 0.87–2.51 0.148 1.22 0.62–2.38 0.566

Chronic liver disease 1.07 0.65–1.76 0.800 0.87 0.48–1.58 0.648

Chronic kidney disease 2.25 0.98–5.17 0.056 2.42 0.86–6.85 0.096

Diabetes mellitus 1.65 0.95–2.88 0.077 1.54 0.78–3.02 0.210

COPD 2.00 1.03–3.89 0.041 1.72 0.80–3.70 0.164

Ischaemic heart disease 5.37 2.53–11.43 <0.001 4.82 2.16–10.74 <0.001

Heart failure 14.00 1.84–106.46 0.011 6.62 0.82–53.37 0.076

Stroke 1.71 0.89–3.31 0.109 1.44 0.64–3.24 0.382

Alcoholism 2.50 0.49–12.89 0.273 4.13 0.60–28.36 0.149

COPD: chronic obstructive pulmonary disease. SLE: systemic lupus erythematosus

†Adjusted for hydroxychloroquine, hypertension, hyperlipidemia, chronic liver disease, chronic kidney disease, diabetes mellitus, COPD, ischemic heart disease, stroke,

alcoholism, and heart failure.

https://doi.org/10.1371/journal.pone.0251918.t002

Fig 2. Dose response relationship of hydroxychloroquine for risk of arrhythmia.

https://doi.org/10.1371/journal.pone.0251918.g002
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to perform quickly to answer our study hypothesis, which is important for the clinical applica-

tion of HCQ.

Although the risk of TdP with baseline QTc or drug-induced prolongation of the QTc

interval is not a linear relationship, it is a potentially lethal polymorphic ventricular tachycar-

dia that can cause sudden cardiac death. Previous case reports have described associations

between HCQ and QTc prolongation and ventricular arrhythmia [12, 14, 15]. However, other

studies have reported no significant differences in QTc interval and heart rate between normal

values and patients treated with HCQ [23]. The main cardiac arrhythmia in our study was

defined as a new diagnosis of all arrhythmias including conduction disorder, sinus node dys-

function, supraventricular and ventricular tachyarrhythmias. The greatest safety concern with

HCQ is due to its action on iKr channels, causing QTc prolongation which may result in life-

threatening ventricular arrhythmia and TdP. The sensitivity sub-analysis of only ventricular

tachyarrhythmias also disclosed consistent outcomes. Our data showed that the administration

of HCQ had a neutral effect on the development of all arrhythmias and especially ventricular

tachyarrhythmias.

Regarding comorbidities, ischemic heart disease was associated with a significantly

increased risk of arrhythmia, but the other comorbidities did not (Table 2). This anticipated

result is likely due to acute or chronic ischaemic heart disease related to various arrhythmo-

genic alterations. A previous study reported that the cardiotoxicity of HCQ was possibly asso-

ciated with the cumulative dose [24], and that conduction disorders including atrioventricular

block, complete heart block, and bundle branch block are the main cardiac side effects [24].

The chronic use of HCQ has also been reported to provoke cardiac arrhythmia [15]. However

our additional analysis disclosed HCQ did not increase arrhythmia whether in patients with

ischemic heart disease or not (Table 3). Further sub-analysis did not show an increase in car-

diac arrhythmia with a longer duration of HCQ use of�180 days, higher HCQ dose of�400

mg or better adherence (Fig 2). These results are also consistence with our previous report

Table 3. Subgroup multivariable logistic regression analysis of risk of arrhythmia in patients with ischaemic heart disease.

HCQ Non-HCQ Adjusted OR

N No. of arrhythmia N No. of arrhythmia 95% C.I. p-value

Ischaemic heart disease

No† 172 90 257 107 1.49 0.997–2.21 0.052

Yes‡ 19 14 54 40 1.10 0.298–4.08 0.883

HCQ: hydroxychloroquine. COPD: chronic obstructive pulmonary disease.

†Adjusted for HCQ, hypertension, hyperlipidemia, chronic liver disease, chronic kidney disease, diabetes, COPD, stroke, and heart failure.

‡Adjusted for HCQ, hypertension, hyperlipidemia, chronic liver disease, diabetes, COPD, and stroke.

https://doi.org/10.1371/journal.pone.0251918.t003

Fig 3. Sensitivity analysis of hydroxychloroquine for risk of ventricular arrhythmia and all kinds of arrhythmia.

https://doi.org/10.1371/journal.pone.0251918.g003
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[19]. These data suggest the safety of HCQ regardless of the different cumulative dose and that

there is no dose-dependent effect with long-term treatment for rheumatic diseases such as SLE

and RA.

There are several limitations to this study. First, data on QTc interval as assessed by electro-

cardiography (ECG) were not available in the LHID, although ECG is recommended to esti-

mate the QTc interval in individuals receiving HCQ [25]. Nevertheless, we believe that our

results are robust with regards to the risk of arrhythmia with HCQ therapy. Second, we did

not investigate other drugs that could have prolonged QT, and this may have affected the

results. Third, we did not have access to the results of serum blood tests, such as potassium, cal-

cium, magnesium, glucose, or thyroid function, which may influence the development of

arrhythmia. Fourth, our disease definition was based on codified data without any procedure

codes, which may have led to over diagnosis. Therefore, we added SLE with at least two outpa-

tient clinic visits or one admission to reduce this bias. Fifth, our study population consisted of

patients with SLE, hence our results may not be totally applicable to patients who use HCQ for

other diseases. Sixth, some baseline comorbidities were not balanced in the two groups. The

study sample size was not large enough for further propensity score matching, as few SLE

patients had arrhythmia (only 258 events of new arrhythmia in patients with underlying SLE

among a population of one million). Finally, this study was hypothesis driven, so some

unknown bias could exist. A larger randomised control trial is necessary to verify the outcomes

of this study.

Conclusion

HCQ treatment in patients with SLE did not significantly increase all types of cardiac arrhyth-

mias or ventricular tachyarrhythmias regardless of the higher cumulative dose. This neutral

outcome may clarify the safety of HCQ regarding arrhythmias.

Acknowledgments

The authors thank all patients and staffs who made this study possible.

Author Contributions

Conceptualization: James Cheng-Chung Wei.

Data curation: Yu-Hsun Wang, Li-Ching Li, Tse-Hsien Lo.

Formal analysis: Yu-Hsun Wang.

Funding acquisition: Chun-Hung Su.

Supervision: Chin-Feng Tsai, Kuei-Chuan Chan.

Writing – original draft: Chien-Hsien Lo.

Writing – review & editing: James Cheng-Chung Wei, Chun-Hung Su.

References
1. Alarcon GS, McGwin G, Bertoli AM, Fessler BJ, Calvo-Alen J, Bastian HM, et al. Effect of hydroxychlor-

oquine on the survival of patients with systemic lupus erythematosus: data from LUMINA, a multiethnic

US cohort (LUMINA L). Ann Rheum Dis. 2007; 66:1168–72. Epub 2007/03/29. https://doi.org/10.1136/

ard.2006.068676 PMID: 17389655; PubMed Central PMCID: PMC1955128.

2. Group CHS. A randomized study of the effect of withdrawing hydroxychloroquine sulfate in systemic

lupus erythematosus. N Engl J Med. 1991; 324:150–4. https://doi.org/10.1056/

NEJM199101173240303 PMID: 1984192

PLOS ONE Hydroxychloroquine and the risk of cardiac arrhythmia in systemic lupus erythematosus

PLOS ONE | https://doi.org/10.1371/journal.pone.0251918 May 20, 2021 8 / 10

https://doi.org/10.1136/ard.2006.068676
https://doi.org/10.1136/ard.2006.068676
http://www.ncbi.nlm.nih.gov/pubmed/17389655
https://doi.org/10.1056/NEJM199101173240303
https://doi.org/10.1056/NEJM199101173240303
http://www.ncbi.nlm.nih.gov/pubmed/1984192
https://doi.org/10.1371/journal.pone.0251918


3. Rempenault C, Combe B, Barnetche T, Gaujoux-Viala C, Lukas C, Morel J, et al. Metabolic and cardio-

vascular benefits of hydroxychloroquine in patients with rheumatoid arthritis: a systematic review and

meta-analysis. Ann Rheum Dis. 2018; 77:98–103. Epub 2017/10/04. https://doi.org/10.1136/

annrheumdis-2017-211836 PMID: 28970215.

4. Yang DH, Leong PY, Sia SK, Wang YH, Wei JC. Long-Term Hydroxychloroquine Therapy and Risk of

Coronary Artery Disease in Patients with Systemic Lupus Erythematosus. J Clin Med. 2019; 8:796.

Epub 2019/06/15. https://doi.org/10.3390/jcm8060796 PMID: 31195632; PubMed Central PMCID:

PMC6616930.

5. Vincent MJ, Bergeron E, Benjannet S, Erickson BR, Rollin PE, Ksiazek TG, et al. Chloroquine is a

potent inhibitor of SARS coronavirus infection and spread. Virol J. 2005; 2:69. Epub 2005/08/24.

https://doi.org/10.1186/1743-422X-2-69 PMID: 16115318; PubMed Central PMCID: PMC1232869.

6. Picot S, Marty A, Bienvenu AL, Blumberg LH, Dupouy-Camet J, Carnevale P, et al. Coalition: Advocacy

for prospective clinical trials to test the post-exposure potential of hydroxychloroquine against COVID-

19. One Health. 2020; 100131. Epub 2020/04/16. https://doi.org/10.1016/j.onehlt.2020.100131 PMID:

32292817.

7. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical Characteristics of Coronavirus Disease

2019 in China. N Engl J Med. 2020; 382:1708–20. Epub 2020/02/29. https://doi.org/10.1056/

NEJMoa2002032 PMID: 32109013; PubMed Central PMCID: PMC7092819.

8. Gautret P, Lagier JC, Parola P, Hoang VT, Meddeb L, Mailhe M, et al. Hydroxychloroquine and azithro-

mycin as a treatment of COVID-19: results of an open-label non-randomized clinical trial. Int J Antimi-

crob Agents. 2020:105949. Epub 2020/03/25. https://doi.org/10.1016/j.ijantimicag.2020.105949 PMID:

32205204; PubMed Central PMCID: PMC7102549.

9. Bhimraj A, Morgan R, Shumake A, Lavergne V, Baden L, Vincent CC, et al. Infectious Diseases Society

of America Guidelines on the Treatment and Management of Patients with COVID-19. Clin Infect Dis.

2020; ciaa478. https://doi.org/10.1093/cid/ciaa478 PMID: 32338708

10. Capel RA, Herring N, Kalla M, Yavari A, Mirams GR, Douglas G, et al. Hydroxychloroquine reduces

heart rate by modulating the hyperpolarization-activated current If: Novel electrophysiological insights

and therapeutic potential. Heart Rhythm. 2015; 12:2186–94. Epub 2015/05/31. https://doi.org/10.1016/

j.hrthm.2015.05.027 PMID: 26025323; PubMed Central PMCID: PMC4689153.

11. Chugh SS, Reinier K, Singh T, Uy-Evanado A, Socoteanu C, Peters D, et al. Determinants of prolonged

QT interval and their contribution to sudden death risk in coronary artery disease: the Oregon Sudden

Unexpected Death Study. Circulation. 2009; 119:663–70. Epub 2009/01/28. https://doi.org/10.1161/

CIRCULATIONAHA.108.797035 PMID: 19171855; PubMed Central PMCID: PMC2734945.

12. Morgan ND, Patel SV, Dvorkina O. Suspected hydroxychloroquine-associated QT-interval prolongation

in a patient with systemic lupus erythematosus. J Clin Rheumatol. 2013; 19:286–8. Epub 2013/07/23.

https://doi.org/10.1097/RHU.0b013e31829d5e50 PMID: 23872551.

13. Simpson T, Salazar J, Vittinghoff E, Probert J, Iwahashi A, Olgin J, et al. Association of QT-Prolonging

Medications With Risk of Autopsy-Defined Causes of Sudden Death. JAMA Intern Med. 2020; 180:1–

9. https://doi.org/10.1001/jamainternmed.2020.0148 PMID: 32119028

14. Yanturali S, Aksay E, Demir O, R A. Massive hydroxychloroquine overdose. Acta Anaesthesiol Scand.

2004; 48:379–81. https://doi.org/10.1111/j.0001-5172.2004.0302.x PMID: 14982575

15. Chen CY, Wang FL, Lin CC. Chronic hydroxychloroquine use associated with QT prolongation and

refractory ventricular arrhythmia. Clin Toxicol (Phila). 2006; 44:173–5. Epub 2006/04/18. https://doi.

org/10.1080/15563650500514558 PMID: 16615675.

16. TM C. Taiwan’s new national health insurance program: genesis and experience so far. Health Aff.

2003; 22:61–76. https://doi.org/10.1377/hlthaff.22.3.61 PMID: 12757273

17. Wu CY, Tan M, Huang JY, Chiou JY, Wei JC. Hydroxychloroquine is neutral in risk of chronic kidney dis-

ease in patients with systemic lupus erythematosus. Ann Rheum Dis. 2020. Epub 2020/05/22. https://

doi.org/10.1136/annrheumdis-2020-217728 PMID: 32434824.

18. Yang DH, Leong PY, Sia SK, Wang YH, Wei JC. Long-Term Hydroxychloroquine Therapy and Risk of

Coronary Artery Disease in Patients with Systemic Lupus Erythematosus. J Clin Med. 2019; 8. Epub

2019/06/15. https://doi.org/10.3390/jcm8060796 PMID: 31195632; PubMed Central PMCID:

PMC6616930.

19. Lo CH, Wang YH, Tsai CF, Chan KC, Li LC, Lo TH, et al. Correspondence on ’Festina lente: hydroxy-

chloroquine, COVID-19 and the role of the rheumatologist’ by Graef et al. Ann Rheum Dis. 2020. Epub

2020/08/10. https://doi.org/10.1136/annrheumdis-2020-218589 PMID: 32769154.

20. Geleris J, Sun Y, Platt J, Zucker J, Baldwin M, Hripcsak G, et al. Observational Study of Hydroxychloro-

quine in Hospitalized Patients with Covid-19. N Engl J Med. 2020; 382:2411–8. Epub 2020/05/08.

https://doi.org/10.1056/NEJMoa2012410 PMID: 32379955.

PLOS ONE Hydroxychloroquine and the risk of cardiac arrhythmia in systemic lupus erythematosus

PLOS ONE | https://doi.org/10.1371/journal.pone.0251918 May 20, 2021 9 / 10

https://doi.org/10.1136/annrheumdis-2017-211836
https://doi.org/10.1136/annrheumdis-2017-211836
http://www.ncbi.nlm.nih.gov/pubmed/28970215
https://doi.org/10.3390/jcm8060796
http://www.ncbi.nlm.nih.gov/pubmed/31195632
https://doi.org/10.1186/1743-422X-2-69
http://www.ncbi.nlm.nih.gov/pubmed/16115318
https://doi.org/10.1016/j.onehlt.2020.100131
http://www.ncbi.nlm.nih.gov/pubmed/32292817
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1056/NEJMoa2002032
http://www.ncbi.nlm.nih.gov/pubmed/32109013
https://doi.org/10.1016/j.ijantimicag.2020.105949
http://www.ncbi.nlm.nih.gov/pubmed/32205204
https://doi.org/10.1093/cid/ciaa478
http://www.ncbi.nlm.nih.gov/pubmed/32338708
https://doi.org/10.1016/j.hrthm.2015.05.027
https://doi.org/10.1016/j.hrthm.2015.05.027
http://www.ncbi.nlm.nih.gov/pubmed/26025323
https://doi.org/10.1161/CIRCULATIONAHA.108.797035
https://doi.org/10.1161/CIRCULATIONAHA.108.797035
http://www.ncbi.nlm.nih.gov/pubmed/19171855
https://doi.org/10.1097/RHU.0b013e31829d5e50
http://www.ncbi.nlm.nih.gov/pubmed/23872551
https://doi.org/10.1001/jamainternmed.2020.0148
http://www.ncbi.nlm.nih.gov/pubmed/32119028
https://doi.org/10.1111/j.0001-5172.2004.0302.x
http://www.ncbi.nlm.nih.gov/pubmed/14982575
https://doi.org/10.1080/15563650500514558
https://doi.org/10.1080/15563650500514558
http://www.ncbi.nlm.nih.gov/pubmed/16615675
https://doi.org/10.1377/hlthaff.22.3.61
http://www.ncbi.nlm.nih.gov/pubmed/12757273
https://doi.org/10.1136/annrheumdis-2020-217728
https://doi.org/10.1136/annrheumdis-2020-217728
http://www.ncbi.nlm.nih.gov/pubmed/32434824
https://doi.org/10.3390/jcm8060796
http://www.ncbi.nlm.nih.gov/pubmed/31195632
https://doi.org/10.1136/annrheumdis-2020-218589
http://www.ncbi.nlm.nih.gov/pubmed/32769154
https://doi.org/10.1056/NEJMoa2012410
http://www.ncbi.nlm.nih.gov/pubmed/32379955
https://doi.org/10.1371/journal.pone.0251918


21. Cavalcanti AB, Zampieri FG, Rosa RG, Azevedo LCP, Veiga VC, Avezum A, et al. Hydroxychloroquine

with or without Azithromycin in Mild-to-Moderate Covid-19. N Engl J Med. 2020. Epub 2020/07/25.

https://doi.org/10.1056/NEJMoa2019014 PMID: 32706953; PubMed Central PMCID: PMC7397242.

22. Hsing A, Ioannidis J. Nationwide Population Science: Lessons From the Taiwan National Health Insur-

ance Research Database. JAMA Intern Med. 2015; 175:1527–9. https://doi.org/10.1001/

jamainternmed.2015.3540 PMID: 26192815

23. Costedoat-Chalumeau N, Hulot JS, Amoura Z, Leroux G, Lechat P, Funck-Brentano C, et al. Heart con-

duction disordersrelated to antimalarials toxicity: an analysis of electrocardiograms in 85 patients

treated with hydroxychloroquine for connective tissue diseases. Rheumatology (Oxford). 2007;

46:808–10. Epub 2007/01/05. https://doi.org/10.1093/rheumatology/kel402 PMID: 17202178.

24. Chatre C, Roubille F, Vernhet H, Jorgensen C, Pers YM. Cardiac Complications Attributed to Chloro-

quine and Hydroxychloroquine: A Systematic Review of the Literature. Drug Saf. 2018; 41:919–31.

Epub 2018/06/03. https://doi.org/10.1007/s40264-018-0689-4 PMID: 29858838.

25. Kapoor A, Pandurangi U, Arora V, Gupta A, Jaswal A, Nabar A, et al. Cardiovascular risks of hydroxy-

chloroquine in treatment and prophylaxis of COVID-19 patients: A scientific statement from the Indian

Heart Rhythm Society. Indian Pacing Electrophysiol J. 2020. Epub 2020/04/12. https://doi.org/10.1016/

j.ipej.2020.04.003 PMID: 32278018; PubMed Central PMCID: PMC7141642.

PLOS ONE Hydroxychloroquine and the risk of cardiac arrhythmia in systemic lupus erythematosus

PLOS ONE | https://doi.org/10.1371/journal.pone.0251918 May 20, 2021 10 / 10

https://doi.org/10.1056/NEJMoa2019014
http://www.ncbi.nlm.nih.gov/pubmed/32706953
https://doi.org/10.1001/jamainternmed.2015.3540
https://doi.org/10.1001/jamainternmed.2015.3540
http://www.ncbi.nlm.nih.gov/pubmed/26192815
https://doi.org/10.1093/rheumatology/kel402
http://www.ncbi.nlm.nih.gov/pubmed/17202178
https://doi.org/10.1007/s40264-018-0689-4
http://www.ncbi.nlm.nih.gov/pubmed/29858838
https://doi.org/10.1016/j.ipej.2020.04.003
https://doi.org/10.1016/j.ipej.2020.04.003
http://www.ncbi.nlm.nih.gov/pubmed/32278018
https://doi.org/10.1371/journal.pone.0251918


Int. J. Med. Sci. 2021, Vol. 18 
 

 
http://www.medsci.org 

778 

International Journal of Medical Sciences 
2021; 18(3): 778-784. doi: 10.7150/ijms.55361 

Research Paper 

Oral treatment for diabetes using α-glucosidase 
inhibitors was a risk factor for chronic obstructive 
pulmonary disease: a cohort study 
Sheng-Wen Wu, MD, PhD1,2; Yung-Chyuan Ho, PhD3; Ci-Wen Luo, MS4,5; Hung-Yi Chen, PhD6; 
Chun-Hung Su, MD, PhD7,8,9,#; Yu-Hsiang Kuan, PhD4,5, #, 

1. Division of Nephrology, Department of Internal Medicine, Chung Shan Medical University Hospital, Taichung, Taiwan 
2. The School of Medicine, Chung Shan Medical University, Taichung, Taiwan 
3. School of Medical Applied Chemistry, Chung Shan Medical University, Taichung, Taiwan. 
4. Department of Pharmacology, School of Medicine, Chung Shan Medical University, Taichung, Taiwan  
5. Department of Pharmacy, Chung Shan Medical University Hospital, Taichung, Taiwan 
6. School of Pharmacy, China Medical University, Taichung, Taiwan. 
7. Department of Internal Medicine, Chung Shan Medical University Hospital, Taichung, Taiwan 
8. Department of Internal Medicine, School of Medicine, Chung Shan Medical University, Taichung, Taiwan 
9. Institute of Medicine, Chung Shan Medical University, Taichung, Taiwan 

# The authors contributed equally to this work  

 Corresponding author: Yu-Hsiang Kuan. Address: Department of Pharmacology, School of Medicine, Chung Shan Medical University and Chung Shan 
Medical University Hospital, No. 110, Sec. 1, Jianguo N. Rd., Taichung 402, Taiwan, ROC. Tel.: +886-4-24730022 Ext. 11662. Fax: +886-4-24739030. E-mail address: 
kuanyh@csmu.edu.tw (Yu-Hsiang Kuan) 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See http://ivyspring.com/terms for full terms and conditions. 

Received: 2020.11.02; Accepted: 2020.11.17; Published: 2021.01.01 

Abstract 

Objectives: Currently, diabetes mellitus (DM) and chronic obstructive pulmonary disease (COPD) have 
proven to be risk factors for each other. This study aimed to determine the risk relationship between 
COPD and five common oral medications for DM among patients with DM.  
Methods: This population-based cohort study was conducted from 2008 to 2013. Patient data were 
retrieved from the Longitudinal Health Insurance Database (LHID) of the National Health Insurance 
Research Database (NHIRD). After pairing by gender, age, and index date, time-to-event analysis and 
multiple regression analysis were performed to determine the factors associated with COPD in patients 
taking oral medication for DM, including age, gender, income, and comorbidities. We identified 1,028 
patients who took oral medication for DM and 1,028 controls who did not take oral medication for DM.  
Results: We observed that the use of α-glucosidase inhibitors was associated with a higher risk of 
COPD (hazard ratio [HR]: 1.964, 95% confidence interval [CI]: 1.207–2.380). Furthermore, compared 
with the control group, α-glucosidase inhibitor users had a higher risk of COPD (HR: 2.295, 95% CI: 
1.304–4.038), and no significant difference was observed in other oral medications for DM.  
Conclusions: Based on present results, we could suggest that patients with DM who used α-glucosidase 
inhibitors are probably a higher risk of COPD. We recommend that in the future, treatment with 
α-glucosidase inhibitors upregulate the occurrence of COPD might through gastrointestinal side effects 
and malnutrition. 

Key words: diabetes mellitus, chronic obstructive pulmonary disease, α-glucosidase inhibitor, cohort study, cox 
regression 

Introduction 
The relationship between diabetes mellitus (DM) 

and chronic obstructive pulmonary disease (COPD) 
has currently been confirmed.1,2 The literature has also 

reported that the risk of death in patients with COPD 
and DM is higher than that in patients with general 
COPD.3 Several medicines have yielded satisfactory 
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results in the treatment of COPD. Potassium channel 
modulators can effectively dilate the bronchi, reduce 
cough and mucus production, and inhibit tracheal 
inflammation4. A corresponding study was also 
conducted on oral medicines for DM. The use of 
metformin was not related to the deterioration of 
COPD, but the concentration of plasma lactic acid 
slightly increased in patients in a statistically 
significant manner.5 Studies have also demonstrated 
that metformin can reduce mortality in patients with 
DM and in those with COPD and DM.3  

Most reports investigated the effects of oral 
medicines for DM on patients with COPD. We 
studied the effect of oral medicines for DM on the 
subsequent development of COPD in patients. In the 
future, patients with DM should have more options 
and receive additional recommendations in the use of 
medicines. This study used the Taiwan National 
Health Insurance Research Database (NHIRD) to 
determine the relationship between oral medicines for 
DM and the development of COPD in patients after a 
series of adjustments.  

Methods 
Data source 

The NHIRD is a claims database covering 98% of 
the population in Taiwan. The data are derived from 
the National Health Insurance programme 
implemented by the National Health Research 
Institutes. The Taiwan Longitudinal Health Insurance 
Database 2010 (LHID 2010) consists of a sample of 1 
million claims randomly drawn from the NHIRD. No 
significant difference was observed in the statistical 
age, gender, annual births, and average insured 
amount. The strength of this database for research 
purposes hinges on its large sample size and vertical 
nature.6 It provides information on patient 
characteristics, medical service, hospital drug 
compensation, general practice, community 
pharmacy, and International Classification of 
Diseases, Ninth Revision, Clinical Modification 
(ICD-9-CM) diagnostic codes. All NHIRD applicants 
must be researchers or clinicians in universities, 
research institutions, or hospitals. The data form 
NHIRD must be used for research purposes only. All 
applications should be reviewed by peer experts to 
ensure the rationality of the research. Ethical approval 
for this research was obtained from the institutional 
review board (IRB) of Chung Shan Medical University 
(CS2-15106).  

Participants 
Patients with DM were identified according to 

the ICD-9-CM code 250, A181. The identification of 
patients with COPD was conducted using ICD-9-CM 

codes 490.xx–496.xx. A patient with DM or COPD 
with at least one hospital admission or three or more 
outpatient claims was considered to be newly 
diagnosed as having DM or COPD. The index date 
was the date of DM diagnosis between 2008 and 2013, 
and the end point was the date of COPD diagnosis. 
Exclusion criteria were as follows: (1) missing data 
including gender and residential area, (2) patients 
younger than 20, (3) end point before the index date, 
(4) patients diagnosed as having DM or COPD before 
2008, (5) and less than 90 days between the index date 
and the end point. The patients who used oral 
medication were defined as cases. We randomly 
selected individuals not using oral medicine, and we 
gender-matched, age-matched, and index 
date-matched them with the patients from the case 
group to form the control group. There were 1,028 and 
1,028 controls. 

Oral medicines for DM 
Based on the Anatomical Therapeutic Chemical 

classification system, we divided patients between 
biguanides, α-glucosidase inhibitors, sulphonylureas, 
meglitinides, thiazolidinediones (TZDs), and no oral 
medicine use for DM. We excluded patients who used 
more than one medication or were treated with 
insulin during the follow-up period. Patients having 
taken medicine for at least a month were included in 
the study. 

Comorbidity 
COPD-related comorbidity7 included 

hypertension (ICD-9-CM code: 401.xx, 402.xx, 403.xx, 
404.xx, 405.xx), hyperlipidemia (ICD-9-CM code: 
272.xx), cerebrovascular disease (CVD; ICD-9-CM 
code: 430.xx, 431.xx, 432.xx, 433.xx, 434.xx, 435.xx, 
436.xx, 437.xx, 438.xx), anxiety (ICD-9-CM code: 
300.0), substance abuse (ICD-9-CM code: 304.xx, 
305.xx), congestive heart failure (ICD-9-CM code: 
428.xx), peripheral vascular disease (ICD-9-CM code: 
443.9), depression (ICD-9-CM code: 311.xx), 
gastro-esophageal refluxdisease (GERD; ICD-9-CM 
code: 530.81). 

Statistical analysis 
The chi-square test was used to analyse the 

category variables between the case and control 
groups. A two-tailed test was used to compare the 
continuous variables. Univariate and multivariate 
stratified Cox regression models were subsequently 
used to calculate the hazard ratio (HR) and 95% CI. 
Multivariable models were adjusted for 
COPD-related comorbidities, gender, age, low 
income, and urbanisation level.8 A further analysis of 
the risk relationship between users of oral medicine 
for DM and their controls was conducted. Statistical 
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analyses were performed using the SAS 9.3 software 
package, and P < 0.05 was considered statistically 
significant. 

Results 
From 1 January 2008 to 31 December 2013, a total 

of 1,028 oral medicine users were compared with 
1,028 controls. The descriptive demographic data 
namely age, gender, income, urbanization level, and 
comorbidities are presented in Table 1. Patients taking 
oral medicine were compared with their controls. No 
difference existed in age and gender. Patients were 
mostly male (55.88%) and 57 years old on average. 
There were more patients with a low income in the 
case group (50.58%) and more patients with a non–
low income in the control group (50.88%). No 
difference was observed between the case and control 
groups. The patients generally lived in moderately 
urbanized areas (cases: 29.67%, controls: 30.64%). 

Table 2 presents the Cox regression analysis of 
risk factors associated with COPD development. The 

HR of α-glucosidase inhibitor users was 1.697 (95% 
CI: 1.208–2.383) and was statistically significant (P = 
0.0023). Low income was also a risk factor for COPD 
(HR: 1.143, 95% CI: 1.044–1.25, P = 0.0037). Compared 
with patients living in moderately urbanized areas, 
those living in agricultural areas had a higher risk of 
developing COPD (HR: 1.482, 95% CI: 1.197–1.835, P = 
0.0003). Patients with hyperlipidaemia (HR: 0.808, 
95% CI: 0.738–0.884, P < 0.0001) and cardiovascular 
disease (HR: 0.874, 95% CI: 0.771–0.991, P = 0.0352) 
had a lower risk of COPD development. 

For further analysis, we compared the case 
group to the control group. Table 3 indicates that, 
apart from the α-glucosidase inhibitor users (crude 
HR: 1.718, 95% CI: 1.052–2.807; adjusted HR: 2.295, 
95% CI: 1.304–4.038), no statistically significant 
differences were observed among the users of other 
medicines. A Kaplan–Meier curve was also used for 
analysis (Fig. 2). Only α-glucosidase inhibitor users 
had a significantly higher incidence of COPD than did 
the controls (log-rank test, P = 0.025). 

 
 

 
Figure 1. Flow-chart of participant selection. 
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Table 1. Basic characteristics of the study participants from 2008 
to 2013. 

  Oral medicine   Comparison     
  (n = 1,028)   (n = 1,028)   P 
Gender 
  female 505 (49.12%)   505 (49.12%)   1.0000 
  male 523 (50.88%)   523 (50.88%)     
Age in 2008 (Mean ± SD) 57.14±13.64   57.23±13.79   0.8773 
Low-income 
  Yes 505 (49.12%)   520 (50.58%)   0.5082 
  No 523 (50.88%)   508 (49.42%)     
Urbanization level 
  Highly urbanization 303 (29.47%)   252 (24.51%)   0.0741 
  Moderate urbanization 315 (30.64%)   305 (29.67%)     
  Emerging town 156 (15.18%)   167 (16.25%)     
  General town 146 (14.2%)   159 (15.47%)     
  Aged Township 20 (1.95%)   27 (2.63%)     
  Agricultural town 42 (4.09%)   61 (5.93%)     
  Remote township 46 (4.47%)   57 (5.54%)     
Comorbidity 
  Hypertension 569 (55.35%)   693 (67.41%)   <.0001 
  Hyperlipidemia 514 (50%)   594 (57.78%)   0.0004 
  Osteoarthritis 410 (39.88%)   351 (34.14%)   0.0070 
  Cardiovascular disease 160 (15.56%)   195 (18.97%)   0.0411 
  Anxiety 340 (33.07%)   294 (28.6%)   0.0280 
  Substance abuse 32 (3.11%)   30 (2.92%)   0.7965 
  Congestive heart failure 54 (5.25%)   64 (6.23%)   0.3430 
  Peripheral vascular disease 30 (2.92%)   40 (3.89%)   0.2239 
  Depression 31 (3.02%)   27 (2.63%)   0.5942 
  GERD 28 (2.72%)   17 (1.65%)   0.0973 

Abbreviation: SD, standard deviation. 
 

Table 2. Hazards ratios of COPD with diabetes and compare 
with oral treatment medicine. 

  Adjusted     
  HR 95%CI   P-value 

  Adjusted     
  HR 95%CI   P-value 
Diabetes medicine (reference: no used) 
  Biguanides (n = 761) 1.089 (0.990-1.198)   0.0812 
  α-glucosidase inhibitor (n = 35) 1.694 (1.207-2.380)   0.0023 
  Sulfonylureas (n = 191) 1.080 (0.922-1.264)   0.3409 
  Meglitinides (n = 34) 1.054 (0.746-1.488)   0.7656 
  Thiazolidinediones (n = 7) 1.233 (0.584-2.604)   0.5828 
Gender (reference: female) 
  Male 1.015 (0.926-1.113)   0.7444 
Age (reference: general population) 
  Age 0.999 (0.995-1.003)   0.6085 
Low income (reference: no) 
  Yes 1.143 (1.044-1.250)   0.0036 
Urbanization level (reference: moderate urbanization) 
  Highly urbanization 1.085 (0.967-1.218)   0.1650 
  Emerging town 1.078 (0.941-1.236)   0.2764 
  General town 1.080 (0.940-1.241)   0.2755 
  Aged Township 0.972 (0.719-1.314)   0.8529 
  Agricultural town 1.482 (1.197-1.835)   0.0003 
  Remote township 1.041 (0.841-1.288)   0.7138 
Comorbidity (reference: without) 
  Hypertension 1.027 (0.929-1.135)   0.6052 
  Hyperlipidemia 0.808 (0.738-0.884)   <.0001 
  Osteoarthritis 0.926 (0.839-1.023)   0.1309 
  Cardiovascular disease 0.874 (0.771-0.991)   0.0352 
  Anxiety 0.954 (0.864-1.053)   0.3501 
  Substance abuse 0.930 (0.716-1.209)   0.5881 
  Congestive heart failure 0.977 (0.806-1.184)   0.8122 
  Peripheral vascular disease 0.900 (0.706-1.146)   0.3910 
  Depression 0.964 (0.737-1.261)   0.7916 
  GERD 1.097 (0.812-1.482)   0.5465 

Abbreviation: CI, confidence interval. 
Adjusted with gender, age, low income, urbanization level, comorbidity.

 
 

 
Figure 2. Kaplan–Meier curves estimating cumulative incidence of COPD patients between oral treatment medicine users and control cohorts. 
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Table 3. Oral treatment medicine subgroups of hazards ratios of COPD with diabetes. 

  Event Observed Incidence Density Crude  Adjusted  
  Person-months (Per 1000 person-month) HR 95%CI p-value HR 95%CI p-value 
Biguanides medicine  
  Biguanides  761 16589 45.87 1.054 (0.953-1.166) 0.3056 1.063 (0.960-1.719) 0.2411 
  Comparison 761 17512 43.46 Reference  Reference  
α-glucosidase inhibitor medicine  
  α-glucosidase inhibitors 35 546 64.10 1.718 (1.052-2.807) 0.0307 2.295 (1.304-4.038) 0.0040 
  Comparison 35 837 41.82 Reference  Reference  
Sulfonylureas medicine  
  Sulfonylureas 191 4796 39.82 1.127 (0.921-1.379) 0.2471 1.172 (0.946-1.451) 0.1466 
  Comparison 191 4074 46.88 Reference  Reference  
Meglitinides medicine 
  Meglitinides 34 710 47.89 1.112 (0.688-1.798) 0.6641 0.959 (0.538-1.711) 0.9590 
  Comparison 34 808 42.08 Reference  Reference  
Thiazolidinediones medicine  
  Thiazolidinediones  7 159 44.03 0.948 (0.314-2.862) 0.9242 - 0.9993 
  Comparison 7 157 44.59 Reference  Reference  

Abbreviation: CI, confidence interval. 
Adjusted with gender, age, low income, urbanization level, comorbidity. 

 

Discussion 
In this study, patients with DM using 

α-glucosidase inhibitors had a higher risk of 
developing COPD than those using other oral 
medicines. Sulphonylureas bind to and shut down the 
ATP-sensitive potassium channel on the cell 
membrane of the pancreatic beta cell, and they 
prevent the potassium from depolarising by blocking 
it.9 In turn, the fusion of insulin particles with the cell 
membrane increases, and so does the secretion of 
mature insulin. The potassium channel has been 
proven to effectively alleviate the symptoms of 
COPD, such as decreased airway hyper 
responsiveness, bronchiectasis, decreased cough, and 
decreased mucus production as well as inhibition of 
airway inflammation and remodeling.10 Therefore, 
closing the potassium channel may cause COPD to 
worsen. One of the sulphonylureas, glyburide, which 
binds to (+)-[3H] isradipine, causes pathological 
changes in the cardiopulmonary structure and 
function of rats with monocrotaline-induced 
pulmonary hypertension. This evidence suggests that 
sulphonylureas had a tendency to aggravate lung 
injury and related diseases such as COPD. Our results 
reveal that sulphonylureas were trending towards the 
development of COPD, but the statistics were 
nonsignificant. The mechanism of action of 
meglitinide was the same as that of sulphonylureas, 
that is, shutting down the ATP-dependent potassium 
channel.11 In contrast to sulphonylureas, meglitinide 
has a fast onset and a short duration of action. 
Compared with those caused by sulphonylureas, the 
side effects of hypoglycaemia and weight gain caused 
by meglitinide are relatively mild.12 This may also 
affect patients with COPD because of the inhibition of 
the potassium channels. Our results indicated that 
patients who used meglitinide did not face a risk of 
COPD; instead they exhibited a decreasing trend 

compared with their matched group. Studies have 
demonstrated that for patients with DM, repaglinide 
can replace meglitinide and treat early cystic 
fibrosis-related diseases.13 Therefore, it may also be 
useful in the treatment of COPD. However, the 
detailed pathological relationship requires 
clarification. 

One of the biguanides, metformin appears to be 
irrelevant for the treatment of COPD, regardless of 
whether the patient has diabetes.14,15 However, 
studies have demonstrated that metformin can 
effectively inhibit the mortality of patients with COPD 
and the development of COPD.16, 17 Therefore, 
whether biguanides inhibit the development of COPD 
remains to be discussed. In our results, there was no 
significant difference in the risk of COPD between 
biguanides cases and controls. Patients with COPD 
and DM who were exposed to TZDs had a small but 
significant risk of acute exacerbations of COPD.18 
TZDs exert antidiabetic effects by activating the 
mechanism of the γ isoform of the peroxisome 
proliferator-activated receptor (PPARγ) (nuclear 
receptor) and expression of PPARγ in alveolar 
macrophages, an in vitro alveolar macrophage model 
and in vivo associated with COPD Animal model 
studies have displayed the potential to fight 
inflammation.19 However, studies have also indicated 
that the long-term use of TZDs in patients with type 2 
diabetes causes pneumonia or lower respiratory tract 
infections as well as severe pneumonia or lower 
respiratory tract infections. The risk is increased.20 
TZDs also increases the risk of heart failure (HF)21 and 
HF is often highly correlated with COPD.22 In our 
results, TZDs were not associated with COPD in 
patients with DM. 

The results indicated that patients with DM who 
used α-glucosidase inhibitors are probably a higher 
risk of COPD. α-Glucosidase inhibitors, the 
pseudo-carbohydrates, competitively inhibit activity 
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of α-glucosidases which hydrolyze non-absorbable 
oligosaccharides and polysaccharides into absorbable 
monosaccharides in the brush border of enterocytes.23 
α-Glucosidase inhibitors delay carbohydrate 
digestion and prolong the carbohydrate digestion 
duration, thus reducing monosaccharides absorption 
rates.24,25 Therefore, patients taken with α-glucosidase 
inhibitors may have the potential to develop into 
malnutrition. Addition, α-glucosidase inhibitors cause 
the gastrointestinal side effects, such as bloating, 
nausea, diarrhea, and flatulence.24 Malnutrition in 
COPD is described by variable prevalence rates 
ranging between 30-60%.26 Malnutrition and poor 
nutrition play as the risk factor for patients with 
COPD. Compared with healthy individuals, patients 
with COPD had significantly higher rates of 0–3 hours 
of urinary lactulose to rhamnose and sucralose to 
erythritol and 5–24 hours of urinary 
galactooligosaccharide to erythritol.25 These findings 
indicated that intestinal permeability would be 
significant reduction in carbohydrate metabolism in 
the patients with COPD25 The patients with COPD 
also suffered by lower gastrointestinal symptoms, 
including constipation and bloating. The study 
suggests improving the management of 
gastrointestinal symptoms and maintaining a clear 
bowel to improve the condition of patients with 
COPD.24 Based on these findings, the gastrointestinal 
side effects and malnutrition caused by α-glucosidase 
inhibitors may be one of the main reasons for the 
development of COPD, and further experiments need 
to be clarified. We recommend that patients with DM 
use α-glucosidase inhibitors in combination with 
other medicines to alleviate the gastrointestinal side 
effects and malnutrition. 

In the analysis of multiple population studies, 
poor education systems, low-income families, and 
low composite socioeconomic status (SES) indices 
were associated with individuals with COPD whose 
annual income is below the minimum wage in the 
United States.27 It have a much greater impact on 
smoking-related diseases, which is the same as ours.28 
In Poland, 8.5% of men and 4.9% of women have 
symptoms of chronic airflow obstruction. Livestock 
farmers have an increased risk of chronic bronchitis, 
COPD, and reduced forced expiratory volume in 1 
second (FEV1).29 Exposure to mineral dust by 
working in the soil has also been suggested to result in 
COPD.30 This was also confirmed in our results. 
Interestingly, among the patients in the case group, 
those with DM with high blood lipids or 
cardiovascular disease had a lower risk of COPD. 
Studies have demonstrated that patients with 
hyperlipidaemia and COPD experience lung 
hyperinflation and airway obstruction less often than 

patients without hyperlipidaemia, but the effects of 
the drug need to be clarified.29 In fact, α-glucosidase 
inhibitors can effectively reduce triglycerides and 
increase HDL; they can also inhibit the risk of 
cardiovascular disease32 Moreover, biguanides and 
TZDs effectively reduce the risk of cardiovascular 
disease.33,34 But, the risk of heart failure is increased by 
TZDs.21 However, the relationship between the risk of 
cardiovascular disease and anti-diabetic agents 
including sulphonylureas and meglitinides are not 
clear.35 At present, we also found that there are more 
patients using biguanides due to the lower risk of 
cardiovascular disease. Therefore, we further 
compared various drug users with their controls, but 
the results were similar. 

There are several limitations to this study. We 
did not have a clear understanding of the lives or 
exercise habits of patients, for example, their cigarette 
smoking habit. We also could not accurately obtain 
the actual values of blood sugar levels, FVC, and 
FEV1 in patients with diabetes. Although we did not 
directly track the severity of diabetes and COPD from 
NHIRD could not directly track patients, adjusted 
these comorbidities of COPD for indirectly explain the 
severity. These comorbidities present high-risk factors 
for COPD. Despite the large sample size, the number 
of participants for whom a comparison between 
several medicines could be made remained limited 
after strict screening and matching. Especially for 
patients with DM who used TZDs, the result was 
unexpected. For other users of oral medicine for DM, 
we believe that there is credible by adjustment and 
matching. 

Conclusion 
In summary, we suggest that patients with DM 

who administration of the α-glucosidase inhibitors are 
probably a higher risk of COPD. Although 
α-glucosidase inhibitors have a satisfactory inhibitory 
effect on blood lipids and cardiovascular diseases. 
However, the gastrointestinal side effects and 
malnutrition of the α-glucosidase inhibitors probably 
results in higher incidence of COPD occur in the 
patients with DM. In future medications, the side 
effects of α-glucosidase inhibitors should be alleviated 
and the occurrence of COPD reduced. 
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Abstract: As photoplethysmographic (PPG) signals are comprised of numerous pieces of important
physiological information, they have been widely employed to measure many physiological
parameters. However, only a high-quality PPG signal can provide a reliable physiological assessment.
Unfortunately, PPG signals are easily corrupted by motion artifacts and baseline drift during recording.
Although several rule-based algorithms have been developed for evaluating the quality of PPG signals,
few artificial intelligence-based algorithms have been presented. Thus, this study aims to classify the
quality of PPG signals by using two two-dimensional deep convolution neural networks (DCNN)
when the PPG pulse is used to measure cardiac stroke volume (SV) by impedance cardiography.
An image derived from a PPG pulse and its differential pulse is used as the input to the two DCNN
models. To quantify the quality of individual PPG pulses, the error percentage of the beat-to-beat
SV measured by our device and medis® CS 2000 synchronously is used to determine whether the
pulse quality is high, middle, or low. Fourteen subjects were recruited, and a total of 3135 PPG
pulses (1342 high quality, 73 middle quality, and 1720 low quality) were obtained. We used a
traditional DCNN, VGG-19, and a residual DCNN, ResNet-50, to determine the quality levels of
the PPG pulses. Their results were all better than the previous rule-based methods. The accuracies
of VGG-19 and ResNet-50 were 0.895 and 0.925, respectively. Thus, the proposed DCNN may be
applied for the classification of PPG quality and be helpful for improving the SV measurement in
impedance cardiography.

Keywords: photoplethysmography (PPG); deep convolution neural network (DCNN); signal quality
index (SQI); impedance cardiography (ICG); stroke volume (SV)

1. Introduction

The photoplethysmographic (PPG) signal has been widely used to measure many physiological
parameters, such as pulse rate [1], blood oxygen saturation [2], blood pressure [3], respiration rate [4],
and left ventricular ejection time (LVET) [5]. The noninvasive techniques for photoplethysmography
include two optical types, transmission and reflection [6], as shown in Figure 1. A light-emitting diode
(LED) is often used to generate low-intensity infrared light on the skin, and a portion of the light will
be absorbed mainly by both arterial and venous blood. For the reflection PPG, the nonabsorbed light
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will be reflected and detected by a photo diode. The LED and photo diode are placed on the same
side, as shown in Figure 1a. For the transmission PPG, the nonabsorbed light will be transmitted and
detected by a photo diode. The LED and photo diode are placed on the opposite side, as shown in
Figure 1b. In either the reflection or the transmission method, the PPG signal represents the changes in
blood volume (Figure 1), although it cannot be used to quantify the amount of blood.
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Figure 1. Schematic illustration of the photoplethysmography. The LED illuminates the skin and the
nonabsorbed light will be detected by the photo diode. (a) For the reflected method, the LED and
photo diode are on the same side. (b) For the transmitted method, the LED and photo diode are on the
opposite side.

The PPG signal measured by the reflection method is more easily corrupted by the motion noise
than the transmission method. Currently, the wearable device with the PPG sensor usually uses the
reflection method to perform the physiological measurement. When the users wear these devices to do
the exercise, PPG signals are very vulnerable to motion artifacts. The common solution is to improve
device mechanisms to reduce the motion effect on the recoded PPG signal and to raise the measured
accuracy. However, the higher the quality of the PPG signal, the better the accuracy of the measured
parameters extracted from such a PPG signal. Therefore, how to classify the quality of PPG signals is
an important issue for the development of wearable devices.

PPG is a noninvasive optical measurement method in which the change of blood volume
interconnects the physiological responses to circulatory events in peripheral blood vessels. Thus,
its waveform bears regular morphological characteristics [7,8]. As shown in Figure 2, there are a lot
of physiological characteristics in a PPG pulse, including the main peak, dicrotic notch, pulse width,
and amplitude, and so on. As a result, many researchers have used those significant characteristics
(i.e., the rule-based methods) to determine the quality of each PPG pulse. In addition, the signal quality
index (SQI) represents the corrupted degree of the PPG pulse. Liu et al. have employed fuzzy rules
to determine the SQI of PPG pulses [9], and Fischer et al. have applied the characteristics of PPG
waveform and the decision tree to classify its SQI [10]. Li et al. have used the Bayesian hypothesis
testing method to analyze the SQI [11]. In these studies, they all needed to adjust the thresholds of the
rule-base method to get the best results. Recently, Liu et al. used a fuzzy neural network to evaluate
the SQI [12]. Although they used the artificial intelligence method to gauge the quality of the minorly
corrupted PPG pulse, the rule-base method was also used to delete the majorly corrupted PPG pulses.

The traditional approach for the SQI assessment is to extract the features from the PPG
signal. It is well known that the morphological approach is sensitive to signal noise and has many
limitations on the performance robustness of the classification model [8]. Currently, deep learning
techniques have been used to process feature extraction tasks by convolution computation [13]. As the
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physiological signals, such as electrocardiograms (ECGs), electroencephalograms, and PPGs, belong to
one-dimensional signals, several studies have used a one-dimensional deep convolution neural network
(1D DCNN) to classify the different arrhythmic types and the signal quality [14–17]. Some studies
have transferred the 1D signal to a two-dimensional (2D) signal by short time frequency transform [18],
wavelet transform [19], and power spectral density [20]. Then, the 2D DCNN employed these images
as the input to do the classifications. However, in these studies, a segment signal of about 2 to
5 s was transferred to an image. Thus, the methods only were suitable for processing consistent,
continuous signals.Appl. Sci. 2020, 10, x FOR PEER REVIEW 3 of 16 
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When the heart is in the systolic phase, an amount of blood, which is called the stroke volume
(SV), is pumped into systematic circulation. In this period, the volume of the thoracic cavity will
change. Thus, impedance cardiography (ICG) was proposed by Kubicek et al., which is a noninvasive
measurement technique to measure cardiac hemodynamic parameters [21]. In the SV calculation
with ICG technology, LVET is one of the most important parameters, which is measured by the ICG
signal. As the signal-to-noise ratio of the ICG signal is very low, the accuracy of LVET is not high
enough. Liu et al. used a reflective PPG sensor placed on the neck to measure the LVET [5]. The LVETs
measured by the PPG pulses were more accurate than those by the ICG pulses. Therefore, the accuracy
of SV measured by their proposed technique was higher than the traditional ICG technique.

According to previous mentions, the higher the SQI of the PPG signal, the more accurate
the physiological parameters measured by the PPG signal. Unlike previous rule-based methods,
our proposed approach does not require any predetermined features in the PPG signal. In this study,
we used the raw morphology of PPG pulses to determine their quality levels. Thus, the aim of this
study is to develop a novel SQI approach to access the quality of PPG pulses for improvement of
SV measurement with a 2D DCNN. The PPG pulse and its differential pulse were segmented from
the continuous PPG signal, and then they were merged into an image. Both the 2D deep residual
neural network (DRNN) and 2D DCNN were used to determine the quality level of each PPG pulse.
Fourteen healthy adult males participated in this experiment. The beat-to-beat SVs were measured
by our ICG device [5] and medis® CS2000 for about three minutes, simultaneously. We utilized the
error percentage of measured SVs to define the levels of SQI for each PPG pulse. The error percentage
represents the accuracy of the SV measurements. The results showed that the 2D DRNN could assess
the levels of SQI for the PPG pulses more easily than the rule-base method and the general DCNN.

2. Impedance Cardiography

In 1966, Kubicek et al. proposed an ICG, a noninvasive technique, to assess the continuous SV [16].
Equation (1) governs the ICG method,
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SV = rb·

(
L

Z0

)2

·LVET·dZ/dt(max), (1)

where rb is the blood resistivity that is assumed to be a constant value of 150 ohm × cm, L is the
distance (cm) between two recording electrodes on the neck and chest, Z0 is the base impedance (ohm)
between the recording electrodes indicating initial thoracic cavity, and dZ/dt(max) is the absolute value
(ohm/sec) of the maximum change of the ICG impedance signal. According to Equation (1), the SV
has an absolute linear relationship with the LVET and dZ⁄dt(max). Figure 3 shows the synchronous
ECG, ICG, and PPG signals, and the differential ICG (DICG) and differential PPG (DPPG) signals.
In this figure, the PPG signal seems to be corrupted by fewer motion artifacts than the ICG signal [5].
The LVET is defined in the DPPG signal as the time interval between the first zero crossing point and
the minimum point. The LVETs of heartbeats measured by high-quality PPG pulses would become
more accurate.
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Figure 3. Typical signal registration in the study. From the first row to the fifth row are the
electrocardiogram (ECG), impedance cardiography (ICG), photoplethysmography (PPG), differential
ICG (DICG), and differential PPG (DPPG), respectively. The left ventricular ejection time (LVET) is
defined as the time interval between the first zero crossing point (short arrow) and the minimum point
(long arrow) in the DPPG signal.
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3. Method

The overall procedure of the proposed SQI classification model for PPG pulses is shown in Figure 4.
The original ICG and PPG signals are measured by our ICG device [5]. The input PPG and DPPG
signals are segmented as the pulses by the zero-crossing points of the DPPG signal. Both the PPG and
DPPG signals during one heart cycle are merged and transformed into images. These images are then
used as the input to the 2D DCNN to perform the classification of the three SQI levels (high, middle,
and low), which are defined by the error percentage of the measured SV as compared with the reference.
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3.1. Data Acquisition

Our ICG device was described in a previous study [5] in which analog ICG and PPG signals were
all digitalized with a sampling frequency of 500 Hz. The PPG sensors were placed on the neck of the
subject. The ICG and PPG signals were filtered to remove the baseline drift and the high-frequency
noise using a second-order Butterworth bandpass filter in which the lower and upper cutoff frequencies
were 0.2 and 10 Hz, respectively. Then, the DPPG and DICG signals were gotten from the PPG and
ICG signals by the first-order discrete derivative, which passed a zero-phase forward and reverse
second-order Butterworth lowpass filter. Its cutoff frequency was 10 Hz. The first zero crossing point
for the DPPG signal during one heart cycle was used to segment the pulse. As the heart rates of the
included subjects were not lower than 60 beats/minute, an image consisted of two pulses, PPG and
DPPG, whose length (size) was set to 500 points. If the length of a pulse was less than 500 points,
it was padded to become 500-points long with zero points. Figure 5 shows different 150 × 150 images
obtained from the segmented PPG (blue line) and DPPG (orange line) signals with three different
SQI levels. In Figure 5a, because the morphologies of the two PPG pulses within the systolic phase
are perfect (i.e., the morphologies have a clear, distinct dicrotic notch and starting ejection point),
their SQIs are high. The two PPG pulses in Figure 5b belong to the middle SQI ones, due to good
morphology at the starting ejection point. However, their dicrotic notches are not distinct in the PPG
signals. Therefore, the values of their differential signals at the dicrotic notch zone may not be larger
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than zero. As shown in Figure 5c, the two PPG pulses own low SQIs since their amplitudes or baselines
have been greatly distorted due to severe motion artifacts.
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3.2. Network Architectures

Since the number of samples was not large and there were not many differences in the characteristics
of patterns, 2D DCNNs were chosen to perform the classification task in the study. We built two 2D
DCNNs based on the trained DRNN architecture with a 50-layer network (ResNet-50) [22] and the
trained DCNN architecture with a 19-layer network (VGG-19) [23]. In the output layer, we replaced
the 1000 fully-connected with softmax activation by a 1 fully-connected with sigmoid activation.
The VGG-19 and ResNet-50 are the base models in this study that were pretrained for object detection
tasks on the ImageNet dataset [24]. The architectures of the two 2D DCNNs are shown in Figure 6,
with detailed descriptions shown in Tables 1 and 2, respectively. In Table 1, the filters in the VGG-19
all are of 3 × 3 size. The downsampling is performed directly by the maximum pooling layers that
have a stride of 2, and batch normalization is performed right after each convolution and before ReLU
activation. Two fully connected layers have sizes of 1024. For the ResNet-50, the main theme is to
skip blocks of convolutional layers by using shortcut connections, as shown in Figure 6. The dot lines
indicate that the dimensions of input and output are different. Thus, the 1 × 1 convolution with a stride
of 2 is used to perform the projection shortcut. The solid lines represent that the dimensions of input
and output are the same. Then, the identity shortcut is used. In Table 2, the filters in ResNet-50 follow
two design rules. First, when the feature sizes of input and output are the same, the layers have the
same number of filters. Second, when the feature map size is halved, the number of filters is doubled.
The downsampling is performed directly by convolutional layers that have a stride of 2, and batch
normalization is performed right after each convolution and before ReLU activation. The network
ends with a global average pooling layer with a 7 × 7 filter.
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Figure 6. The architectures of the ResNet-50 and VGG-19.

Table 1. Fundamental information about the VGG-19 layers and associated parameters of the
network architecture.

Type Filter Size Channel Number Input Size

Conv1
3 × 3 64 150 × 150 × 3
3 × 3 64 150 × 150 × 64

Max pool 3 × 3 - 150 × 150 × 64

Conv2
3 × 3 128 75 × 75 × 64
3 × 3 128 75 × 75 × 128

Max pool 3 × 3 - 75 × 75 × 128

Conv3

3 × 3 256 37 × 37 × 128
3 × 3 256 37 × 37 × 256
3 × 3 256 37 × 37 × 256
3 × 3 256 37 × 37 × 256

Max pool 3 × 3 - 37 × 37 × 256
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Table 1. Cont.

Type Filter Size Channel Number Input Size

Conv4

3 × 3 512 18 × 18 × 256
3 × 3 512 18 × 18 × 512
3 × 3 512 18 × 18 × 512
3 × 3 512 18 × 18 × 512

Max pool 3 × 3 - 18 × 18 × 512

Conv5
3 × 3 512 9 × 9 × 512
3 × 3
3 × 3

512
512

9 × 9 × 512
9 × 9 × 512

3 × 3 512 9 × 9 × 512
Max pool 3 × 3 - 9 × 9 × 512

Flattn - 1 4 × 4 × 512
Fc - 1 8192

Out - 1 1024

Table 2. Fundamental information about the ResNet-50 layers and associated parameters of the
network architecture.

Type Filter Size Channel Number Input Size Times

Conv1 7 × 7 64 156 × 156 × 3 1
Max pool 3 × 3 - 77 × 77 × 64 1

Conv2
1 × 1 64 38 × 38 × 64

33 × 3 64 38 × 38 × 64
1 × 1 256 38 × 38 × 256

Conv3
1 × 1 128 19 × 19 × 128

43 × 3 128 19 × 19 × 128
1 × 1 512 19 × 19 × 512

Conv4
1 × 1 256 10 × 10 × 256

63 × 3 256 10 × 10 × 256
1 × 1 1024 10 × 10 × 1024

Conv5
1 × 1 512 5 × 5 × 512

33 × 3 512 5 × 5 × 512
1 × 1 2048 5 × 5 × 2048

Avg pool 7 × 7 - 5 × 5 × 2048 1
Flattn - 1 5 × 5 × 2048 1
Out - 1 51200 1

3.3. Experimental Protocol

This study recruited fourteen healthy male subjects without cardiovascular disease or injured
limbs. Their ages were between 22 and 29 years (22.7 ± 2.1 years, mean ± standard deviation),
weight between 46 and 78 Kg (61.8 ± 8.8 Kg), height between 165 and 188 cm (173.1 ± 6.1 cm),
and heart rates between 65 and 78 beats/minute (70.5 ± 3.4 beats/minute). A commercial medical device
(medis® CS2000, medis, Germany) with the ICG technology was utilized to measure the beat-to-beat
SV that was considered as the reference value in the study. This experiment was approved by the
Research Ethics Committee of China Medical University and Hospital (No. CMUH107-REC3-061),
Taichung, Taiwan.

The measurement duration for each subject lasted for three minutes. During the measurement,
four electrodes of medis® CS2000 were placed on the left side of the body. The other four electrodes of
our designed ICG device were put at the right side of the body, and the PPG sensor was placed on the
neck. The details of the measurement for the placement of those ICG electrodes were described in
our previous study [12]. We recorded the beats of medis® CS2000 and our ICG device synchronously.
The data statistics are described as mean ± standard deviation (SD).
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3.4. Statistical Analysis

In this study, PPG pulses are considered as high-quality when their error percentages of the
SV measured by our ICG device and the medis® CS2000 device are less than 18%. There were
1342 high-quality pulses. PPG pulses are considered as middle-quality when their error percentages are
between 18% and 20%. There were 73 middle-quality pulses. PPG pulses are considered as low-quality
when their error percentages are larger than 20%. There were 1720 low-quality pulses. Table 3 shows
the three levels of SQI for all subjects. According to our proposed method, a PPG pulse is considered
true-positive (TP) when its quality level is correctly identified, false-positive (FP) when its quality level
is incorrectly identified, true-negative (TN) when its quality level is correctly rejected, and false-negative
(FN) when its quality level is incorrectly rejected. Here, the performance of the proposed method
was evaluated using accuracy, (TP + TN)/(TP + FP + FN + TN), precision, TP/(TP + FP), sensitivity,
TP/(TP + FN), and specificity, TN/(FN + TN).

Table 3. Quality information of PPG pulses for fourteen subjects.

Subjects Number of Pulses High SQI Middle SQI Low SQI

1 213 97 7 109
2 231 160 7 64
3 198 52 6 140
4 235 132 8 95
5 303 160 7 136
6 234 79 6 149
7 235 81 6 148
8 193 112 3 78
9 209 8 1 200
10 249 105 6 138
11 261 79 7 175
12 159 32 4 123
13 205 93 2 110
14 210 152 3 55
All 3135 1342 73 1720

4. Results

4.1. Training Outcomes of Deep Convolution Neural Networks

The proposed VGG-19 and ResNet-50 were trained by 1200 PPG pulses that were divided into two
categories, high-quality (d = 1) and low-quality (d = 0). The high-quality samples included 400 pulses
randomly chosen from the 1342 samples, and the low-quality samples comprised 800 pulses randomly
chosen from the 1720 samples. We did not use the pulses belonging to middle-quality to train the
networks in this study because the sample number of this level was too few, only 73 pulses. In order to
balance the sample numbers for the two levels, the high-quality samples were extended to 800 using the
400 samples. Figure 7a shows the training results for the VGG-19 model. The training and validation
accuracies are 0.88 and 0.90 after training 105 times to avoid the model overfitting the data, respectively.
The training and validation loss errors are 0.28 and 0.29, respectively. Figure 7b shows the training
results for the ResNet-50 model. The training and validation accuracies are 0.94 and 0.96, and loss
errors are 0.15 and 0.16 after training 130 times.

4.2. Testing Outcomes of Deep Convolution Neural Networks

The testing samples included 1935 PPG pulses and did not overlap the training samples.
The high-quality, middle-quality, and low-quality samples comprised 942, 73, and 920 PPG pulses,
respectively. When the output value of the 2D DCNN was between 0.8 and 1.0, between 0.5 and 0.8,
or between 0 and 0.5, the PPG pulse was classified as a high-quality, middle-quality, or low-quality,
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respectively. Table 4 shows the performance of the VGG-19 and ResNet-50 models in the classification
of the high- and low-quality levels. The average accuracy (0.895) of the VGG-19 model is lower than
that (0.925) of the ResNet-50 model. However, the sensitivity (0.970) and specificity (0.970) of the
VGG-19 model are higher than those (0.915 and 920) of the ResNet-50 model, respectively. For all the
testing data, the statistic error of SV is pretty high and found to be 33.5 ± 76.8 mL. Table 5 shows the
statistic errors of SV for the three groups (high-quality, middle-quality, and low-quality), as classified
by the VGG-19 and ResNet-50 models. With either of the two models, the high-quality group obviously
resulted in the least SV errors. Additionally, the SV errors using the ResNet-50 model were lower than
those using the VGG-19 model for the three groups with different quality levels.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 16 
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Table 4. The testing results for the VGG-19 and ResNet-50 models. TP, TN, FP, and FN denote the true
positive, true negative, false positive and false negative pulses, respectively.

Model TP
(N)

TN
(N)

FP
(N)

FN
(N)

Accuracy
(%)

Precision
(%)

Sensitivity
(%)

Specificity
(%)

VGG-19 High vs.
(Middle + Low) 897 780 213 45 0.87 0.81 0.95 0.95

VGG-19 (High +
Middle) vs. Low 1006 774 146 9 0.92 0.87 0.99 0.99

ResNet-50 High vs.
(Middle + Low) 860 910 83 82 0.91 0.91 0.91 0.92

ResNet-50 (High +
Middle) vs. Low 933 886 34 82 0.94 0.96 0.92 0.92

Figure 8 shows the results of SQI classification with the ResNet-50 model for the PPG (blue line)
and DPPG (orange line) signals moderately corrupted by the baseline drift. The SQI level of each
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pulse was determined according to the error percentage between the reference SV by medis® CS2000
and the measured SV by our ICG device. An error percentage of below 18%, between 18% and 20%,
or above 20% represents a high-quality, middle-quality, or low-quality PPG pulse, respectively. The first
and third rows, and the second and fourth rows of the data correspond to the two SVs, and the two
LVETs measured by medis® CS 2000 and our ICG device, respectively. The fifth row of the data
denotes the error percentage of the SV. The red line represents the output value of the ResNet-50
model. If the output value is larger than 0.8, between 0.5 and 0.8, and less than 0.5, then the PPG pulse
will be classified as a high-, middle- and low-quality one, respectively. The cross and circle symbols
denote the first zero-crossing point and minimum-value point of the DPPG pulse, respectively. For the
seventh PPG pulse in the figure, it belongs to one of the PPG pulses with high quality because it has a
sharp valley in the starting ejection zone and a clear dicrotic notch. Thus, its corresponding SV error
percentage is found to be relatively low, 0.02, and the output value of the ResNet-50 model for this
pulse is 1.0. In addition, the second and third pulses both belong to low SQI ones, although they have
clear dicrotic notches and flat shape in the starting ejection zones. Since their LVET errors are 80 and
97 ms, their corresponding SV error percentages are found to be 0.49 and 0.42, respectively. Thus,
two output values of the ResNet-50 model for these two pulses are both 0. For the fifth pulse, it belongs
to a middle SQI one because it does not have a sharp valley in the starting ejection zone. Thus, its SV
error percentage is 0.2, and the output value of the ResNet-50 model for this pulse is 0.6.

Table 5. The statistic errors of SV in the three groups as classified by the VGG-19 and ResNet-50 models.

SV Error (mL)

Group VGG-19 ResNet-50

High-quality group (N = 942) 4.5 ± 14.7 2.6 ± 14.2
Middle-quality group (N = 73) 25.4 ± 42.3 19.9 ± 35.1
Low-quality group (N = 920) 64.6 ± 102.1 57.67 ± 95.4
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Figure 8. The results of SQI classification with the ResNet-50 model for the PPG (blue line) and
DPPG (orange line) signals moderately corrupted by the baseline drift. The first and third rows of
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DPPG pulse, respectively.



Appl. Sci. 2020, 10, 4612 12 of 16

Figure 9 shows the results of SQI classification with the ResNet-50 model for the PPG (blue line)
and DPPG (orange line) signals in the presence of serious baseline drift. When the baseline of the PPG
pulses is heavily wandered, the proposed ResNet-50 can still successfully identify these pulses as low
SQI ones. Thus, the output values of the ResNet-50 model for these pulses are all 0.
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Figure 9. The results of SQI classification with the ResNet-50 model for the PPG (blue line) and DPPG
(orange line) signals corrupted by serious baseline drift. The first and third rows of the data are the
two SVs with medis® CS 2000 and our ICG device, respectively, while the second and fourth rows
are the two LVETs with medis® CS 2000 and our ICG device, respectively. The fifth row represents
the error percentages of SV. The red line denotes the output value of the ResNet-50 model. The cross
and circle symbols represent the first zero-crossing point and minimum-value point of the DPPG
pulse, respectively.

5. Discussion

In a rule-based classification approach, only finite characteristics in time or frequency domains are
extracted from a PPG pulse. Therefore, the performance of such a rule-based classification approach
depends on the kind and number of characteristics. Since the number of the selected characteristics is
always limited, all the information that exists in the PPG pulse is not fully utilized in the rule-based
approaches [3,10,12]. Essentially, the main characteristics of a high-quality PPG pulse directly affect
the measuring physiological parameter. In this study, LVET is defined as the time interval initiated
at the opening of the aortic valve and terminated at the closing of the aortic valve. Thus, for the
morphology of a PPG pulse, the starting ejection point is the first zero-crossing point of the DPPG
pulse during systole. The ending ejection point is the time for the first minimum valley of the DPPG
pulse during systole, which happens before the dicrotic notch. Thus, the clear foot and dicrotic notch
are the main characteristics of the high-quality PPG pulse. In the 2D DCNN, the convolution layers
can automatically classify the different feature patterns from the raw image. Thus, the performance of
the 2D DCNN in this study is found to be better than that of our previous study using the rule-based
method [12].

In the previous study [5], we found that a substantial error is usually present in the LVET measured
by the PPG or ICG, as compared with the standard reference measured by phonocardiography. Although
the SV has a linear relation with the LVET according to Equation (1), the SV measured by medis®

CS2000 is calibrated through some parameters. In this study, both SV and LVET measured by medis®

CS2000 are used as the references to compare with those measured by our ICG device. In the study,
one of our findings is that the application of high-quality PPG pulses leads to relatively lower errors
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in the SV and LVET measurement, as shown in Figures 8 and 9. Thus, only the PPG pulse with high
quality can be used to obtain a reliable LVET and, subsequently, yield an accurate SV. In Table 5,
the SV is measured by high-quality PPG pulses in which the statistic errors of SV for the VGG-19 and
ResNet-50 models are found to be relatively low (4.5 ± 14.7 and 2.6 ± 14.2 mL), respectively.

In previous studies [10,25,26], the quality level of a PPG pulse was defined by experts in a manual
fashion. However, in the validation of their algorithms, a direct comparison of performance between
two published algorithms is restricted due to the different cognitive abilities of such experts. In this
study, we use three error percentage degrees, below 18%, between 18% and 20%, and above 20%,
to classify individual PPG pulse’s SQI (low, middle, or high). Based on the quantitative degrees of
error percentage, the proposed algorithm can effectively differentiate the quality level of each PPG
pulse. Additionally, the accuracy in the SV measurement with a high SQI PPG pulse classified by the
algorithm is found to be higher than that with a low SQI PPG pulse.

A classification approach using the DCNN does not need predetermined characteristics or features
and makes full use of the information embedded in the PPG pulse by taking advantage of a deep
learning process [27,28]. In our previous study, we proposed a rule-based method combined with a
fuzzy neural network to determine the SQIs of PPG pulses [12]. In order to increase the tolerance of
the rule-based method, a PPG pulse with an error percentage of SV less than 40% was considered to be
of high quality. In the test data, the statistic error of PPG pulses classified to be of high quality was
set 6.4 ± 12.8 mL. However, the accuracies for successfully determining high- and low-quality pulses
achieved only 0.83 and 0.86, respectively. On the other hand, in the present work, we label a PPG pulse
as high quality when its error percentage of SV is less than 20%. In the test data, the statistic error of
pulses classified as high quality with the proposed ResNet-50 model is 2.6 ± 14.2 mL. The accuracies
for successfully classifying high- and low-quality PPG pulses are 0.91 and 0.94, respectively. Since the
performance of the proposed 2D DCNN approach for the SQI classification seems to be better than the
rule-base method, the DCNN method may be applied to increase the measurement accuracy of SV.

Moreover, when the PPG signals are corrupted by serious baseline drift, these PPG pulses should
be removed by some algorithms before classifying their SQIs using the rule-based method. In the study,
the proposed 2D DCNN approaches (VGG-19 or ResNet-50) can make use of the morphologies of
PPG and DPPG waveforms to determine their SQIs. The PPG and DPPG signals are first merged and
transformed into an image, as shown in Figure 5, before we can use them to perform the classification
task. As shown in Figure 5c, the image is constructed by the PPG and DPPG pulses in which the PPG
pulse almost lacks the fundamental morphology of a traditional PPG waveform, but it can still be
correctly classified as a low-quality one by the proposed ResNet-50 model (Figure 9). This suggests
that the proposed 2D DCNN approaches may be useful for quality classification of the PPG pulses,
even for those seriously corrupted by motion artifacts and power line interference.

It is assumed that in a continuous PPG signal, the morphology of a high-quality PPG pulse may
be gradually changed to a low-quality PPG one. Hence, a middle-quality pulse can be considered as a
transitional one between the high- and low-quality pulses. In the present work, we define the error
percentage of the measured SV with middle-quality pulses to be between 18% and 20%. Therefore,
both the ResNet-50 and VGG-19 models are trained only using high- and low-quality PPG pulses,
excluding the middle-quality ones. The output layers of the VGG-19 and ResNet-50 models use the
sigmoid function as the active function. Thus, the current VGG-19 or ResNet-50 model can be considered
as a regression model for determining the morphologic change of the PPG pulse. We define the output
ranges of high- and low-quality pulses as between 1.0 and 0.8 and between 0.5 and 0.0, respectively.
Of course, some testing pulses may be classified as the middle-quality ones when their testing outputs
are between 0.8 and 0.5. Therefore, in Table 4, we test the performance of the VGG-19 or ResNet-50
model with the high-quality class and the not-high-quality class, and with the not-low-quality class
and the low-quality class.

Although the ResNet-50 model is constructed by a trained DRNN architecture with a 50-layer
network, its average accuracy (0.940) for classifying the high- plus middle-quality and the low-quality
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PPG pulses is higher than that (0.92) of the VGG-19 model with a 19-layer network. However,
both sensitivity (0.915) and specificity (0.92) of the ResNet-50 model are lower than those (0.97, 0.97)
of the VGG-19 model for classifying these two quality groups. It seems that due to few samples
included in the study, no significant difference exists between the performances of the ResNet-50 and
VGG-19 models.

There are some limitations to the present study. First, because the subjects recruited in this study
all are healthy males, the pulses with the middle- or low-quality are all corrupted, mostly by the
motion artifacts. In the study, we did not acquire the PPG pulses belonging to arrhythmic beats.
Thus, gender and cardiovascular disease may somewhat affect the current results. Second, PPG pulse
morphology would be varied with vascular compliance, which is closely associated with age and
hypertension [29,30]. The ages of the included subjects are between 22 and 29 years, and their systolic
and diastolic blood pressure are all in a normal range. Thus, subjects of different ages or with
hypertension may have various pulse morphologies that may consequently influence the present
outcome. Third, only 1-second episodes of PPG signals are employed in the current study. To make
sure that each 1-second PPG signal contains at least one cardiac cycle data, the heart rates of the
recruited participants must be higher than 60 beats/minute.

6. Conclusions

In order to quantify the level of SQI for each PPG pulse, the error percentage of measured SV for
each beat was used to define the level of SQI for each PPG pulse. The morphologies of PPG and DPPG
pulses were combined into an image, which was used to determine the quality level of each PPG pulse.
The proposed VGG-19 and ResNet-50 models can be used to successfully determine the SQI of each
PPG pulse. Thus, we did not need to explore the characteristics of the PPG pulse to determine the pulse
SQI when using the 2D DRNN. Moreover, comparing with the results of our study, the performance of
the 2D DRNN was better than that of a traditional rule-based method. Noticeably, the main limitation
of the study is the small number of PPG pulses. If more PPG pulses are used in the training process of
the 2D DRNN, better results can be expected.
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A B S T R A C T   

Genotoxic stress from environmental pollutants plays a critical role in cytotoxicity. The most abundant nitro- 
polycyclic aromatic hydrocarbon in environmental pollutants, 1-nitropyrene (1-NP), is generated during fossil 
fuel, diesel, and biomass combustion under sunlight. Macrophages, the key regulators of the innate immune 
system, provide the first line of defense against pathogens. The toxic effects of 1-NP on macrophages remain 
unclear. Through a lactate dehydrogenase assay, we measured the cytotoxicity induced by 1-NP. Our results 
revealed that 1-NP induced genotoxicity also named DNA damage, including micronucleus formation and DNA 
strand breaks, in a concentration-dependent manner. Furthermore, 1-NP induced p53 phosphorylation and nu-
clear accumulation; mitochondrial cytochrome c release; caspase-3 and -9 activation and cleavage; and poly 
(ADP-ribose) polymerase-1 (PARP-1) cleavage in a concentration-dependent manner. Pretreatment with the 
PARP inhibitor, 3-aminobenzamide, significantly reduced cytotoxicity, genotoxicity, and PARP-1 cleavage 
induced by 1-NP. Pretreatment with the caspase-3 inhibitor, z-DEVD-fmk, significantly reduced cytotoxicity, 
genotoxicity, PARP-1 cleavage, and caspase 3 activation induced by 1-NP. Pretreatment with the p53 inhibitor, 
pifithrin-α, significantly reduced cytotoxicity, genotoxicity, PARP-1 cleavage, caspase 3 activation, and p53 
phosphorylation induced by 1-NP. We propose that cytotoxicity and genotoxicity induced by 1-NP by PARP-1 
cleavage via caspase-3 and -9 activation through cytochrome c release from mitochondria and its upstream 
p53-dependent pathway in macrophages.   
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1. Introduction 

Genotoxic stress, generated from environmental pollutants, plays a 
critical role in cytotoxicity and tumorigenicity (Huang et al., 2018; 
Wang et al., 2020; Zhao et al., 2019). Genotoxicity is the ability of 
genotoxic stress to damage genetic material. DNA damage is an impor-
tant indicator of genotoxicity (Wu et al., 2007; Huang, 2018). The p53 
tumor suppressor protein is at the center of cellular signaling networks 
that respond to genotoxic stress (Murray-Zmijewski et al., 2008). DNA 
damage-induced phosphorylation of p53 leads to cytochrome c release 
from the mitochondria (Schuler et al., 2000). The release of cytochrome 
c induces cysteine-aspartic protease (caspase) activation and the sub-
sequent cleavage and inactivation of poly (ADP-ribose) polymerase-1 
(PARP-1) (Schuler et al., 2000; Weaver and Yang, 2013), which is a 
signaling molecule that participates in cytotoxic DNA damage (Weaver 
and Yang, 2013). Thus, these evidence indicated that the p53 and gen-
otoxicity mediated by cytochrome c release, caspase activation, and 
PARP-1 cleavage results in cytotoxicity. 

The most abundant nitro-polycyclic aromatic hydrocarbon (nitro- 
PAH) in environmental pollutants, 1-nitropyrene (1-NP), is generated 
during fossil fuel, diesel, and biomass combustion under sunlight (Gao 
and Ji, 2018). Studies have demonstrated the genotoxic effects of 1-NP 
in tilapia, human alveolar basal epithelial cells, and human placental 
trophoblasts (Wang et al., 2020; Bacolod et al., 2017; Rossner et al., 
2016). However, the effects of 1-NP on macrophages are unclear. 
Macrophages are the key regulators of the peripheral innate immune 
system and provide the first line of defense against pathogens (Sato 
et al., 2020). However, excessive or prolonged activation of macro-
phages challenged by environmental pollutants induces cytotoxicity and 
genotoxicity (André et al., 2011). Further studies are necessary to 
identify the role of genotoxic stress in macrophages treated with 1-NP. 

2. Materials and methods 

2.1. Materials 

All reagents for cell cultures, including Dulbecco’s modified Eagle’s 
medium (DMEM), fetal bovine serum (FBS), trypsin protease, phosphate 
buffered saline (PBS), and antibiotic antimycotic solution were pur-
chased from HyClone Laboratories, Inc. (Logan, UT, USA). Lactate de-
hydrogenase (LDH) assay kit, 1-nitropyrene (1-NP), dimethyl sulfoxide 
(DMSO), low-melting agarose, and other reagents of analytical grade 
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Caspase-3, 
caspase-8, and caspase-9 fluorometric assay kits were purchased from 
Biovision, Inc. (Mountain View, Calif., USA). Primary antibodies for the 
detection of PARP-1, β-actin, caspase-3, caspase-8, caspase-9, cyto-
chrome C, COX-IV, phosphoryl (P)-p53, p53 were obtained from Santa 
Cruz (Santa Cruz, CA, USA). The PARP inhibitor, 3-aminobenzamide, 
the caspase 3 inhibitor, z-DEVD-fmk, and the p53 inhibitor, pifithrin- 
α, were purchased from Santa Cruz (Santa Cruz, CA, USA). Horseradish 
peroxidase (HRP)-conjugated anti-rabbit IgG or anti-mouse IgG were 
purchased from Jackson ImmunoResearch Laboratories (Baltimore, MD, 
USA). The 1-NP, 3-aminobenzamide, z-DEVD-fmk, and pifithrin-α so-
lution was prepared by dissolving in DMSO. The DMSO final concen-
tration was less than 0.05% (v/v). 

2.2. Cell culture and treatment 

The mouse macrophage-like cell line RAW264.7 was purchased from 
the Bioresource Collection and Research Centre (BCRC, Hsinchu, 
Taiwan). The cells were maintained in Dulbecco’s modified Eagle’s 
medium with 10% FBS and a 1% antibiotic antimycotic solution at 37 ◦C 
in a 5% CO2 incubator (Huang et al., 2020). For the cytotoxicity assay, 
the cells were treated with 0, 3, 10, 30, or 50 μM 1-NP for 6, 12, 24, or 

48 h. For other assays, the cells were treated with 0, 3, 10, 30, or 50 μM 
1-NP for 24 h. For protection assays, the cells were treated with vehicle, 
3-aminobenzamide at 10 mM, z-DEVD-fmk at 1 μM, and pifithrin-α at 
10 μM. After 30 min, the cells were incubated with 1-NP at 30 μM for 24 
h. 

2.3. Cytotoxicity assay 

Cytotoxicity was evaluated using a lactate dehydrogenase (LDH) 
assay (Chang et al., 2020). In brief, the culture medium was aspirated 
and replaced with medium containing 3, 10, 30, or 50 μM 1-NP and 1% 
Triton X-100 for 6, 12, 24, or 48 h. The supernatant was transferred to a 
new plate and mixed with the reaction mixture, consisting of a catalyst 
and dye solution, and incubated for 30 min at room temperature. LDH 
activity in the supernatant was quantified using a microplate reader 
(Synergy HT Multi-Mode Microplate Reader, Biotek, Winooski, VT, 
USA) at 490 nm. 

2.4. Cytokinesis-block micronucleus assay 

Cells treated with various concentrations of 1-NP were incubated 
with 3 μg/mL cytochalasin-B for 24 h, washed twice with PBS, resus-
pended in 75 mM potassium chloride, fixed, and placed in a mixture of 
glacial acetic acid:methanol (1:3). The pellet was resuspended and 
pipetted on a cold, dry glass slide. The slides were stained with 2% Gi-
emsa stain for 15 min and then analyzed under a microscope with 
transmitted light. On each slide, at least 500 binucleated macrophages 
were scored per culture to determine the micronucleus (MN) frequency 
(Tsai et al., 2020). 

2.5. Alkaline single cell gel electrophoresis assay 

Cells treated with various concentrations of 1-NP for 24 h were 
embedded in 1% low melting agarose on microscope slides precoated 
with 1% normal melting point agarose. The slides were first placed in a 
cold tray for agarose to solidification and then in a lysis buffer, pH 10 
(2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl, 1% Triton X-100, 200 mM 
NaOH, 34.1 mM N-lauroylsarcosine, and 10% DMSO) for 1 h on ice in 
the dark. The slides were washed and incubated in an alkaline solution 
(0.3 M NaOH and 1 mM EDTA) for 40 min at 4 ◦C. After horizontal 
electrophoresis (29 V, 1.15 V/cm electrophoresis platform) at room 
temperature, the slides were stained with ethidium bromide and 
observed under a fluorescence microscope. DNA damage was analyzed 
using the image analysis system Comet v.3. To quantify DNA damage, 
single cell gel electrophoresis (COMET) parameters, including tail 
length, tail moment, olive moment, and percent tail DNA (% tail DNA), 
were evaluated (Tsai et al., 2020). 

2.6. Caspase-3 and -9 activity assay 

Caspase activity was assayed using a fluorometric assay kit in 
accordance with the manufacturer’s instructions. Cells treated with 
various concentrations of 1-NP for 24 h were washed, collected, and 
lysed. The lysate was centrifuged, and the protein content was detected 
through the Bradford assay. Equal amounts of protein lysate were 
incubated with the fluorogenic substrates of caspase-3 and -9. The 
fluorescence intensity of each sample was measured using a Synergy HT 
Multi-Mode Microplate Reader (Biotek, Winooski, VT, USA) at 400-nm 
excitation and 505-nm emission wavelengths. Fluorescence intensity 
was expressed as a relative fluorescence unit (Huang et al., 2020). 

2.7. Preparation of nuclear fractions and Western blot assay 

After treatment with the indicated concentration of 1-NP for 24 h, 
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total protein from whole cells was extracted in the RIPA lysis buffer 
containing protease and phosphatase inhibitors. The cytosolic and nu-
clear fraction was isolated using the cytoplasmic and nuclear protein 
extraction kit. Protein extracts were resolved on SDS–PAGE gels, 
transferred to polyvinylidene fluoride membranes, and fixed in 5% skim 
milk, as described previously (Huang et al., 2020). The membranes were 
treated with antibodies against caspase-3, caspase-8, caspase-9, p53, 
phospho-p53, PARP-1, β-actin, and GAPDH for 2 h. The membranes 
were washed before the addition of the horseradish perox-
idase–conjugated secondary antibody. The protein bands were visual-
ized and quantified with enhanced chemiluminescence labeling using an 
Infinity CX5 detection system (Vilber Lourmat, France). 

2.8. Statistical analysis 

Statistical analysis was performed with SPSS software (SPSS inc., 
Chicago, IL, USA). One-way analysis of variance followed by the post- 
hoc Bonferroni’s test was used to multiple group comparisons. Data 
are expressed as the mean ± standard deviation (S.D.) of results ob-
tained from three independent experiments. P < .05 indicated statistical 
significance for all tests. 

3. Results 

3.1. Cytotoxic effects of 1-NP on RAW 264.7 macrophages 

The cytotoxic effect of 1-NP on RAW 264.7 macrophages was 
measured through an LDH assay (Fig. 1). RAW 264.7 cells incubated 
with 3 μM 1-NP for 48 h or 10 μM 1-NP for 6 h exhibited significant 
cytotoxicity (P < .05). Thus, 1-NP induced cytotoxicity in a concentra-
tion- and time-dependent manner. 

3.2. Effects of 1-NP on DNA damage in RAW 264.7 macrophages 

The DNA damage of 1-NP on RAW264.7 macrophages was measured 
through MN formation and COMET assay. The formation assay was used 
to study the effect of 1-NP–induced genotoxicity and chromosomal 
instability in RAW 264.7 macrophages. The induction of MN formation 
in the presence of 1-NP for 24 h was concentration dependent, and a 
significant increase was observed at 10 μM (P < .05; Fig. 2A). The 
COMET assay was used to assess the effects of 1-NP–induced DNA single- 
strand breaks in RAW 264.7 macrophages. A statistically significant and 

concentration-dependent upregulation in tail length, tail moment, olive 
moment, and % tail DNA was induced by 1-NP. The increase was sig-
nificant when the cells were treated with 10 μM 1-NP for 24 h (P < .05; 
Fig. 2B and C). 

3.3. Effects of 1-NP on the nuclear accumulation and phosphorylation of 
p53 in RAW 264.7 macrophages 

DNA damage induces the nuclear accumulation and phosphorylation 
of p53 (Sborchia et al., 2019; Guttenplan et al., 2019). We measured the 
nuclear accumulation of p53 induced by 1-NP in RAW264.7 macro-
phages. As shown in Fig. 3A, the cytosolic level of p53 remained un-
changed in the presence of up to 50 μM 1-NP. By contrast, 1-NP induced 
the nuclear accumulation of p53 in a concentration-dependent manner, 
and a significant increase was observed at 10 μM (Fig. 3B, P < .05). The 
values for p53 phosphorylation levels are shown in Fig. 3C. Phosphor-
ylation of p53 was induced by 1-NP in a concentration-dependent 
manner, and a significant increase was observed at 10 μM (P < .05). 

3.4. Effects of 1-NP on mitochondrial cytochrome c release in RAW 
264.7 macrophages 

Mitochondrial cytochrome c release was induced by p53 phosphor-
ylation (Deng et al., 2006). Changes in the level of mitochondrial cy-
tochrome c release induced by 1-NP are displayed in Fig. 4. The decrease 
in mitochondrial cytochrome c levels by 1-NP was concentration 
dependent, and a significant decrease was observed at 10 μM (P < .05). 
However, the increase in cytosolic cytochrome c levels in the presence of 
1-NP was concentration dependent, and a significant increase was 
observed at 10 μM (P < .05). 

3.5. Effects of 1-NP on the activation and cleavage of procaspase-3 and -9 
in RAW 264.7 macrophages 

The activation and cleavage of procaspase-3 and -9 were induced by 
mitochondrial cytochrome c release (Reiners Jr et al., 2002; Chipoy 
et al., 2007). To study the effect of 1-NP on the activation and cleavage 
of procaspase-3 and procaspase-9, we used a fluorometric assay and 
Western blot assay, respectively. The activation (Fig. 5A) and cleavage 
(Fig. 5B) of procaspase-3 and -9 were induced by 1-NP in a 
concentration-dependent manner, with a significant increase at 10 μM 
(P < .05). 

3.6. Effects of 1-NP on PARP-1 cleavage in RAW 264.7 macrophages 

PARP-1 cleavage was induced by caspase-3 activation (Li et al., 
2020). We used Western blotting to study the effect of 1-NP on PARP-1 
cleavage. As shown in Fig. 8, 1-NP induced PARP-1 cleavage in a 
concentration-dependent manner, and a significant increase was 
observed at 10 μM (Fig. 6, P < .05). 

3.7. Effects of PARP inhibitor, caspase-3 inhibitor, p53 inhibitor on 1-NP- 
induced cytotoxicity and genotoxicity via PARP-1 cleavage, caspase-3 
activation, p53 phosphorylation 

To demonstrate the effects of PARP-1, caspase-3, and p53 involved in 
cytotoxicity and genotoxicity induced by 1-NP. We used the PARP-1 
inhibitor, caspase-3 inhibitor, and p53 inhibitor containing 3-aminoben-
zamide at 10 mM, z-DEVD-fmk at 1 μM, and pifithrin-α at 10 μM, 
respectively, pretreatment with the RAW264.7 cells for 30 min and then 
incubated with 1-NP at 30 μM for 24 h. As shown in Fig. 7(A) and (B), 
the cytotoxicity and genotoxicity were significantly induced by 1-NP 
(P < .05). Pretreatment with 3-aminobenzamide, z-DEVD-fmk, pifi-
thrin-α markedly reduced the cytotoxicity and genotoxicity induced by 
1-NP (P < .05). In addition, pretreatment with 3-aminobenzamide, z- 
DEVD-fmk, pifithrin-α markedly reduced the PARP-1 cleavage induced 

Fig. 1. Effects of 1-NP on cytotoxic effect. RAW264.7 macrophages were 
incubated with 1-NP at indicated concentration for various duration. Cytotox-
icity was detected by the LDH assay. Values are expressed as mean ± S.D. 
(n = 3). *P < .05 considered significantly different from the control values. 
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Fig. 2. Effects of 1-NP on DNA damage. (A) MN formation of RAW264.7 macrophages were incubated with 1-NP at indicated concentration for 24 h. (A) Gel 
electrophoresis of RAW264.7 macrophages were incubated with 1-NP at indicated concentration for 24 h. (B) DNA damage was quantified as tail length, tail moment, 
olive moment, and % tail DNA Values are expressed as mean ± S.D. (n = 3). *P < .05 considered significantly different from the control values. 
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by 1-NP (Fig. 7(C), P < .05). Pretreatment with z-DEVD-fmk and pifi-
thrin-α markedly reduced the caspase-3 activity induced by 1-NP (Fig. 7 
(D), P < .05). Pretreatment with 3-aminobenzamide could not effec-
tively inhibit the caspase-3 activity induced by 1-NP (Fig. 7(D)). Pre-
treatment with pifithrin-α markedly reduced the p53 phosphorylation 
induced by 1-NP (Fig. 7(E), P < .05). Pretreatment with 3-aminobenza-
mide and z-DEVD-fmk could not effectively inhibit the p53 phosphor-
ylation induced by 1-NP (Fig. 7(E)). 

4. Discussion 

Immunotoxicity induced by environmental pollutants is a major 
health concern worldwide. Diesel exhaust, a mixture of particles and 
gases, is the main source of environmental pollutants. Of the more than 
200 nitro-PAHs present in diesel exhaust, 1-NP is the most abundant 
(Scheepers et al., 1995). Therefore, 1-NP is a chemical indicator for 
diesel exhaust in the environment and human body (Scheepers et al., 

Fig. 3. Effects of 1-NP on nuclear accumulation and phosphorylation of p53. RAW264.7 macrophages were incubated with 1-NP at indicated concentration for 24 h. 
Cytosolic expression (A), nuclear expression (B), and phosphorylation (C) of p53 were measured by Western blot assay. The change in fold of p53 expression and 
phosphorylation between the treated and control groups were calculated. Values are expressed as mean ± S.D. (n = 3). *P < .05 considered significantly different 
from the control values. 

Fig. 4. Effects of 1-NP on mitochondrial cytochrome c release. RAW264.7 macrophages were incubated with 1-NP at indicated concentration for 24 h. Mitochondrial 
expression (A) and cytosolic expression (B) of cytochrome c were measured by Western blot assay. The change in fold of cytochrome c expression between the treated 
and control groups were calculated. Values are expressed as mean ± S.D. (n = 3). *P < .05 considered significantly different from the control values. 
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1995). In previous study, 1-NP has been found at concentrations of up to 
57 pg/m3 from air particle over urban and suburban areas in Michigan 
(Gibson, 1986). Recent retrospective research has found that the con-
centration of 1-NP exposures in air ranged from 10 to 1000 pg/m3 and 1 
to 100 pg/m3 in urban areas and rural areas, respectively (IARC, 2014). 
Due to daily exposure would be resulted in the accumulation of toxic 
concentrations in humans or animals. After 13 weeks, there is no death 
case in 20 F344/N rats which are exposed to 1-NP aerosol, 6 h per day, 5 
days per week (Chan, 1996). At the same study purpose that squamous 
metaplasia of the laryngeal and bronchial respiratory epithelium 
induced by 1-NP in the rats (Chan, 1996). Cellular morphology ex-
change, proliferation downregulation, and cytotoxicity upregulation 
exist in 1-NP-treated hepatoma cell lines, Hepa1c1c7 cells (Asare et al., 
2008). The approximately 50% cytotoxic effect induced by 1-NP after 
2 h incubation at 1 μM in the primary culture of rat hepatocytes (de 

Mejía and Ramírez-Mares, 2002). In the primary culture of rat tracheal 
epithelial cells, approximately 50% cytotoxic effect induced by 1-NP 
after 24 h incubation at the concentration of 9 μM (Mitchell and Tho-
massen, 1990). 1-NP could not induce cytotoxicity in Chinese hamster 
lung fibroblast for concentration up to 240 μM and 12 h incubation 
(Edwards et al., 1986). Based on these studies suggested that the 
different degree of toxic effects induced by 1-NP in various cell types. 
Due to no evidence showing the toxic effect was induced by 1-NP in 
RAW264.7 macrophages. Therefore, we have further studied the toxic 
effects in RAW264.7 macrophages incubated with 1-NP at the concen-
tration from 3 to 50 μM for 6 to 48 h. The cytotoxicity induced by 1-NP is 
concentration- and time- dependent manner in RAW 264.7 macro-
phages. According to the results of cytotoxicity at present study, the 
concentration of 1-NP required to achieve an approximately 50% cyto-
toxicity was 30 μM after a 24 h or 48 h incubation. These results suggest 

Fig. 5. Effects of 1-NP on activation and cleavage of procaspase-3 and -9. RAW264.7 macrophages were incubated with 1-NP at indicated concentration for 24 h. (A) 
Activation of caspase-3 and -9 were measured by fluorometric assay kit. (B) Cleavage of procaspase-3 and -9 were measured by Western blot assay. (C) The change in 
fold of procaspase-3 and -9 cleavage between the treated and control groups were calculated. Values are expressed as mean ± S.D. (n = 3). *P < .05 considered 
significantly different from the control values. 
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that the cytotoxic effect of 1-NP reaches saturation by 24 h in RAW264.7 
macrophages. Therefore, following-up research of toxic mechanism 
induced by 1-NP was carried out for 24 h incubation. 

Genotoxicity is an important type of cytotoxicity. Genotoxic com-
pounds exert various biological changes, including mutagenicity, car-
cinogenicity, and DNA damage (Botero et al., 2020). The International 
Agency for Research on Cancer classified 1-NP as a group 2A agent, 
suggesting that it is carcinogenic to humans (IARC, 2014). Genotoxicity 
is the ability of a compound to induce DNA damage, including MN 
formation, DNA strand breakage, and DNA fragmentation (Wu et al., 
2007; Huang, 2018). A study revealed that 1-NP induces MN formation 
during the germination of barley (Hordeum vulgare) and early growth of 
tilapia (Oreochromis niloticus) (Bacolod et al., 2017; Yun et al., 2019). 
Moreover, 1-NP causes DNA single-strand damage, as measured through 
a COMET assay, in keratinocytes, human umbilical vein endothelial 
cells, alveolar basal epithelial cells, and placental trophoblasts (Shang 
et al., 2017; Andersson et al., 2009; Fullove and Yu, 2013; Wang et al., 
2020). Our results demonstrate that 1-NP induces MN formation, DNA 

strand breakage, and DNA fragmentation in a concentration-dependent 
manner. Moreover, genotoxicity induced by various concentrations of 
1-NP exhibits a similar trend to cytotoxicity, suggesting that genotox-
icity is partially involved in 1-NP-induced cytotoxicity in RAW 264.7 
macrophages. 

The protein p53 is a key sensor of genotoxic stress (Murray-Zmi-
jewski et al., 2008). Under genotoxic stress, p53 phosphorylation and 
nuclear translocation promote the accumulation of DNA damage, lead-
ing to mutagenicity and carcinogenicity (Sborchia et al., 2019; Gutten-
plan et al., 2019). The phosphorylation of p53 is stimulated by 1-NP in 2 
hepatoma cell lines, HepG2 and Hepa1c1c7 (Su et al., 2008; Asare et al., 
2008, 2009). Our finding that 1-NP-induces p53 phosphorylation is 
consistent with those of previous studies. To the best of our knowledge, 
this is the first evidence that shows the nuclear translocation of p53 
induced by 1-NP in RAW 264.7 macrophages. 

Under genotoxic stress, cytoplasmic p53 interacts with members of 
the B cell lymphoma-2 (bcl-2) family, which leads to the permeabiliza-
tion of the outer mitochondrial membrane (Kroemer et al., 2015). Cy-
tochrome c released from the mitochondrial intermembrane space 
through the bcl-2 protein family integral insertion into the outer mito-
chondrial membrane induced by p53 phosphorylation (Kroemer et al., 
2015). No study has reported that 1-NP treatment induces cytochrome c 
release (Deng et al., 2006). We have shown for the first time that 
1-NP–induced cytochrome c release induces genotoxicity and cytotox-
icity in RAW 264.7 macrophages. The cleavage of procaspase-9, facili-
tated by cytoplasmic cytochrome c, converts it into the enzymatically 
active caspase-9, which processes procaspase-3 into activated caspase-3 
(Reiners et al., 2002). A study reported that 1-NP activates caspase-3 in 
hepatoma cells and bronchial epithelial cells (Oya et al., 2011; Asare 
et al., 2009). In RAW 264.7 macrophages treated with 1-NP for 24 h, the 
activation and upregulation of caspase-3 and -9 were observed to be 
concentration dependent. Thus, 1-NP–induced genotoxicity activates 
caspase-3 and -9 through p53 phosphorylation and cytochrome c 
release. 

PARP-1, an abundant and ubiquitous nuclear protein, is highly sen-
sitive to DNA damage and genotoxicity. PARP-1 initiates poly (ADP- 
ribosylation) to synthesize poly (ADP-ribose), which facilitates DNA 
repair and replication or triggers DNA degradation (Wang et al., 2019; 
Caron et al., 2019). PARP-1 cleavage by caspase-3 inhibits DNA damage 
repair and replication and increases DNA damage (Li et al., 2020). 
Moreover, 1-NP was shown to induce PARP-1 cleavage in hepatoma and 
bronchial epithelial cells (Su et al., 2008; Oya et al., 2011). In the pre-
sent study, 1-NP induced PARP-1 cleavage in a concentration-dependent 
manner in RAW 264.7 macrophages. Thus, PARP-1 cleavage is induced 
by 1-NP through caspase-3 activation and leads to genotoxicity. 

The various inhibitors can be used to the intracellular signal pathway 
involved in cytotoxicity and genotoxicity induced by 1-NP. 3-amino-
benzamide is the inhibitor of PARP. z-DEVD-fmk is the inhibitor of 
caspase-3. Pifithrin-α is the inhibitor of p53. The first, cytotoxicity and 
genotoxicity were reduced by the 3-aminobenzamide, z-DEVD-fmk, 
pifithrin-α in 1-NP-treated RAW264.7 macrophages. The second, 1-NP- 
induced PARP-1 cleavage was inhibited by 3-aminobenzamide, z- 
DEVD-fmk, pifithrin-α. The third, 1-NP-induced caspase-3 activation 
was inhibited by z-DEVD-fmk and pifithrin-α not 3-aminobenzamide. 
The last, 1-NP induced p53 phosphorylation was inhibited by pifi-
thrin-α, not 3-aminobenzamide and z-DEVD-fmk. These results indi-
cated cytotoxicity and genotoxicity induced by 1-NP via PARP-1 through 
caspase-3 and its upstream p53. 

As shown in Fig. 8, our results revealed that cytotoxicity induced by 
1-NP follows a similar trend in terms of concentration as genotoxicity, 
including MN formation and DNA strand breakage, in the RAW264.7 
macrophages. Western blot analysis revealed phosphorylation and nu-
clear translocation of p53, mitochondrial cytochrome c release into 
cytosol, and procaspase-3 and -9 cleavage could be induced by 1-NP. In 
addition, the caspase-3 and -9 activation would be induced by 1-NP. 
Cytotoxicity, genotoxicity, and PARP-1 cleavage were reduced by 3- 

Fig. 6. Effects of 1-NP on PARP-1 cleavage. RAW264.7 macrophages were 
incubated with 1-NP at indicated concentration for 24 h. Cleavage of PARP-1 
was measured by Western blot assay. The change in fold of PARP-1 cleavage 
between the treated and control groups were calculated. Values are expressed 
as mean ± S.D. (n = 3). *P < .05 considered significantly different from the 
control values. 
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Fig. 7. Effects of PARP inhibitor, caspase-3 inhibitor, p53 inhibitor on cytotoxicity, genotoxicity, PARP-1 cleavage, caspase-3 activation, p53 phosphorylation 
induced by 1-NP. The RAW264.7 macrophages incubated with 3-aminobenzamide (3ABA) at 10 mM, z-DEVD-fmk (DEVD) at 1 μM, or pifithrin-α (PFT) at 10 μM for 
30 min, and then the cells treated with 1-NP at 30 μM for 24 h. (A) Cytotoxicity was detected by LDH assay. (B) Genotoxicity was detected by MN formation assay, 
respectively. (C) Cleavage of PARP-1 and (E) phosphorylation of p53 were measured by Western blot assay. (D) Activation of caspase-3 was measured by fluorometric 
assay kit. Values are expressed as mean ± S.D. (n = 3). *P < .05 considered significantly different from the control values. #P < .05 considered significantly different 
from the 1-NP group. 

S.-W. Wu et al.                                                                                                                                                                                                                                  



Ecotoxicology and Environmental Safety 213 (2021) 112062

9

aminobenzamide, z-DEVD-fmk, pifithrin-α in 1-NP-treated RAW264.7 
macrophages. Activation of caspase-3 was reduced by z-DEVD-fmk and 
pifithrin-α. Phosphorylation of p53 was reduced by pifithrin-α. These 
results suggested 1-NP induced cytotoxicity and DNA damage via PARP- 
1 cleavage through caspase-3 activation. More, 1-NP induced caspase-3 
and -9 activation through p53-dependent mitochondrial cytochrome c 
release. Our findings suggested that 1-NP-mediates cytotoxicity and 
genotoxicity by PARP-1 cleavage via caspase-3 and -9 activation 
through cytochrome c release from mitochondria and its upstream fac-
tors p53-dependent pathway in macrophages. 
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Abstract

Bisphenol A (BPA) is an estrogen-like compound, and an environmental hormone,

that is commonly used in daily life. Therefore, it may enter the human body through

food or direct contact, causing BPA residues in blood and urine. Because most studies

focused on the analysis of BPA in reproductive cells or tissues, regarding evidence

the effect of BPA on human retinal pigment epithelium (ARPE-19) cells unavailable.

Accordingly, the present study explored the cytotoxicity of BPA on ARPE-19 cells.

After BPA treatment, the expression of Bcl-XL an antiapoptotic protein, in the mito-

chondria decreased, and the expression of Bax, a proapoptotic protein increased.

Then the mitochondrial membrane potential was affected. BPA changed in mitochon-

drial membrane potential led to the release of cytochrome C, which activated

caspase-9 to promote downstream caspase-3 leading to cytotoxicity. The nuclear fac-

tor (erythroid-derived 2)-like 2 (Nrf2) and heme oxygenase 1 (HO-1) pathway play a

major role in age-related macular degeneration. Our results showed that expression

of HO-1 and Nrf2 suppressed by BPA. Superoxide dismutase and catalase, which
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Nrf2 downstream antioxidants, were degraded by BPA. AMP-activated kinase

(AMPK), which can regulate the phosphorylation of Nrf2, and the phosphorylation of

AMPK expression was reduced by BPA. Finally, BPA-induced ROS generation and

cytotoxicity were reduced by N-acetyl-L-cysteine. Taken together, these results sug-

gest that BPA induced ARPE-19 cells via oxidative stress, which was associated with

down regulated Nrf2/HO-1 pathway, and the mitochondria dependent apoptotic sig-

naling pathway.

K E YWORD S

apoptosis, ARPE-19 cells, bisphenol A, mitochondrial dysfunction, Nrf2/HO-1 pathway

1 | INTRODUCTION

Bisphenol A (BPA) is often used to manufacture consumable items

such as pots, bottles, and tableware. BPA can even be added to the

food.1,2 Research has revealed that BPA remains in human blood and

urine.3 A study reported that BPA binds to estrogen receptor α and

affects the reproductive system.4 Another study demonstrated that

amount of residual BPA in human urine and blood is related to obe-

sity, cardiovascular disease, and type 2 diabetes.5

Age-related macular degeneration (AMD) is a progressive degenera-

tion of retinal pigment epithelial cells, Bruch's membrane, and choroidal

microvascular plexus due to aging.6 AMD also causes visual distortion,

and macular holes that appear gradually in the vision, and eventually

cause vision loss, usually through bilateral attacks. In developed coun-

tries, AMD is the most common cause of irreversible vision loss in people

aged older than 50 years. Oxidative stress and inflammation are associ-

ated with AMD. The retinal pigment epithelium (RPE) is a cell layer that

closely adheres to the photoreceptor cell layer and is connected to the

choroidal microvascular plexus. The RPE can absorb light, act as a blood-

retinal barrier, induce phagocytosis of the outer photoreceptor segment,

and secrete and provide nutrients to the retinal photoreceptor cells.7 The

RPE is crucial immunoprotected layer in the macula. Impairment of RPE

function, is the primary factor leading to clinical AMD.8

Studies have indicated that the apoptosis of the RPE, photorecep-

tor cells, and inner nuclear layer in human AMD.9 The apoptotic path-

way could be mediated by mitochondria. In this pathway, cytochrome

C is released from the space between mitochondrial membranes and

enters the cytoplasm to activate caspase. The Bcl-2 protein family

plays a role in regulating mitochondrial apoptosis.10 Antioxidant

enzymes such as superoxide dismutase (SOD) and catalase (CAT) can

protect RPE and photoreceptor cells against oxidative damage.11

Additionally, nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a vital

antioxidant pathway. Under normal conditions, Nrf2 is repressed by

Kelch-like ECH-associated protein 1, which exhibits a stable low con-

centration. Under oxidative stress, Nrf2 is transcribed, and it activates

cytoprotective genes, such as heme oxygenase 1 (HO-1).12 The Nrf2

pathway also plays a key role in many diseases, including AMD.13

AMP-activated kinase (AMPK) has a crucial role in regulating antioxi-

dant defense during oxidative stress. Recent studies have shown that

AMPK is the potential target for inducing Nrf2 antioxidant

defense.14,15 AMD progression is due to the excessive production of

free radicals and other reactive oxygen species (ROS), resulting in

imbalanced antioxidant degradation.11

BPA is an environmental hormone that can enter the human body

through food. However, the harmful effects of BPA on the retina have

not been clarified. To fill this research gap, we investigated the effect

of BPA induced oxidative stress and mitochondrial dysfunction through

caspase and Nrf2/HO-1 pathways activation in ARPE-19 cells.

2 | MATERIALS AND METHODS

2.1 | Materials

All reagents for cell cultures, including Dulbecco's modified Eagle's

medium, fetal bovine serum (FBS), trypsin protease, phosphate buffered

saline (PBS), and antibiotic antimycotic solution were purchased from

HyClone Laboratories (Logan, UT, USA). Anti-cytochrome C antibody

was purchased from Biolegend (San Diego, California, USA). Antibody

cysteine-aspartic proteases caspase-3 and caspase-9 fluorometric assay

kits were purchased from Biovision (Mountain View, Calif., USA). Primary

antibodies for the detection of Bcl-XL, Bax, phosphorylation of AMPK

(p-AMPK), Nrf2, CAT, SOD, HO-1, and β-actin were obtained from Santa

Cruz (Santa Cruz, CA, USA). BPA (HPLC grade, purity ≥96.5%), dimethyl

sulfoxide (DMSO), low-melting agarose, 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT), propidium iodide, 20 ,70-

dichlorofluorescin diacetate (DCFH-DA), thiobarbituric acid reactive sub-

stance (TBARS) assay kit, tetraethylbenzimidazolylcarbocyanine iodide

(JC-1), N-acetyl-L-cysteine (NAC), and other reagents were obtained from

Sigma-Aldrich (St. Louis, MO, USA). The BPA was prepared by dissolving

in DMSO. The DMSO final concentration was less than 0.05% (v/v).

2.2 | Cell culture and cell treatment

The human retinal epithelial cells line, ARPE-19 cells, was purchased

from the Bioresource Collection and Research Center (Hsinchu,

Taiwan). The cells were cultured in Dulbecco's modified Eagle's
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medium supplemented with 10% FBS, at 37�C in a humidified atmo-

sphere containing 5% CO2 and 95% air. After the ARPE-19 cells were

incubated with or without NAC at 0.2 mM for 1 h, the cells were

treated with BPA at the concentration of 0, 10, 25, 50, and 100 μM

for 0, 2, 4, 8, and 24 h.

2.3 | Cell viability assay

Cell viability was assessed through a MTT reduction assay, as described

previous.16 After treatment without or with BPA, the cells were incu-

bated with MTT at 5 mg/ml for 2 h. After the supernatant was discarded,

the blue formazan intracellular crystals were dissolved in DMSO. Optical

density measurements were performed at 570 nm by using a Synergy

HT multi-mode microplate reader (Biotek, Winooski, VT).

2.4 | Sub-G1 formation analysis through PI
staining

Apoptosis was assessed through PI staining for sub-G1, as described

previously.17 After treatment without or with BPA, the cells were

fixed in 75% ethanol at �20�C for 24 h. After being washed, the cells

were incubated with 1 mg/ml RNAase A and 5 μg/ml PI at 37�C for

0.5 h. Sub-G1 fluorescence was measured using BD accouri C6 flow

Plus software (BD Bioscience, San Jose, CA, USA).

2.5 | Determination of ROS production

ROS generation was assessed through a semiquantitative DCFH-DA

fluorescence assay, as described previously.18 The ARPE-19 cells were

incubated with 10 μM DCFH-DA for 30 min at 37�C, after which they

were washed three times and then resuspended in PBS. The cells

were monitored using flow cytometry at excitation and emission

wavelengths of 488 and 525 nm, respectively.

2.6 | Lipid peroxidation assay

The presence of malondialdehyde (MDA) and the production of

lipid peroxidation were using the TBARS assay kit as described pre-

viously.19 After treatment, the ARPE-19 cells were homogenized

and incubated with thiobarbituric acid reactive substances, includ-

ing thiobarbituric acid and trichloroacetic acid. According to the

manufacturer's instructions, read the absorbance at 530–540 nm

by using a Synergy HT multi-mode microplate reader (Biotek,

Winooski, VT).

2.7 | Caspase-3 and -9 activity assays

Caspase activity was assayed using a caspase fluorometric assay kit

(Alexis Biochemicals, Enzo Life Sciences, Plymouth Meeting, PA,

F IGURE 1 Effects of BPA on the survival rate in ARPE-19 cells. As the exposure time increased or BPA concentration increased, the survival
rate had a significant decreased (p < .05). Data are expressed as mean ± SE (n = 5). The values without a common superscript letter are
significantly different (p < .05), but they are limited to groups with the same treatment time
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USA), as described previously.20 After treatment, the cells were col-

lected and lysed with the lysis buffer which including 250 mM

HEPES pH 7.4, 25 mM CHAPS, 25 mM DTT. The cells were then

incubated with DEVD-AFC (caspase-3 substrate) and LEHD-AFC

(caspase-9 substrate) for 1 h. The samples were incubator for 1 h at

37�C. according to the manufacturers' instructions. The samples

were assessed using a fluorescence microplate reader (Molecular

Devices, CA) at excitation and emission wavelengths of 400 and

505 nm, respectively. The data are expressed as relative fluores-

cence units.

2.8 | Mitochondrial membrane potential assay

Mitochondrial membrane potential (MMP) was measured using

JC-1 fluorimetry, as described previously.17 After treatment, the

ARPE-19 cells were incubated with 5 μM JC-1 at 37�C for

30 min in the dark, washed twice with PBS, then assessed using

a flow cytometer (Beckton Dickinson, San Jose, CA).

Upregulation enhanced green fluorescence indicated mitochon-

drial dysfunction.

2.9 | Cytochrome C assessment in the cytoplasm

After treatment, the cells were collected and fixed solution. The cells

were permeabilized with Perm buffer and incubated with anti-

cytochrome C antibody for 30 min according to the manufacturer's

instruction (Biolegend, USA). Fluorescence emitted from the cyto-

chrome C formation was measured using BD accouri C6 flow Plus

software (BD Bioscience, San Jose, CA, USA).

2.10 | Western blot assay

A Western blot assay was performed as described previously.21

After treatment, the cells were collected and lysed on ice for

30 min. Protein extracts were resolved using sodium dodecyl

sulfate–polyacrylamide gel electrophoresis and then immediately

transferred by electrophoresis to polyvinylidene difluoride mem-

branes. The membranes were blocked and incubated with the indi-

cated primary antibodies, including Bcl-XL, Bax, p-AMPK, Nrf2,

CAT, SOD, HO-1, and β-actin. After being washed, the membranes

were incubated with horseradish peroxidase-conjugated

F IGURE 2 Effects of BPA
on the sub-G1 phase in ARPE-
19 cells. (A) BPA treatment
increased ARPE-19 cells in sub-
G1 population.
(B) Quantitatively, the
percentage of sub G1 phase
were calculated and analyzed.
Data are expressed as mean
± SE (n = 3). Values without a
common superscript letter are
significantly different (p < .05)
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secondary antibody (rabbit, mouse) for 1 h. The blots were visual-

ized using enhanced luminal reagent detection kit.

2.11 | Statistical analysis

All experimental data are expressed as mean ± standard error (SE). A

one-way ANOVA analysis of variance was used for statistical analysis,

and the differences between groups were determined using

Bonferroni's post-hoc test. A p value of <.05 was considered to indi-

cate statistically significant results.

3 | RESULTS

3.1 | Effects of BPA on ARPE-19 cell survival

To evaluate the cytotoxicity of BPA against ARPE-19 cells, the ARPE-

19 cells were treated with BPA at various concentrations for different

treatment durations. When the cells were treated with BPA for 8 h, the

survival rate decreased start significantly at the BPA concentration was

10 μM (p < .05; Figure 1). At the BPA concentration treatment of

50 μM, the cell survival rate decreased significantly has been exposed

after 2 h of exposure treatment decreased significantly (p < .05).

3.2 | Effect of BPA of sub-G1 formation in
ARPE-19

Normally, the cell cycle of healthy cells can be divided into G0/G1, S, G2,

and M phases. The cell cycle could be determined by detecting the

amount of DNA. DNA double-strand breaks engender apoptosis or

necrosis, resulting in an increase in DNA content in the sub-G1 phase.

As the BPA concentration increased, the sub-G1 phase population

increased for the cells treated for 24 h (Figure 2A). At the BPA concen-

tration of 25 μM, the sub-G1 phase population start differed significantly

between the treated cells and control group (p < .05, Figure 2B).

3.3 | Effects of BPA on caspase-3 and -9
expression in ARPE-19 cells

Apoptosis is mainly regulated by the protein caspase. This study

explored whether BPA affects the expression of caspase-3 and

caspase-9 in ARPE-19 cells. When the cells were treated with BPA

for 24 h, the caspase-3 and caspase-9 expression levels increased as

the BPA concentration increased from 25 μM (p < .05, Figure 3A,B).

3.4 | BPA caused mitochondrial dysfunction and
release of cytochrome C in ARPE-19 cells

The distinguishing feature of early cell apoptosis is the mitochon-

dria destruction. Mitochondrial destruction includes changes in

MMP and mitochondrial redox potential. When the cells were

treated with BPA, the JC1 green fluorescence intensity increased

significantly at 100 μM (p < .05, Figure 4A,B). When cells were sub-

jected to extracellular or intracellular pressure and sustained dam-

age, the MMP changed, and cytochrome C was released from the

intermembrane space of the mitochondria into the cytoplasm.

When the APRE-19 cells were treated with 100 μM BPA for 24 h,

the cytochrome C concentration in the cytoplasm increased signifi-

cantly (p < .05, Figure 4C).

3.5 | BPA caused cells to follow the Bcl-2 family
pathway and promoted apoptosis

The Bcl-2 family plays a major role in cell survival and in the mito-

chondrial apoptotic pathway.22 This study revealed that when the

cells were treated with 50 μM BPA for 24 h, the protein expression of

Bcl-XL decreased significantly but the protein expression of Bax

increased significantly when the BPA concentration was at 100 μM

(p < .05, Figure 5).

3.6 | BPA increased intracellular ROS generation

Oxidative stress is characterized by high intracellular ROS expression

levels, which could engender lipids, proteins, and DNA damage.23

Moreover, oxidative stress is related to a various pathological fac-

tor.24 This study revealed that BPA could induce ROS production in

F IGURE 3 Effects of BPA on caspase-3 and -9 activity in ARPE-
19. Data are expressed as mean ± SE (n = 5). Values without a
common superscript letter are significantly different (p < .05)
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the ARPE-19 cells (p < .05, Figure 6). When the ARPE-19 cells were

treated with 100 μM BPA for 24 h, the ROS production level in the

cells increased significantly.

3.7 | BPA caused lipid peroxidation in ARPE-19
cells

MDA is the product of lipid peroxidation and induce cytotoxicity in

RPE cells.25 This study revealed that BPA could induce MDA level in

the ARPE-19 cells (Figure 7). When the ARPE-19 cells were treated

with 100 μM BPA for 24 h, the MDA production level in the cells

increased significantly (p < .05).

3.8 | BPA could degrade SOD and CAT expression
in ARPE-19 cells

SOD and CAT constitute a system that can maintain the cellular con-

centration of the products of partial oxygen reduction (superoxide

and hydrogen peroxide). Under oxidative stress, increased concentra-

tions of free radicals can lead to the destruction of antioxidant

enzymes.26 The study found that when the ARPE-19 cells were

treated with 50 μM BPA for 24 h, SOD and CAT expression

decreased significantly in the cells (p < .05, Figure 8).

3.9 | BPA repressed expression of Nrf2 and HO-1
in ARPE-19 cells

Nrf2 is a major antioxidant pathway that plays a key role in AMD.13

HO-1 is an antioxidative protein which is regulated by the transcrip-

tion factor Nrf2.19 This study indicated that both Nrf2 and HO-1

expression decreased significantly (p < .05, Figure 9), when the ARPE-

19 cells were treated with 100 μM BPA for 24 h.

3.10 | BPA repressed expression of AMPK
phosphorylation in ARPE-19 cells

AMPK leads to phosphorylation of the transcription factor Nrf2.27 To

understand whether the effects on Nrf2 during BPA induced ARPE-

19 cells were dependent on AMPK activity, we investigate AMPK

phosphorylation using our experimental setup. When the ARPE-19

cells were treated with 50 μM BPA for 24 h, the p-AMPK levels were

significantly decreased (p < .05, Figure 10).

F IGURE 4 Effects of BPA on
MMP and cytochrome C in
ARPE-19 cells. (A) BPA treatment
increased the percentage of
ARPE-19 cells labeled with JC-1
stain. (B) Quantitatively, the
percentage of MMP was
calculated and analyzed. (C) BPA
treatment increased cytochrome

C expression in the cytoplasm.
Data are expressed as mean ± SE
(n = 3). Values without a
common superscript letter are
significantly different (p < .05)
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F IGURE 5 Effects of BPA on Bcl-XL and Bax expression. (A) Bcl-
XL and Bax protein expression were measured by western blot. (B, C)
Quantitatively, Bcl-XL and Bax protein expression were calculated
and analyzed. Data are expressed as mean ± SE (n = 3). Values
without a common superscript letter are significantly
different (p < .05)

F IGURE 6 Effects of BPA on intracellular ROS generation in
ARPE-19. Data are expressed as mean ± SE (n = 5). Values without a
common superscript letter are significantly different (p < .05)

F IGURE 7 Effects of BPA on the production of lipid peroxidation
level in ARPE-19. Data are expressed as mean ± SE (n = 3). Values
without a common superscript letter are significantly
different (p < .05)

F IGURE 8 Effects of BPA on SOD and CAT expression. in ARPE-
19 cells. (A) SOD and CAT protein expression were measured by
western blot. (B, C) Quantitatively, SOD and CAT protein expression
were calculated and analyzed. Data are expressed as mean ± SE
(n = 3). Values without a common superscript letter are significantly
different (p < .05)
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3.11 | Effects of ROS scavenger, NAC, on BPA-
induced intracellular ROS generation and cytotoxicity
in ARPE-19 cells

To demonstrate the effects of ROS generation involved in cytotoxicity

induced by BPA. NAC is the scavenger of ROS.28 We pretreated

ARPE-19 cells with NAC at 0.2 mM for 1 h and then incubated with

BPA at 100 μM for 24 h. As shown in Figure 11, the intracellular ROS

generation and cytotoxicity were significantly induced by BPA

(p < .05). Pretreatment with NAC markedly reduced the intracellular

ROS generation and cytotoxicity induced by BPA (p < .05).

4 | DISCUSSION

Apoptosis is the mechanism of cell death in human retinitis

pigmentosa. In AMD, RPE cells gradually undergo apoptosis.9 The

pathogenesis of AMD is also related to the oxidative damage of RPE

cells and photoreceptor cells. The RPE is a vital retinal blood barrier.29

BPA is a compound similar to estrogen and is an environmental hor-

mone. It might enter the human body through food and might remain

as a residue in blood and urine.30 Previous studies have reported that

BPA could cause cytotoxicity in human promyelocytic leukemia cells,

mouse macrophages and male germ cells.20,31,32 DNA double strands

breaks engender cell apoptosis or necrosis, resulting in an increase in

the sub-G1 phase. Moreover, a previous study indicated that BPA

induced DNA damage in insulinoma-1 (INS-1) cells.33 Our study also

reveal that BPA could cause cytotoxicity and DNA damage in ARPE-

19 cells, resulting in a decrease in cell viability.

Apoptosis could occur through the caspase-dependent path-

way.34 It was regulated by a group of proteins between the mito-

chondrial membrane and the cytoplasm.35 When a cell is subjected

to oxidative pressure, changes in MMP induce the release of cyto-

chrome C from the intermembrane space of the mitochondria into

the cytoplasm, as well as Apaf-1 and caspase-9 to stimulate the for-

mation of an apoptosome. Subsequently, ATP activates the complex

of caspase-9, which also promotes the activation of downstream

caspase finally, apoptosis induced.36 Exposure of HepG2 cells to

BPA could change the MMP of cells and generate oxidative stress.37

Furthermore, BPA induced INS-1 cell mitochondrial dysfunction and

the release cytochrome C apoptosis.38 A previous Study had

reported that BPA in the diet could increase caspase-3 and

caspase-9, apoptosis and mitochondrial dysfunction in the colon and

liver of mice.39 Our results reveal that BPA affected the MMP and

caused an increase in cytochrome C, caspase-9, and caspase-3,

which implies that BPA leads to apoptosis through the caspase

pathway.

F IGURE 9 Effects of BPA on Nrf2 and HO-1 expression in ARPE-
19 cells. (A) Nrf2 and HO-1 protein expression were measured by
western blot. (B, C) Quantitatively, the Nrf2 and HO-1 protein
expression were calculated and analyzed. Data are expressed as
mean ± SE (n = 3). Values without a common superscript letter are
significantly different (p < .05)

F IGURE 10 Effects of BPA on p-AMPK expression in ARPE-19
cells. (A) p-AMPK protein expression was measured by western blot.

(B) Quantitatively, p-AMPK protein expression was calculated and
analyzed. Data are expressed as mean ± SE (n = 3–5). Values without
a common superscript letter are significantly different (p < .05)
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Mitochondrial dysfunction in RPE cells is related to AMD.40 The

Bcl-2 family is most crucial component of the mitochondrial apoptotic

pathway. Bcl-2 located in the outer layer of the mitochondrial mem-

brane and regulates cell apoptosis information. The Bcl-2 family com-

prises two groups: the executioner proteins Bax and Bak that activate

the final effector caspases of apoptosis, and the antiapoptotic mem-

bers such as Bcl-2 and Bcl-XL.41 BPA exposure can increase rat sperm

cell cytochrome C, apoptosis-inducing factor, caspase-3, caspase-9,

and Bax protein concentrations and decrease Bcl-2 protein concentra-

tions.42 Upregulation of Bax and Downregulation of Bcl-2 are induced

by maternal exposure to BPA in the testis and ovarian tissues of off-

spring mice.43 The findings of the present study demonstrate that

BPA reduced the expression of the antiapoptotic protein Bcl-XL but

increased the expression of the pro-proapoptotic protein Bax.

A previous study indicated that apoptosis is induced by ROS.44

An increase in oxidative stress was reported found to be closely

related to AMD.8 Nrf2 regulates several crucial enzymes in antioxi-

dant reactions including CAT, SOD, and glutathione.45 CAT can

prevent cell apoptosis caused by hydrogen peroxide.44 AMPK func-

tions as a central regulator of cell survival in response to stressful

stimuli and directly phosphorylates Nrf2.15 Previous research

showed that aging RPE cell are susceptible to oxidative damage

due to Nrf2 signaling.46 Another study found that BPA could

increase overall oxidative stress and engender a decrease in

malondialdehyde and glutathione in chicken embryo brain tissue.47

In male germ cells, exposure to BPA was reported to increase ROS

expression.32 However, no studies have evaluated the effects of

BPA on RPE systems. The results of our study demonstrate that

BPA increased ROS and MDA accumulation. BPA reduced the SOD

and CAT expression. It also found that Nrf2 and HO-1 expression

decreased in BPA treated cell. It indicated that BPA treatment was

associated with the down-regulation of the Nrf2 transcription

response. More, we also found BPA-induced intracellular ROS gen-

eration and cytotoxicity inhibited by NAC. Based on these findings,

we suggest that cytotoxicity induced by BPA via intracellular ROS

generation in ARPE-19 cells.

In conclusion, BPA affected ARPE-19 cell survival rates and

induced ROS production (Figure 12). Regarding the mechanisms

underlying the induction of oxidative stress and apoptosis, we pro-

pose the following: (a) BPA reduced the expression of the anti-

apoptotic protein Bcl-XL, and increased the expression of the

proapoptotic proteins Bax, which could change the MMP and release

cytochrome C to bind to caspase-9 thereby causing apoptosis.

(b) BPA induced oxidative stress degrade SOD and CAT expression,

repressed Nrf2/HO-1 expression and AMPK phosphorylation.

CONFLICT OF INTEREST

The authors declare no potential conflict of interest.

F IGURE 11 Effects of NAC on BPA-induced intracellular ROS
generation and cytotoxicity. (A) NAC pretreated in ARPE-19 increased
the cell viability. (B) NAC also inhibited ROS generation in BPA

treated cell. Data are expressed as mean ± SE (n = 4). Values without
a common superscript letter are significantly different (p < .05)

F IGURE 12 Schemes of the mechanism of the BPA-induced
apoptosis and cytotoxicity in RAW264.7 cells. Cytotoxicity is induced
by BPA via apoptosis and associated with mitochondrial dysfunction
and oxidative stress generation. BPA induces mitochondrial
dysfunction which including cytochrome C release, BCL2 family
expression exchange, and caspase-3/9 activation. Oxidative stress
generation is induced by BPA via inhibition of AMPK phosphorylation,
Nrf2 expression, HO-1 expression, SOD, and CAT expression
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Despite minoxidil and finasteride already being approved by the Food and Drug Administration (FDA) for the treatment of hair
loss, it is important to identify new and innovative treatments for hair loss, such as looking for a solution in Chinese herbal
medicine. One such treatment to consider is BeauTop (BT), whose primary ingredients include Panax japonicus (T.Nees), C.A.
Mey. (Araliaceae), Astragalus membranaceus (Fisch) Bunge (Fabaceae), Angelica sinensis (Oliv.) Diels (Apiaceae), Ligustrum
lucidumW.T. Aiton (Oleaceae), Rehmannia glutinosa (Gaertn.) DC. (Plantaginaceae), and Eclipta prostrata (L.) L. (Compositae).
-e aim of this study was to evaluate whether BTcan promote hair growth in C57BL/6 mice and to investigate hair coverage, the
expression of vascular endothelial growth factor (VEFG), and the numbers of hair follicles in growth phase after oral ad-
ministration. A total of 12 C57BL/6 mice were divided into two groups: control group and treatment group BT. BT was ad-
ministered orally as an extract at a volume of 0.6 g/kg. -e control group was treated with distilled water. Each group was treated
once a day for 12 consecutive days. To observe the expression of VEGF distribution, the number of hair follicles and the hair
coverage were examined on days 4, 8, and 12. By comparing the treatment group and control group, we found that VEGF in the BT
group on day 8 presented with a higher area percentage than the control group (p value� 0.003). Hair follicle counting results
showed that the BTgroup was significantly higher than the control group on day 8 (p value� 0.031). Furthermore, hair coverage
was shown to be significantly increased in the treatment group BTon day 8 (p value� 0.013). Taken together, these results suggest
that Chinese medicine (BT) possesses the potential effect of promoting hair growth through VEGF expression. VEGF is
considered the most important mediator for the process of angiogenesis involved in hair growth development.

1. Introduction

Hair is thought to be an important component of an in-
dividual’s feeling of attractiveness. -e significant psycho-
logical effect of hair loss has a measurably negative change in
self-esteem [1]. Androgenetic alopecia (AGA) is a common
form of hair loss in both men and women. Approximately
50% of the male population are affected to some extent. AGA
is a physiologic androgen-stimulated condition that occurs
in genetically predisposed areas of the scalp [2]. -e

conversion of circulating testosterone into dihy-
drotestosterone (DHT) is mainly by the action of 5α-re-
ductase type 2 [3]. DHT plays a major role in the
pathogenesis of AGA, while elevated DHT level can be
observed in men with AGA [4].

-ere are three phases of hair growth in the cycle, in-
cluding the anagen, catagen, and telogen phases [5].-e hair
growth cycle is regulated by several growth factors, including
vascular endothelial growth factor (VEFG) [6], epithelial
growth factor (EGF) [7], insulin-like growth factor (IGF)-1
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[8], and fibroblast growth factor (FGF)-5 and -7 [9]. Dys-
regulation of these growth factors results in hair loss.

Evidence has established the fundamental role of VEGF
as a key regulator of physiological and pathological angio-
genesis during cutaneous development. VEGF receptor-2 is
the primary receptor for VEGF and most functional effects
were mediated by VEGF [10]. Importantly, transgenic mice
overexpression of VEGF in keratinocytes of hair follicles
strongly induced perifollicular vascularization during hair
growth cycle, led to accelerated hair regrowth after depi-
lation, and increased hair follicle size and hair shaft di-
ameter. -ese findings suggested that VEGF plays an
important role in the regulation of perifollicular vasculari-
zation during hair growth [11]. In addition, hair growth is
induced by topical tofacitinib, the JAK3 inhibitor, via the
increased concentration of VEGF and the lowered level of
inflammation [12]. Based on these findings, we hypothesized
that VEGF is considered the key mediator for the process of
angiogenesis involved in cutaneous development and
physiological and pathological processes.

In our study, the ingredients of the Chinese herbal
medicine, BeauTop (BT), included Panax japonicus (T.Nees)
C.A. Mey. (Araliaceae), Astragalus membranaceus (Fisch)
Bunge (Fabaceae), Angelica sinensis (Oliv.) Diels (Apiaceae),
Ligustrum lucidum W.T. Aiton (Oleaceae), Rehmannia
glutinosa (Gaertn.) DC. (Plantaginaceae), and Eclipta
prostrata (L.) L. (Compositae). Reports suggest that Panax
japonicus is an immunological modulator [13]. Astragalus
membranaceus is well known to strengthen a host’s defense
system [14]. Angelica sinensis is commonly used to promote
blood circulation in the treatment of menstrual disorders
[15]. Many reports have shown the pharmacological func-
tions of Rehmannia glutinosa on the blood system, anti-
inflammatory, and immune system [16, 17]. Eclipta prostrata
could effectively reduce cholesterol levels in the blood and
improve the antioxidant activities in rats [18].

Research in the field of reversing hair loss still remains a
challenging subject. Even though topical minoxidil solution
and oral finasteride have been approved by the Food and
Drug Administration (FDA) as effects treatment options for
androgenetic alopecia in men, it is important to improve the
therapeutic approach for hair loss by looking at Chinese
herbal medicine, for example. Our previous study had
shown that the mechanism of BT improving hair growth is
associated with the expression, in EGF and FGF-7, BTmay
have a potential effect to stimulate hair growth [19].

-e aim of this study was to evaluate whether the
Chinese herbal medicine BT can promote hair growth
through the expression of VEGF in hair follicles in C57BL/6J
mice. To achieve this aim, we will examine hair coverage,
expression of VEFG, and the number of hair follicles in the
growth phase after oral administration.

2. Materials and Methods

2.1. Animals and Skin Collection. We chose C57BL/6 mice
for our study based on our review of prior related studies
[11, 20]. Female C57BL/6 mice weighing 15–20 g (six weeks
old) were obtained from the National Laboratory Animal

Center (Taipei, Taiwan); mice were randomly grouped and
cared for in a sterilized cage independent animal unit under
a 12-hour light/darkness cycle in the Animal Technology
Institute Taiwan (ATIT). Mice were fed mouse chow and
water ad libitum. -e environment was maintained at a
temperature of around 24± 2°C and the humidity range was
maintained from 30 to 70%. -e animals were killed by
cervical dislocation under an overdose of anesthesia and the
skin was harvested at the level of subcutis and stored at
−80°C until further use. -is study was approved by the
research ethics committee of the Agricultural Technology
Research Institute (No. 97011) before the study begins.

2.2. Preparation of Chinese Herbal Medicine Formulations.
-e BeauTop samples were provided by the Brion Research
Institute. A mixture of Panax japonicus, Astragalus mem-
branaceus, Angelica sinensis, Ligustrum lucidum, Rehmannia
glutinosa, and Eclipta prostrata at a ratio of 7 : 9 : 7 : 10 : 7 :10
[19] was prepared. -e process of making BeauTop is de-
scribed in Patent US 7,828,048 B2 (reference: Patent US
7,828,048 B2, column 4, lines 59-67). All components were
purchased from Sun Ten Pharmaceutical Co. Ltd. (Taipei,
Taiwan).

2.3. Experimental Design

2.3.1. Screening the Best Formulation of Chinese Herbal
Medicine by Hair Follicle Counting. A total of 12 mice of
C57BL/6 were divided into 2 groups, a control group and a
treatment group BT. Mice were anesthetized with 2, 2, 2-
tribromoethanol (Avertin®) by intraperitoneal injection at a
dose of 250mg/kg. Hot rosin and paraffinmixture depilation
were used to induce hair follicles to enter from telogen into
anagen and each depilatory area was fixed upon 2 cm× 2 cm.
Treatment groups (BT) were orally administrated quanti-
tative Chinese herbal medicine extract powder at 0.6 g/kg
body weight. -e control group received distilled water.
Each group was treated once a day for 12 consecutive days.

-ree mice from each group were taken for photos and
skin sampling on day 4, day 8, and day 12. -e samples of
skin were fixed in 10% formalin solution for at least 24 hours.
Each skin texture sample was sliced into three pieces and put
in the same embedding box. -e sliced samples were pre-
pared for further immunohistochemical stain and counting
of hair follicle number. -e number of follicles per mm2 was
then calculated using an AxioCam ICc3 microscope at× 100
magnification.

2.3.2. Analysis of Growth Factor Expression of VEGF during
Treatment with Chinese Herbal Medicine. A total of 12 mice
of C57BL/6 were separated into 2 groups, one control group
and one treatment BT group. -e protocol for this is de-
scribed as Step 2.1 and the same embedding box (including 3
sliced skin samples) was prepared for growth factors such as
VEGF immunohistochemical stain. Fixed sections were
immunostained with antimouse VEGF (Millipore, Billerica,
MA), according to the manufacturer’s instructions.
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2.4. Image Analysis. Immunohistochemical stain was used
in the evaluation of growth factors on each slide. All the
growth factors were stained a brown color. An Olympus
microscope equipped with an AxioCam ICc3 imagine sys-
tem was used to randomly screen in the field and Image-Pro
Plus software was utilized to calculate the percentage of color
area.

2.5. Statistical Analysis. -e summary data are presented as
the mean and standard deviation unless otherwise stated.
Statistical analysis for group comparison was performed via
Independent t-test analysis for a comparison between the
treatment and control group (SPSS version 12.0, Claritas Inc.
USA.).

3. Results

We compared the treatment group and placebo group on
day 8, and we observed that the accelerated hair growth in
the BT group was greater than the control group (Figure 1).

-e immunohistochemical stain results showed that in
mice treated with BeauTop, the expression in VEGF was
significantly greater than the control group on day 8. In the
control group, many of the hair follicles had the normal
structure characteristics of the anagen phase, and both the
hair bulb and the inner and outer root sheaths were clearly
identified. After treatment on day 8, we observed the rapid
growth of hair follicles and these enlarged primordial fol-
licles with hypertrophy appeared to be larger in the anagen
phase (Figure 2).

Histopathological results, comparing the treatment
group and placebo group, showed that the growth factors
during the study period indicated that VEGF in the BTgroup
on day 8 presented a higher area percentage than the control
group, respectively (p value� 0.003). -e expression of
VEGF did not significantly increase in BT on day 12 (p
value� 0.058) (Figure 3).

Based on prior data, we hypothesized that the BT had
possessed superior hair growth effectiveness. -erefore, we
took a close look at the BTformulation with regard to growth
factor analysis. When examining the follicle counting re-
sults, we found that when comparing the treatment group
and placebo group, the hair follicle counting in the BTgroup
was significantly higher than the control group on day 8 (p
value� 0.031). -e difference between the control group and
the BT group was not significantly on day 12 (p val-
ue� 0.081) (Figure 4).

Hair coverage also significantly increased in the treat-
ment group BT on day 8 (p value� 0.013) but did not
significantly increase in the BT group on day 12 (p val-
ue� 0.081) (Figure 5).

4. Discussion

Even though minoxidil and finasteride have been approved
for the treatment of hair loss, we compared Chinese herbal
medicine BT treatment group and control group to explore
the therapeutic effect of accelerated hair growth. Our study
demonstrated that the expression in VEGF in the BT group

was significantly greater than the control group on day 8,
presenting a higher area percentage than the control group.
We also found that hair follicle counting in the BTgroup was
significantly higher than the control group, and hair cov-
erage was shown to be significantly increased in the treat-
ment group BTon day 8. Based on these findings, we suggest
that BT had possessed superior hair growth effectiveness
through VEGF expression, and VEGF is considered as the
most important mediator for the process of angiogenesis
involved in hair growth development.

Our previous study had shown that the expression of
EGF and FGF-7 in the BT group was increased on day 8.
However, FGF-5 in the BT group was reduced on day 12.
-ere were no effects on the expression of IGF-1. -is study
indicated that BT might have a potential effect to stimulate
hair growth. Taken together, the results suggest the mech-
anism of BT improving hair growth via the expression in
EGF and FGF-7 [19]. From these data, it can be suggested
that BT had a potential effect to improve hair growth via the
induction of several growth factors (VEGF, EGF, and FGF),
especially the expression of VEGF as the keymediator in hair
growth development.

During embryonic development, VEFG is one of the
most important mediators that regulate blood vessel for-
mation on wound repair and in maintaining vascular ho-
meostasis [21]. Deficiency in various VEGF receptors or
their ligands shows serious problems in the vascular for-
mation that causes many diseases [22]. It was demonstrated
that VEGF expression in human follicles significantly de-
creased when compared to normal follicles [23]. From our
study data, the increased expression of VEGF was significant
on day 8 and presented with a higher area percentage in the
treatment group as compared to the control group. It was
revealed that the BT has the potential effect of stimulating
hair growth via upregulation of VEGF expression. In the
normal hair growth cycle, VEGF expression will stop in-
creasing to prevent hair overgrowth, and we observed that
the expression of VEGF did not significantly increase on day
12.

VEGF plays a key role in mediating the process of an-
giogenesis during development, and in a number of in-
flammatory diseases and neoplastic diseases that are
associated with neovascularization [24]. In our study, we
also found that the change in the number of hair follicles
significantly increased the rapid growth of hair follicles and
these enlarged primordial follicles with hypertrophy
appeared to be larger in the BTgroup on day 8, revealing that
BT has the potential effect of promoting VEGF expression in
follicular follicles resulting in accelerated hair regrowth and
increased hair follicle size in mice. As per the previous study
[12], we also found similar results which show that the
promotion of angiogenesis can promote hair growth
through VEGF expression. We observed that the accelerated
hair growth in the BT group was greater than the control
group, and the hair coverage significantly increased in the
treatment group BT on day 8.

A number of hair conditions are caused by hair follicles.
Hair follicle affects skin conditions through the immune
system and hormone system. -e immune system of hair
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follicle is associated with the hair follicle hormone system.
Certain conditions can affect hair follicles and cause hair
loss. Importantly, environmental stress may influence both
the immune system and hormone system of the hair follicle
and lead to the induction of cell-mediated autoimmune hair
disease, such as alopecia areata (AA) [25]. It is important to
note that AA and alopecia universally appear to be auto-
immune diseases and are not associated with androgen [26].

In our study, BT is formulated from the following six
ingredients: Panax japonicus, Astragalus membranaceus,
Angelica sinensis, Ligustrum lucidum, Rehmannia glutinosa,
and Eclipta prostrata. One study reported the effects of
saponin from Panax japonicus that increase the activation
and synthesis of TGF-beta1 and modify the expression of
TGF-beta receptors in fibroblasts [27]. A formulation
containing Panax japonicus and Panax notoginseng (Burkill)
F. H. Chen (Araliaceae) can promote the secretion of VEGF
and the expression of VEGF receptor 2, which indicated that
one of the underlying mechanisms of Panax japonicus and
Panax notoginseng formula might be associated with the
promotion of angiogenic processes [28]. One study dem-
onstrated that ginseng was capable of regulating antibody
production by augmentation of T helper type 1 immune
response (IL-2, IFN-gamma) and T helper type 2 immune
response (IL-4, IL-10) cytokine production [29]. One study
suggests that Radix Astragali extract (RAE) is a potent
stimulator of angiogenesis and that it exerts its potential
proangiogenic effects involving the VEGF and Akt-depen-
dent signaling pathways [30]. Another review revealed that
Angelica sinensis is an alternative treatment available for hair
loss that acts through hair cycle pathways associated with
hair follicle apoptosis regression during the catagen phase
[31]. Adipose-derived mesenchymal stem cells (ADMSCs)
can provide a promising future in the field of tissue engi-
neering and regenerative medicine and may serve a wide
variety of applications. A study showed that Rehmannia
glutinosa oligosaccharide (RGO) might increase the viability
and proliferative capacity and alleviate H2O2-induced ap-
optosis of human ADMSCs via the secretion of VEGF and

hepatocyte growth factor. -e results indicate that the ap-
plication of RGO will enhance stem cell preservation and
improve their therapeutic effects of cell therapy [32]. Various
extracts and individual compounds derived from Ligustrum
lucidum have been reported to possess a variety of phar-
macological effects, e.g., immune regulation, antioxidative
effect, antiageing effect, and anti-inflammation effect [33].
Another review also showed that Ligustrum lucidum could
modulate estrogen receptor expression with no uterotrophic
effect in ovariectomized rats [34] and improve bone quality
in type 1 diabetic mice via stimulating parathyroid pro-
duction [35]. Butanol extract from Eclipta prostrata has an
antioxidative effect in rats, and saponin is a primary in-
gredient in butanol extract that has antioxidative effects in
vitro [36].

From the above and previous information, we hypoth-
esized that BT had a potential effect of improving hair
growth via the induction of several growth factors (VEGF,
EGF, and FGF), especially the expression of VEGF as the key
mediator in hair growth development, physiological, and
pathological processes. We also hypothesized that BT may
have the potential effect for AGA through the immuno-
modulating effect that protects hair follicles from immune
attacks and may have the potential effect for AGA through
anti-inflammatory properties that protect hair follicles from
inflammation. However, further studies are needed to
evaluate this phenomenon.

Our previous randomized, double-blind placebo-con-
trolled clinical trial revealed that in the BT treatment group,
52.9% of participants showed an increase in hair growth.-e
changes in hair growth are as follows: 5.9% slightly im-
proved, 29.4% moderately improved, and 17.6% markedly
improved [37]. -is represents that the composition of
formula mode is an important meaning for improving the
research of treating diseases by integrated syndrome dif-
ferentiation via the new clinical trial design [38].

In traditional Chinese medicine culture, qi (also chi) is
an active principle forming part of any living organism.
Panax japonicus could offer a sweet flavor and warming

Control group

BeauTop group

Figure 1: Comparison of the hair growth between control group and BeauTop group on Day 8.
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property effects, strongly invigorate primordial qi and is the
principal herb formula [38]. Interestingly, a study indicated
that Shengfaling Tincture acts to increase blood circulation
and hair growth in rats with hair depilation. -is study also
expressed a significant reduction in blood viscosity and
hematocrit in qi-deficiency rats who received Shengfaling

treatment [39]. Danggui Buxue Tang (DBT) is an ancient
Chinese medicinal decoction containing Astragalus mem-
branaceus and Angelica sinensis (weight ratio of 5 :1) that is
being commonly prescribed as hematopoietic medicine to
treat women with menopausal symptoms [40]. Pharmaco-
logical results indicate that DBT can stimulate the

Sample 1

Control group

BeauTop group

Sample 2

Control group

BeauTop group

Sample 3

Control group

BeauTop group

Figure 2: Comparison of Immunohistochemistic stain of VEGF between control group and BeauTop group on Day 8.
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production of hematopoietic growth factor erythropoietin
(EPO) [41]. Another study suggests that DBT improves
immune function through the regulatory effects on immune
function parameters, such as TNF-α, IL-12, NO production,
and NF-κB -mediated immune response [42]. We hypoth-
esized that BTmight have another potential effect to improve
hair growth via increasing blood flow and qi.

Additional therapies for hair loss will become available
in the future (e.g., topically effective Chinese herbal medi-
cine). A better understanding of the causes and patho-
physiology of alopecia should lead to more successful
treatments involving the use of natural supplements that
alter hair follicle cycling that provides protection from hair
follicle immune attack. Given the accessibility of the follicle

and the available liposome preparations for their ability to
target the follicle, the topical gene therapy approach seems
feasible [43]. A change in diet or taking the appropriate
herbal health products or natural supplements will correct
this widespread problem, need for further development in
this area. -erefore, there will be more studies that will
attempt to better understand the molecular mechanisms of
hair-growth-promoting effects of BT.

5. Conclusion

We suggest that BT had possessed superior hair growth
effectiveness through VEGF expression, and VEGF is
considered as themost important mediator for the process of
angiogenesis involved in hair growth development. -is
study presented a higher area percentage in the change of the
number of hair follicles in the treatment group as compared
to the control group. It was revealed that the BT has the
potential effect of stimulating hair growth via upregulation
of VEGF expression.
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Abstract 

Background: Migraine is deemed a neurovascular disorder and there is growing evidence on the 
increased risk of cardiovascular disease, especially ischemic stroke, in patients with migraine. However 
the risk of peripheral artery disease (PAD) and stroke in migraineurs and the association between 
migraineurs with or without aura is still under debate. Our study aimed to identify the risk of PAD and 
stroke in migraineurs with or without aura.   
Methods: This was a population-based cohort study utilizing Taiwan Longitudinal Health Insurance 
Database (LHID2010). Patients with coding of migraine from 2002 to 2011 were enrolled and those with 
established cardiovascular disease defined as myocardial infarction, stroke, PAD, venous 
thromboembolism, atrial fibrillation and heart failure diagnosis before the index date were excluded. 
Participants were categorized into migraine group, migraine without aura group, and migraine with aura 
group respectively. The subjects in the three groups were propensity score-matched randomly to their 
counterparts without migraine. The study outcome was PAD and stroke. The Cox proportional hazard 
model was used to estimate the hazard ratios with 95% confidence interval (CI) for the association 
between migraine and the incident events of disease, after controlling for related variables. 
Results: The migraine, migraine without aura, and migraine with aura group included 5,173 patients, 942 
patients and 479 patients respectively after propensity score-matching. The migraine group had an 
increased risk of PAD [adjusted hazard ratio (aHR): 1.93; 95% confidence interval (CI): 1.45–2.57; p < 
0.001] and stroke (aHR: 1.55; 95% CI: 1.35–1.77; p < 0.001) compared to their non-migraine controls. 
Both the groups of migraine without aura and with aura had an increased risk of stroke (aHR: 1.49, 95% 
CI: 1.11–2.00; p = 0.008; aHR: 1.63, 95% CI: 1.10–2.43; p = 0.016). With regards to the outcome of PAD, 
the group of migraine with aura had a trend of an increased risk but did not reach statistical significance 
(aHR: 1.95, 95% CI: 0.86–4.40; p = 0.108).  
Conclusion: Migraineurs without established cardiovascular disease had a significantly increased risk of 
PAD and stroke, and the risk of stroke persists in migraineurs with or without aura, with an increased 
trend of PAD in migraineurs with aura. Our study result should remind clinical physicians of the risk of 
PAD in the future among migraineurs even without established cardiovascular disease currently, and 
screening for PAD and stroke may be needed in caring patients with migraine. 
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Introduction 
Migraine is deemed as a neurovascular disorder 

that is more common in women than men [1]. A 
population-based study showed high prevalence of 
migraine in Taiwan, with prevalence rate of 14.4% in 
woman and 9.1% in men aged more than 15 years old 
respectively [2]. Migraine can lead to disability, 
impair life quality, and carry large healthcare and 
economic burden. The association between migraine 
and cardiovascular disease has been studied. Strong 
evidence suggested migraine as a risk factor for 
ischemic stroke. Researches have also shown the 
positive link between migraine and ischemic heart 
disease, especially in migraineurs with aura [3-5].  

PAD has approximately 20% prevalence rate and 
the risk increased in elderly. Atherosclerosis is the 
major pathogenesis that implicated in the 
development of PAD. Risk factors such as cigarette 
smoking, diabetes, hypertension, dyslipidemia, and 
hyperhomocysteinemia contribute to the develop-
ment of PAD [6, 7]. Severe PAD increased the risk of 
limb amputation or percutaneous transluminal 
intervention that result in poor life quality and heavy 
burden of economic. Once patients with PAD develop 
critical limb ischemia, the mortality rate within the 
first year was as higher as 20-25%, and the five-year 
survival rate was less then 30% [8]. There was 
substantial evidence supporting the higher risk of 
stroke among migraineurs, and mostly migraineurs 
with aura [5]. Historical researches demonstrated 
undetermined results as regard the association of 
migraine and PAD. Evidence from observation 
studies found migraineurs had lower ankle-brachial 
index (ABI) or higher risk with symptom of 
claudication suggesting presence of PAD [9, 10]. 
However a population-based cohort study did not 
showed a statistically significant correlation between 
migraine and PAD [11]. Moreover, there is little data 
addressing the risk of PAD in migraineurs with or 
without aura. Thus the aim of this study was to 
evaluate the risk of PAD and stroke in migraineurs 
without established cardiovascular disease, and the 
risk between migraineurs with or without aura, by 
analyzing a nationwide population-based retrospect-
ive cohort from the National Health Insurance 
Research Database (NHIRD) in Taiwan.  

Materials and Methods 
Database 

This was a retrospective cohort study, in which 
secondary data analysis was conducted. Data were 
obtained from the 2000-2013 Longitudinal Health 
Insurance Database (LHID) provided by the National 

Health Insurance Administration, Ministry of Health 
and Welfare and managed by National Health 
Research Institutes (Registered number NHIRD- 
104-004). The LHID comprises the information of one 
million beneficiaries randomly selected from the 
Taiwan National Health Insurance (NHI) program. 
The NHI program is a nationwide social insurance 
program that has covered up to 99% of citizens since 
1995. Hence, the database is nationally representative 
of Taiwan. Owing to the anonymity of the database, 
the requirement for informed consent was waived, 
and this study was approved as an ethical review by 
the Institutional Review Board of China Medical 
University Hospital, Taiwan. 

Study Subjects 
The participants were the new-onset migraine 

patients who aged above 20 years old. The definition 
of migraine was migraine diagnosis three times a 
year, which according to the International 
Classification of Diseases, Ninth Revision, Clinical 
Modification (ICD-9-CM) code 346), and concurrent 
use of antimigraine preparations. We excluded 
patients who had suffered cardiovascular diseases 
before had migraine to reduce the study bias. The 
cardiovascular diseases contained myocardial 
infarction (ICD-9-CM code 410), stroke (ICD-9-CM 
code 430-438), peripheral artery disease (ICD-9-CM) 
code 443.9), venous thromboembolism (ICD-9-CM 
code 453), atrial fibrillation (ICD-9-CM code 427.31), 
and heart failure (ICD-9-CM code 428). Furthermore, 
we used the propensity score matching (PSM) to 
obtain the patients without migraine in 1:5 matching 
for each migraine patient on the year of enrollment, 
via gender, age and Charlson comorbidities index 
(CCI), as the comparison. In addition, the patients 
who we selected for the comparison was had no 
received any migraine diagnosis during the study 
period. The study is an epidemiologic study based on 
the LHID [12, 13]. We adopted the PSM to obtain the 
comparison group the same method as previous 
population-based studies conducted on LHID. The 
PSM is a statistical matching technique that is 
available to reduce potential confounding caused by 
unbalanced covariates in non-experimental settings. 
The PSM is the probability calculated via the Logistic 
regression model. A score is a unit with certain 
characteristics that will be assigned to migraine 
patients. The scores could be used to reduce or 
eliminate selection bias in observational studies on the 
characteristics of migraine and non-migraine. 

We enrolled 5,173 patients with migraine and 
25,865 patients without migraine, respectively. 
Besides, we classified subgroups of migraine patients 
into migraine without aura (ICD-9 CM code 346.1, 
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346.7), and migraine with aura (ICD-9 CM code 346.0, 
346.5, 346.6). Figure 1 was the flowchart of selection of 
patients. 

Study Designs 
This study was conducted using 2000-2013 claim 

data from LHID. We enrolled patients with migraine 
and the comparison from 2002-2011 as the study 
subject, to ensure that exclusion condition and each 
patient had least two years of follow-up. Each patient 
was follow-up until the date of the incident events of 
disease, death, or the end of 2013, whichever occurred 
first. We estimated the risk of the incident events of 
disease contained peripheral artery disease and 
stroke. The definition of peripheral artery disease in 
the study was based on the diagnosis according to the 
ICD-9-CM codes 443.9, and the stroke was according 
to the ICD-9-CM codes 430-438. 

The control variables in the study were gender, 
age, and comorbidity diseases. The comorbidity 
disease contained diabetes mellitus (ICD-9-CM 
codes 250), hypertension (ICD-9-CM codes 401-405), 
hyperlipidemia (ICD-9-CM code 272.0-272.4), 
valvular heart disease (ICD-9-CM code 394-396, 424, 

746), obesity (ICD-9-CM code 278), chronic 
obstructive pulmonary disease (COPD) (ICD-9-CM 
code 490-492, 494-496), liver disease (ICD-9-CM code 
070, 571, 573.3), cancer (ICD-9-CM code 140-239), 
thyroid disease (ICD-9-CM code 240-246, 759.1-759.2), 
autoimmune disease (ICD-9-CM code 279.4), renal 
failure (ICD-9-CM code 584-585), and Helicobacter 
pylori (ICD-9-CM code 041.86). 

Statistical analysis 
All statistical analyses in the study were using 

SAS software version 9.4 (SAS Institute Inc., Cary, 
NC, USA). Descriptive statistics were used to perform 
descriptive analysis of the number and percentage of 
patient characteristics (gender, age, and comorbidity 
disease). The Chi-square test was used to compare the 
differences between migraine patients and the 
comparison after matching. The study used the Cox 
proportional hazard model to estimate the hazard 
ratios with 95% confidence interval (CI) for the 
association between migraine and the incident events 
of disease, after controlling for related variables. 
Statistical significance in this study was defined as p < 
0.05. 

 

 
Figure 1. Flowchart of the study subject selection process. 
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Table 1. The baseline characteristics of patients with migraine after matching 

Variables Comparison Migraine patients p-value b 
subtotal Migraine Without aura With aura 

n % n % n % n % n % 
Total 25,865 83.33 5,173 16.67 3,752 12.09 942 3.03 479 1.54  
Gender a.           1.000 
Female 18,835 72.82 3,767 72.82 2,697 71.88 708 75.16 362 75.57  
Male 7,030 27.18 1,406 27.18 1,055 28.12 234 24.84 117 24.43  
Age (year) a. 45.00 ± 14.38 44.97 ± 13.36 45.64 ± 13.46 43.13 ± 12.98 43.32 ± 12.93 1.000 
 20-34 6,545 25.30 1,309 25.30 887 23.64 282 29.94 140 29.23  
 35-49 10,700 41.37 2,140 41.37 1,555 41.44 379 40.23 206 43.01  
 50-64 6,395 24.72 1,279 24.72 956 25.48 223 23.67 100 20.88  
 ≥65 2,225 8.60 445 8.60 354 9.43 58 6.16 33 6.89  
CCI a.           1.000 
0 12,025 46.49 2,405 46.49 1,734 46.22 455 48.30 216 45.09  
1 7,535 29.13 1,507 29.13 1,071 28.54 279 29.62 157 32.78  
2 3,265 12.62 653 12.62 488 13.01 110 11.68 55 11.48  
≥3 3,040 11.75 608 11.75 459 12.23 98 10.40 51 10.65  
Diabetes mellitus           <0.001 
No 22,923 88.63 4,711 91.07 3,396 90.51 873 92.68 442 92.28  
Yes 2,942 11.37 462 8.93 356 9.49 69 7.32 37 7.72  
Hypertension           <0.001 
No 20,692 80.00 3,702 71.56 2,610 69.56 723 76.75 369 77.04  
Yes 5,173 20.00 1,471 28.44 1,142 30.44 219 23.25 110 22.96  
Hyperlipidemia           <0.001 
No 21,917 84.74 4,229 81.75 3,049 81.26 799 84.82 381 79.54  
Yes 3,948 15.26 944 18.25 703 18.74 143 15.18 98 20.46  
Valvular heart disease           <0.001 
No 24,995 96.64 4,915 95.01 3,577 95.34 881 93.52 457 95.41  
Yes 870 3.36 258 4.99 175 4.66 61 6.48 22 4.59  
Obesity           <0.001 
No 25,603 98.99 5,085 98.30 3,695 98.48 921 97.77 469 97.91  
Yes 262 1.01 88 1.70 57 1.52 21 2.23 10 2.09  
COPD           <0.001 
No 22,349 86.41 4,316 83.43 3,146 83.85 784 83.23 386 80.58  
Yes 3,516 13.59 857 16.57 606 16.15 158 16.77 93 19.42  
Liver disease           <0.001 
No 20,653 79.85 3,930 75.97 2,857 76.15 721 76.54 352 73.49  
Yes 5,212 20.15 1,243 24.03 895 23.85 221 23.46 127 26.51  
Cancer           <0.001 
No 24,675 95.40 5,016 96.97 3,637 96.93 913 96.92 466 97.29  
Yes 1,190 4.60 157 3.03 115 3.07 29 3.08 13 2.71  
Thyroid disease           <0.001 
No 24,282 93.88 4,755 91.92 3,457 92.14 862 91.51 436 91.02  
Yes 1,583 6.12 418 8.08 295 7.86 80 8.49 43 8.98  
Autoimmune disease           0.793 
No 25,805 99.77 5,160 99.75 3,742 99.73 942 100.00 476 99.37  
Yes 60 0.23 13 0.25 10 0.27 - - 3 0.63  
Renal failure           0.016 
No 25,578 98.89 5,135 99.27 3,723 99.23 935 99.26 477 99.58  
Yes 287 1.11 38 0.73 29 0.77 7 0.74 2 0.42  
Helicobacter pylori           0.014 
No 25,790 99.71 5,147 99.50 3,737 99.60 935 99.26 475 99.16  
Yes 75 0.29 26 0.50 15 0.40 7 0.74 4 0.84  

a. Variables for propensity score matching. 
b. The difference between migraine patients and comparison after matching. 

 

Results 
The baseline characteristics of patients with 
migraine after matching 

Table 1 show the distribution of the variables of 
the study subjects. Among all patients with migraine, 
there were 942 patients without aura (3.03%), and 
479 patients with aura (1.54%). In patients with 
migraine, the age was 44.97 ± 13.36, and most 
patients were female (72.82%). In terms of 
comorbidities, 8.93% of patients with migraine had 

diabetes mellitus, 28.44% had hypertension, 18.25% 
had hyperlipidemia, 4.99% had valvular heart 
disease, and 24.03% had liver disease. the gender, 
age and CCI were the matched and the Chi-square 
test was used to verify the difference between the 
paired migraine patients and the comparison, which 
there was no statistically significant difference (p 
>0.05). 

Risk of related health outcomes in migraine 
patients with or without aura 

This study explores the correlation between 
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migraine patients and the occurrence of peripheral 
artery disease and stroke. Figure 2 illustrated the 
cumulative risk of stroke was significantly higher in 
migraine patients than in the comparison. As well, 
Figure 3 illustrated the cumulative risk of peripheral 
artery disease was higher in migraine patients than in 
the comparison.  

Table 2 shows the risk of each variable and the 
occurrence of peripheral artery disease and stroke, 
respectively. After controlling other related variables, 
the adjusted hazard ratio (aHR) of migraine patients 
in developing peripheral artery disease was 1.93 times 
(95 % CI =1.45-2.57), and stroke was 1.55 times (95% 

CI=1.35-1.77). In terms of subgroup, migraine without 
aura and with aura patients had no statistic significant 
on developing peripheral artery disease, but migraine 
without aura patients (aHR =1.49, 95% CI =1.11-2.00) 
and migraine with aura patients (aHR =1.63, 95% CI 
=1.10-2.43) both had a higher risk on developing 
stroke. The more old age, the higher the relative risk 
of developing peripheral artery disease and stroke. 
Compared with patients aged 20-34, the relative risk 
of patients in ≥65 years old was 8.37 times (95% CI 
=4.62-15.18) on developing peripheral artery disease 
and 17.81 times (95% CI =13.19-24.06) on developing 
stroke. 

 

Table 2. Risk of related health outcomes in migraine patients with or without aura. 

Variables Peripheral artery disease Stroke 
Events aHR a 95% CI p-value Events aHR a 95% CI p-value 

Patients group             
Comparison (REF) 206 1     1,105 1     
Migraine 63 1.93 1.45  - 2.57  <0.001 268 1.55 1.35  - 1.77  <0.001 
Migraine without aura 5 0.84 0.35  - 2.04  0.700  47 1.49 1.11  - 2.00  0.008  
Migraine with aura 6 1.95 0.86  - 4.40  0.108  25 1.63 1.10  - 2.43  0.016  
Gender             
Female (REF) 202 1     926 1     
Male 78 0.92 0.71  - 1.21  0.556  519 1.34 1.20  - 1.49  <0.001 
Age (year)             
 20-34 (REF) 15 1     52 1     
 35-49 79 2.76 1.58  - 4.80  <0.001 287 3.04 2.26  - 4.08  <0.001 
 50-64 111 5.19 2.96  - 9.08  <0.001 623 9.47 7.09  - 12.65  <0.001 
 ≥65 75 8.37 4.62  - 15.18  <0.001 483 17.81 13.19  - 24.06  <0.001 
Diabetes mellitus             
No (REF) 214 1     1,083 1     
Yes 66 1.23 0.90  - 1.69  0.193  362 1.29 1.13  - 1.48  <0.001 
Hypertension             
No (REF) 144 1     684 1     
Yes 136 1.65 1.24  - 2.19  <0.001 761 1.65 1.46  - 1.87  <0.001 
Hyperlipidemia             
No (REF) 199 1     1,036 1     
Yes 81 1.16 0.86  - 1.56  0.336  409 0.98 0.86  - 1.12  0.788  
Valvular heart disease             
No (REF) 267 1     1,348 1     
Yes 13 1.01 0.58  - 1.78  0.970  97 1.42 1.15  - 1.76  0.001  
Obesity             
No (REF) 278 1     1,423 1     
Yes 2 0.55 0.14  - 2.23  0.406  22 1.33 0.87  - 2.03  0.190  
COPD             
No (REF) 223 1     1,096 1     
Yes 57 1.01 0.75  - 1.37  0.947  349 1.12 0.99  - 1.27  0.080  
Liver disease             
No (REF) 205 1     1,083 1     
Yes 75 1.12 0.85  - 1.48  0.421  362 0.95 0.84  - 1.07  0.389  
Cancer             
No (REF) 265 1     1,346 1     
Yes 15 0.91 0.54  - 1.53  0.715  99 1.04 0.85  - 1.28  0.697  
Thyroid disease             
No (REF) 261 1     1,359 1     
Yes 19 1.05 0.65  - 1.68  0.853  86 0.95 0.76  - 1.19  0.650  
Autoimmune disease             
No (REF) 279 1     1,442 1     
Yes 1 1.98 0.28  - 14.13  0.498  3 0.92 0.23  - 3.67  0.901  
Renal failure             
No (REF) 268 1     1,409 1     
Yes 12 2.49 1.38  - 4.51  0.003  36 1.19 0.85  - 1.67  0.300  
Helicobacter pylori             
No (REF) 280      1,444 1     
Yes - -   -   - 1 0.27 0.04  - 1.92  0.191  

a. aHR, adjusted hazard ratio. 
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In terms of comorbidity analysis, patients with 
hypertension showed the higher relative risk of 
developing peripheral artery disease (aHR=1.65, 95% 
CI=1.24-2.19); patients with diabetes mellitus (aHR= 
1.29, 95% CI=1.13-1.48), hypertension (aHR=1.65, 95% 
CI=1.46-1.87), and valvular heart disease (aHR= 1.42, 
95% CI=1.15-1.76) had the higher risk of developing 
stroke. 

Discussion 
Our study showed migraineurs without 

established cardiovascular disease had a 1.93-fold risk 
increment of PAD. The increased risk of stroke in 
migraineurs was also observed (aHR: 1.55; 95% CI: 
1.35–1.77; p < 0.001), which was compatible with the 
data from meta-analysis study (aHR: 1.73; 95% CI: 
1.31–2.29; p : 0.004) [14]. Evidence had showed 
migraineurs had higher risk of ischemic stroke 
particularly those with aura [14, 15]. Our study 
revealed both migraineurs with or without aura had 
increased risk of stroke, with 1.63-fold risk increment 
and 1.49-fold risk increment respectively. Although 

no statistical significant association between PAD and 
migraineurs with aura was found, the increased trend 
of risk of PAD in migraineurs with aura was observed 
in our study. 

There are several possible mechanisms link 
between migraine and PAD. Endothelial 
microparticles (EMP) are small vesicles generated 
from endothelial cells and play important roles in 
inflammation, coagulation and endothelial function. 
Elevated EMP was observed among woman with 
migraine and aura, and was correlated with higher 
heart rate-adjusted augmentation index, which is an 
indirect measure of arterial stiffness [16]. The vascular 
biomarker that implicated in the pathogenesis of 
coagulation-specific disorder has also contributed the 
association of migraine and PAD. A population-based 
study showed woman with migraine and aura had 
elevated Fibrinogen and Factor II level, and the 
increased frequency of aura attack predicted higher 
vascular biomarker [17]. The molecular basis may 
provide support of our result that increased risk of 
PAD in migraineurs and especially those with aura. 

 

 
Figure 2. The cumulative risk of stroke in migraine patients with or without aura. 
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Figure 3. The cumulative risk of peripheral artery disease in migraine patients with or without aura. 

 
Accumulating evidence also suggested the 

genetic overlaping between migraine and coronary 
artery disease [18]. Since potential pathophysiology 
that promote atherosclerotic cardiovascular disease is 
involved in the shared genetic factors between coro-
nary artery disease and PAD [19], the investigation of 
genetic basis may provide our understanding on the 
contributing mechanism between the two entities of 
disease.  

Selvin, Elizabeth and Thomas P. Erlinger had 
described diabetes, hypertension, hypercholestero-
lemia, and impaired renal function as the risk factors 
of PAD [20]. In our study, participants with history of 
diabetes, hypertension and renal failure were positive 
associated with PAD, which was compatible the result 
of the previous study. Subjects with chronic obstruct-
ive pulmonary disease and hypercholesterolemia also 
have higher risk of PAD albeit non-statistical 
significance. Of note, the obesity paradox has been 
mentioned [21] and Selvin, Elizabeth and Thomas P. 
Erlinger showed obesity was negative associated with 
PAD [20]. Our study also demonstrated the trend of 
negative association between PAD and obesity.  

Previous study had suggested the strong 

evidence of positive correlation between migraine and 
stroke. A case-control study demonstrated the 
association between migraine and stroke (OR 1.5, 95% 
CI 1.2–2.1), and claudication (OR 2.69, 95% CI 1.98–
3.23) [10]. Of note, the study population did not 
exclude those with established cardiovascular disease. 
Evidence from meta-analysis study found the higher 
risk of ischemic stroke among patients with migraine 
and the risk was increased by being female gender 
and younger age [14]. The result from the meta- 
analysis disclosed the underlying pathophysiology 
beyond atherosclerosis between migraine and stroke, 
since atherosclerosis is classed as a disease of aging.  

The historical studies aimed to investigate the 
relationship between migraine and PAD but the result 
was conflicting. A small study demonstrated that 
migraineurs tended to have lower ABI significantly. 
More specifically, participants in this study had no 
history of cardiac vascular events such as angina, 
heart disease or stroke [9]. A cross-sectional 
case-control study was designed to identify the risk of 
atherosclerosis in migraineurs. Atherosclerosis was 
quantified by intima media thickness, pulse wave 
velocity and ABI. The result showed the risk of 
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atherosclerosis did not increase among those with 
migraine compared with those without migraine, 
although subjects with migraine are more likely to 
have diabetes and smoking [22].  

A population-based cohort study demonstrated 
the increased risk of PAD among subjects with 
migraine [23]. In the study, patients with 
cardiovascular disease or cardiovascular risk were 
included. The bias of underlying cardiovascular 
disease attributed to the positive result cannot be 
ignored, since both cardiovascular disease and PAD 
shared pathogenic mechanisms. Otherwise there were 
still potential residues confounding bias such as 
autoimmune disease in the study. The autoimmune 
disease shared an inflammatory process that lead to 
development of atherosclerosis contributing to PAD 
risk [24]. A retrospective study also conducted that 
rheumatoid arthritis as a significant risk factor of PAD 
[25]. In our study, we excluded those with established 
cardiovascular disease to attenuate the influence of 
atherosclerosis. Otherwise, obesity and autoimmune 
disease were matched between the study groups to 
eliminate the effect of confounding bias. Another 
population-based cohort study showed the trend of 
lower incidence of peripheral artery disease in 
migraineurs but did not reach statistical significance. 
In the study, migraineurs with aura seems to have 
higher risk of peripheral artery disease compared 
with those without aura. The reasons for insignificant 
result maybe explain by the fewer events [11]. 

Otherwise, the frequency of infections may link 
the association between migraine and PAD. A study 
has yielded the increased likelihood of peripheral 
arterial disease when exposure more infection [26]. A 
case-control study has also described the positive 
relationship between infections, such as Helicobacter 
pylori (H. pylori), and PAD, with odds ratio from 
1.6-2.0 in young woman, and the risk is correlated 
with the cumulative number of infections [27]. The 
clinical evidence also supported H. pylori to be a 
potential risk factor of PAD [28, 29]. On the other 
hand, H. pylori infection was common in those with 
migraine, and eradication therapy lead to improved 
symptom of migraine [30, 31]. During the era of the 
coronavirus disease 2019 (COVID-19) pandemic, 
headache was reported as a symptom of COVID-19 
illness. Observation study has proposed the possible 
pathophysiology linked between COVID-19 infection 
and migraine, included calcitonin gene-related 
peptide, angiotensin system, inflammatory cytokines 
and trigeminovascular activation [32]. In addition, 
patients with COVID-19 are at increased risk of PAD, 
even acute limb ischemia, particular those with higher 
inflammatory markers [33, 34]. Inflammation may 
play a role linking migraine and PAD and more 

evidence needed to investigate the association.  
PAD has potential risk to carry impairment in 

the quality of life and the prevalence rate is higher in 
woman at young age. Our study found increased risk 
of PAD in those with migraine and it’s important to 
early screen the presence of PAD among migraineurs 
especially with aura, since the disease onset of 
migraine starting during young onset, and the 
underdiagnose of PAD may contribute to worse 
outcome [35, 36]. 

There are some strengths in our study. We 
examine the risk of PAD in migraineurs with and 
without aura, and the group of migraine with aura 
tended to have higher risk of PAD, albeit 
non-statistical significance which was related to 
limited events. As regard of the other study outcome 
of stroke, our study showed the same result of 
relationship between stroke and migraine, which 
makes our study more convincing. Our study also 
aimed to eliminate the possible confounding bias as 
much as possible and excluded those with underlying 
cardiovascular disease to attenuate the effect of 
atherosclerosis.  

We highlight the following limitations in our 
study. First, the study was designed to attenuate the 
effect of established cardiovascular disease on the 
development of PAD among migraineurs. However, 
our study did not exclude migraineurs with 
cardiovascular risk such hypertension or diabetes, 
due to the limitation of effective sample size. 
However, the study groups were propensity 
score-matched by cardiovascular risk and Charlson 
Comorbidity Index to eliminate the possible 
confounding bias. Second, the drug effect, such as 
beta-blocker and ergot which may be used for 
treatment of migraine, may influence the result of our 
study on the risk of PAD in migraineurs. Third, the 
other residual biases still exist, such as the experience 
of infection frequency or inflammation biomarkers 
that are not available from database, which may be 
associated with risk factors for PAD. Fourth, among 
all migraine patients, a portion of patients were not 
identified as migraine with or without aura, due to the 
ICD code of the NHIRD. It may be an underesti-
mation of our study regarding the risk of PAD among 
migraineurs with/without aura since there were some 
migraineurs, especially those without aura, not 
classified into their corresponding groups. Finally, we 
did not include cigarette smoking as a covariate 
because the NHIRD does not contain information on 
the quality of life, education, and living habits. 
However, we aimed to attenuate the bias of smoking 
between study and control groups by selecting 
chronic obstructive pulmonary disease (COPD) as the 
covariant. 
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Conclusion 
In summary, migraineurs without established 

cardiovascular disease had a significant increased risk 
of PAD and stroke, and the risk of stroke persists 
among migraineurs with or without aura, albeit the 
trend is toward higher likelihood of PAD in 
migraineurs with aura, but the result did not reach 
statistical significance. Our study result should 
remind clinical physicians the risk of PAD in the 
future among migraineurs even without established 
cardiovascular disease currently. More, screening for 
peripheral artery disease may be needed in caring for 
patients with migraine.  
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Acute lung injury (ALI) is a life-threatening disease that is characterised by the rapid onset of inflammatory responses.
Lipopolysaccharide (LPS) is an endotoxin that plays an important role in triggering ALI via pneumonia and sepsis. However, no
effective therapeutic strategies are currently available to treat ALI. Nerolidol is an aliphatic sesquiterpene alcohol that is found in
the essential oils of many flowers as well as floral plants. It has been shown to exhibit anti-inflammatory, antioxidant, and
anticancer properties. Herein, we show that nerolidol pretreatment counteracted the histopathological hallmarks in LPS-induced
ALI mice. Indeed, nerolidol pretreatment inhibited LPS-induced alveolar-capillary barrier disruption, lung edema, and lipid
peroxidation. Moreover, nerolidol pretreatment prevented the LPS from decreasing the enzymatic activities of superoxide
dismutase, catalase, and glutathione peroxidase. Importantly, nerolidol treatment enhanced phosphorylation of AMP-activated
protein kinase (AMPK) and expression of nuclear factor erythroid-derived 2-related factor 2 (Nrf-2) and heme oxygenase-1
(HO-1). Taken together, our study reveals the novel protective effects of nerolidol in LPS-induced ALI via the induction of
antioxidant responses and activation of the AMPK/Nrf-2/HO-1 signalling pathway.

1. Introduction

Acute lung injury (ALI) is generally characterised by the
rapid onset of inflammatory responses, including bilateral
pulmonary neutrophil infiltration, haemorrhage, hyaline

membrane formation, lung edema, and hypothermia [1]. In
humans, ALI and acute respiratory distress syndrome (a
more severe form of ALI) score highly in terms of morbidity
and mortality rates worldwide [2, 3]. ALI can lead to the
development of pneumonia as well as sepsis. However, no
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effective therapeutic strategies for ALI are currently available.
Lipopolysaccharide (LPS) is a glucosamine-based saccharoli-
pid and the main element of the outer lipid membrane in
Gram-negative bacteria [4]. Consequently, LPS may play an
important role in triggering pneumonia and sepsis [2].

In an animal experimental model, LPS instillation causes
the activation of tissue-resident leukocytes and the recruit-
ment of peripheral blood leukocytes to the lungs through
the disrupted alveolar-capillary barrier [5–7]. The activation
of leukocytes induces degranulation and a respiratory burst
for the robust production of reactive oxygen species (ROS)
such as superoxide anion, hydrogen peroxide, and hydroxyl
radical [8]. In cells, the nuclear factor erythroid-derived 2-
related factor 2 (Nrf-2)/heme oxygenase-1 (HO-1) pathway,
as well as the activities of antioxidant enzymes (AOEs) such
as superoxide dismutase (SOD), catalase (CAT), and gluta-
thione peroxidase (GPx), are activated during oxidative
stress. These enzymes catalyse chemical reactions to counter-
act ROS-induced oxidative damages, including lipid peroxi-
dation and tissue damage [5, 9–11]. The nuclear
accumulation and phosphorylation of Nrf-2 is facilitated by
AMP-activated protein kinase (AMPK) signalling [10].
Interestingly, in murine ALI models, LPS has been shown
to inactivate AMPK signalling and downregulate AOEs [12,
13].

Nerolidol (3,7,11-trimethyl-1,6,10-dodecatrien-3-ol) is
an aliphatic sesquiterpene alcohol found in the essential oils
of many flowers and plants with a floral scent. Nerolidol is
present in neroli, ginger, citronella, lemongrass, rose, and
tea tree [14, 15]. Despite the well-documented anti-inflam-
matory, antioxidant, antimicrobial, and anticancer properties
of nerolidol [16], no studies have so far evaluated the protec-
tive effects as well as the molecular mechanisms of nerolidol
on ALI. Herein, we report a previously uncharacterised pro-
tective role of nerolidol during LPS-induced ALI in mice that
is associated with the AMPK/Nrf-2/HO-1 pathway and anti-
oxidant responses.

2. Materials and Methods

2.1. Materials. Antibody against phospho-AMPK (catalog
Number 2535) was acquired from Cell Signalling Technol-
ogy, Inc. (Beverly, MA). Nerolidol and antibodies against
AMPK (catalog Number SC-25792), Nrf-2 (catalog Number
SC-13032), HO-1 (catalog Number SC-10789), and β-actin
(catalog Number SC-47778) were acquired from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). A thiobarbituric acid
reactive substance (TBARS) assay kit, CAT assay kit, SOD
assay kit, and GPx assay kit were obtained from Cayman
Chemical Co. (Ann Arbor, MI). Lipopolysaccharide (LPS;
Escherichia coli, serotype 0111:B4) and other reagents were
purchased from Sigma-Aldrich (St. Louis, MO).

2.2. Mice and Experimental Design. Male BALB/c mice aged
8–10 weeks weighing 25–35 g were obtained from the
National Laboratory Animal Center (Taipei, Taiwan). Mice
were housed under a 12 : 12 h light-dark cycle with free access
to a laboratory rodent diet. All animal experiments were con-
ducted in accordance with the Institutional Animal Ethics

Committee of Chung Shan Medical University. The mice
were randomly divided into six groups as follows: control,
LPS, nerolidol (10, 30, and 100 μmol/kg)+LPS, and dexa-
methasone (1mg/kg)+LPS groups. The control group
received vehicle intraperitoneally (IP) for 30min followed
by the intranasal administration of 20μL saline by drops
applied with a pipette. The LPS, nerolidol+LPS, and dexa-
methasone+LPS groups received vehicle, nerolidol, and
dexamethasone IP for 30min followed by the intranasal
administration of LPS at 100 μg/20μL of saline by drops
applied with a pipette. Mice were euthanised by pentobarbital
after LPS treatment for 24h [7]. Bronchoalveolar lavage fluid
(BALF) and lung tissues were collected. Bronchoalveolar
lavage was collected by flushing 1mL of sterile saline via
the tracheal cannula three times. After the collection and cen-
trifugation steps were completed, the protein concentrations
were determined using the Bradford protein assay (Bio-Rad
Laboratories) in a supernatant of BALF [7].

2.3. Lung Histopathology. The lungs were excised, soaked in
10% formalin, and embedded in paraffin. Tissue blocks were
sectioned into 4 μm thick sections using the rotary micro-
tome. Sections were stained with hematoxylin-eosin. Under
a light microscope, the level of histopathological changes
was evaluated by leukocyte infiltration, alveolar wall thick-
ness, and hyaline membrane formation in a blind manner
by 50 microscopic fields randomly [5].

2.4. Wet-to-Dry Lung Weight Ratio. The index of lung edema
after LPS administration was measured using a wet-to-dry
(W/D) weight ratio [6], obtained by the weight measured
immediately after excision (wet) and the weight after dehy-
dration for 48h at 80°C (dry).

2.5. Myeloperoxidase (MPO) Assay. Twenty-four hours after
LPS administration, the lungs were excised and homogenised
in MPO extractive phosphate buffer containing guaiacol and
cetyltrimethylammonium bromide. After being subjected to
centrifugation, the supernatant was reacted with hydrogen
peroxide. The levels of MPO were indicated by absorbance
at 470nm [5].

2.6. Lipid Peroxidation Assay. The presence of malondialde-
hyde (MDA) and the production of lipid peroxidation were
evaluated in the lungs using the TBARS assay kit following
the manufacturer’s protocol as described previously [5].
The lung homogenate was incubated with thiobarbituric acid
reactive substances, including thiobarbituric acid and trichlo-
roacetic acid. The chromogenic reaction was carried out at
100°C for 1 h, and the absorbance was measured at 530nm.

2.7. Antioxidative Enzyme (AOE) Assay. The activities of
antioxidative enzymes (AOEs), including SOD, CAT, and
GPx, were measured using commercial assay kits for SOD,
CAT, and GPx, respectively, according to the manufacturer’s
instructions [5].

2.8. Western Blot Assay. The total proteins in the harvested
lungs were homogenised and extracted using the T-PER
solution (Pierce, Rockford, IL). Equal amounts of protein
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were separated using SDS-PAGE at 7.5% and transferred
onto PVDF membranes. Membranes were blocked using
5% nonfat milk in phosphate-buffered saline containing
0.1% Tween-20 for 1 h at room temperature, and probed with
primary antibodies including phospho-AMPK, AMPK, Nrf-
2, HO-1, and β-actin. Membranes were washed and incu-
bated with horseradish peroxidase- (HRP-) labelled second-
ary antibodies for 1 h. The membranes were detected using
ECL Plus Western blotting detection reagents [6].

2.9. Statistical Analysis. In this study, at least three separate
repetitions of each experiment were performed. Unless oth-
erwise specified, the data are presented as mean ± standard
deviation. Statistical analyses were performed using SPSS
14.0 statistical software (SPSS, Chicago, IL). One-way analy-
sis of variance and the Bonferroni t-test for multigroup com-
parisons were used to calculate the P values. P < 0:05 was
considered statistically significant.

3. Results

3.1. Nerolidol Protects against LPS-Induced ALI. To evaluate
the protective effects of nerolidol on acute pulmonary inflam-
mation, the murine model of LPS-induced ALI was imple-
mented. Thirty minutes after the IP administration of
nerolidol at differential concentrations, the mice were sub-
jected to intranasal instillation with either saline (control)
or LPS. After 24h, we observed normal pulmonary structures
and no histopathological changes using light microscopy in
the control group (Figure 1(a)). As expected, we observed
neutrophil infiltration, alveolar wall thickening, haemor-
rhage, and hyaline membrane formation after LPS adminis-
tration (Figure 1(b)). Notably, nerolidol pretreatment
alleviated the LPS-mediated histopathological hallmarks in
a dose-dependent manner (Figures 1(c)–1(e)). The LPS-
induced histopathology was also reduced in the presence of
dexamethasone, which is an anti-inflammatory steroid
(Figure 1(f)), suggesting that nerolidol exhibited anti-
inflammatory effects in the lungs during LPS-induced ALI.

3.2. Nerolidol Protects against LPS-Induced Alveolar-
Capillary Barrier Disruption and Leukocyte Infiltration. Neu-
trophil activation and infiltration play an essential role in
LPS-induced ALI. Alveolar-capillary barrier disruption by
activated neutrophils and LPS results in plasma protein and
neutrophil leakage into the alveolar space [7]. We found that
LPS-treated mice exhibited a significantly higher protein
concentration in the BALF compared with control mice
(P < 0:05). However, this was significantly reduced in mice
pretreated with nerolidol at a concentration of 30 μmol/kg;
the protein concentration in BALF was also significantly
reduced (P < 0:05; Figure 2(a)). Furthermore, we found that
while the MPO content in the lungs increased significantly
after LPS administration (P < 0:05), this was significantly
inhibited by nerolidol pretreatment at 30μmol/kg (P < 0:05;
Figure 2(b)), suggesting that the activation and recruitment
of neutrophils were suppressed by nerolidol.

3.3. Nerolidol Protects against LPS-Induced Lung Edema.
Lung edema, an excess accumulation of fluid in the lungs, is

caused by the disruption of the alveolar-capillary barrier
and is a critical pathological feature in ALI [6]. By character-
ising the wet and dry weights of the lungs (see Materials and
Methods), we found that LPS-treated mice exhibited
increased W/D ratio compared with control mice (P < 0:05
), indicating the manifestation of lung edema in these mice.
Similar to our previous observation, pretreatment with nero-
lidol inhibited LPS-induced lung edema in a dose-dependent
manner; a significant effect started at 30 μmol/kg (P < 0:05;
Figure 3).

3.4. Nerolidol Protects against LPS-Induced Lipid
Peroxidation in the Lungs. Leukocyte activation and infiltra-
tion result in lipid peroxidation, which is a critical risk factor
in the pathogenesis of ALI [5]. MDA is the product of lipid
peroxidation and can be used as an indicator for lipid perox-
idation rate. We observed that while LPS treatment led to a
significant increase in MDA levels in mice (P < 0:05), this
effect was significantly inhibited by nerolidol pretreatment
in a dose-dependent manner; a significant effect started at
30 μmol/kg (P < 0:05; Figure 4), suggesting that nerolidol
pretreatment could effectively suppress lipid peroxidation
induced by ALI-mediated leukocyte infiltration.

3.5. Nerolidol Counteracts LPS-Mediated AOE Inhibition.
Given the seemingly potent anti-inflammatory efficacy, we
next asked how nerolidol pretreatment might exert such
effects. Oxidative stress that facilitates lipid oxidation can
be opposed by the activities of AOEs, such as SOD, CAT,
and GPx [5]. We noted that the activities of SOD, CAT,
and GPx were suppressed in LPS-treated mice compared
with control mice (P < 0:05; Figure 5), indicating that LPS-
induced ALI and leukocyte recruitment were associated with
decreased AOE activities. Importantly, we found that neroli-
dol pretreatment was sufficient to prevent the decrease of
AOE activities in a dose-dependent manner; a significant
effect started at 30 μmol/kg (P < 0:05; Figure 5), indicating
that nerolidol might reduce inflammatory tissue damage via
the upregulation of the antioxidant response.

3.6. Nerolidol Prevented the LPS-Induced Repression of Nrf-2
and HO-1 Expression. HO-1 is an antioxidative protein
involved in the resolution of inflammation. Its expression is
regulated by the transcription factor Nrf-2 [5]. We found that
both Nrf-2 and HO-1 expressions were significantly reduced
in LPS-treated mice compared with control mice (P < 0:05),
indicating that LPS treatment was associated with the down-
regulation of the Nrf-2/HO-1 transcription response. Impor-
tantly, pretreatment with nerolidol prevented the LPS-
induced repression of Nrf-2 and HO-1 and enhanced LPS-
reduced repression in a dose-dependent manner; a signifi-
cant effect started at 30 μmol/kg (P < 0:05; Figure 6), suggest-
ing that nerolidol-mediated protective response involved the
Nrf-2/HO-1 transcription axis.

3.7. Nerolidol Prevented the LPS-Induced Repression of
AMPK Phosphorylation. AMPK signalling induces the
nuclear accumulation of Nrf-2 [17]. To determine whether
the effects on Nrf-2 during LPS-induced ALI were dependent
on AMPK activity, we measured AMPK phosphorylation
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using our experimental setup. Consistent with our hypothe-
sis, we found that the phosphorylation of AMPK was signif-
icantly reduced in LPS-treated mice compared with control
mice (P < 0:05), suggesting that LPS-induced ALI was associ-
ated with the downregulation of AMPK signalling. Notably,
nerolidol pretreatment inhibited LPS-induced AMPK silenc-
ing and enhanced phosphorylation of AMPK in a dose-

dependent manner; a significant effect started at 30 μmol/kg
(P < 0:05; Figure 7).

4. Discussion

Nerolidol is the sesquiterpene compound found in essential
oils from flowers and plants [14, 15]. Nerolidol is widely used
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Figure 1: Nerolidol protects against the histopathological exchange of lungs in LPS-induced ALI. (a) Control, (b) LPS, (c) 10 μmol/kg
nerolidol+LPS, (d) 30μmol/kg nerolidol+LPS, (e) 100 μmol/kg nerolidol+LPS, and (f) 1mg/kg dexamethasone+LPS. Hematoxylin-eosin
staining of lung sections of each experimental group (magnification: × 100; scale bars represent 100μm). Black arrow, neutrophil
infiltration; orange arrow, haemorrhage and hyaline membrane formation; green arrow, alveolar wall thickness and edema.
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as a fragrant ingredient and flavouring and as a fixative
reagent in detergents and perfumes [18, 19]. It is also used
in many food products as a flavour enhancer, and its use is
permitted by both the United States Food and Drug Admin-
istration and the European Food Safety Authority [20]. In
addition, nerolidol has several pharmacological effects, such
as anti-inflammatory and antioxidant activities. In a previous
study, nerolidol at concentrations of 100 and 200mg/kg has
been shown to suppress LPS-induced acute kidney inflam-
mation in rat models [21]. Moreover, nerolidol reduces the
generation of proinflammatory mediators in LPS-activated
peritoneal macrophages [22]. ALI is the pulmonary disorder
of acute inflammation directly induced by LPS instillation in
mouse models [22]. LPS instillation causes apparent histopa-
thology including neutrophil infiltration, haemorrhage, hya-
line membrane formation, and lung edema [1]. These
pathological characteristics are similar to clinical signs in
ALI patients [23]. In this study, the histopathological results
of LPS-induced ALI correlated well with those of previous
studies [1, 6]. In addition, we showed that the LPS-induced
histopathological characteristics of ALI could be counter-
acted by nerolidol in vivo in a dose-dependent manner.

Importantly, these results indicated that LPS-induced
inflammatory responses in ALI could be reversed by
nerolidol.

Leukocytes, especially neutrophils, are the prime culprit
in the pathogenesis of ALI. After the administration of LPS,
proinflammatory mediators from alveolar macrophages and
pulmonary cells stimulate neutrophil activation within
peripheral circulation [6]. Migration, respiratory burst, and
degranulation of neutrophils are critical to the innate
immune system [24]. Essential oil extracted from Peperomia
serpens Loud (EOP), which mainly contains nerolidol, has
been shown to modulate acute inflammatory responses
through the interference of leukocyte migration, rolling,
and adhesion in rodent models [25]. EOP inhibits the paw
edema induced by carrageenan and dextran, as well as the
ear edema induced by croton oil [25]. Consistent with previ-
ous data, our results suggested that LPS-induced neutrophil
infiltration into the lungs and the disruption of the
alveolar-capillary barrier could be reduced by nerolidol, as
revealed by MPO and protein leakage assays, respectively.
Moreover, lung edema was also ameliorated by nerolidol in
our LPS-induced ALI model. These results indicated that
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Figure 2: Nerolidol protects against LPS-induced alveolar-capillary barrier disruption and leukocyte infiltration. (a) Alveolar-capillary
barrier disruption was determined by protein leakage via a Bradford protein assay. (b) Leukocyte infiltration was determined by MPO
activity in BALF. Values are expressed as mean ± S:D: of 3-4 mice per group. #P < 0:05 represents a significant difference between the
indicated group and the control group; ∗P < 0:05 represents a significant difference between the indicated group and the LPS groups.
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nerolidol reduced LPS-induced lung edema through inhibit-
ing neutrophil infiltration and alveolar-capillary barrier
disruption.

During inflammation, leukocytes produce large quanti-
ties of ROS in response to an invasive pathogen. While exhi-
biting antimicrobial effects, excessive oxidative stress can also
cause injury to peripheral tissues. Lipid peroxidation is the
most common readout of oxidative stress and potential tissue
damage [26]. Studies have indicated that nerolidol inhibits
lipid peroxidation in rotenone-induced midbrain tissue dam-
age and Trypanosoma evansi-mediated brain and hepatic
damage [27–29]. In this current study, we found that lipid

peroxidation induced by LPS in the lungs could be inhibited
by nerolidol in a dose-dependent manner. In cells, oxidative
stress, or the level of ROS, is generally counterbalanced by
antioxidant responses. These include the AOEs and signal-
ling pathways such as the Nrf-2/HO-1 axis [9, 10]. It has been
shown that ROS generation reduces the capacities of AOEs,
including SOD, CAT, and GPx [5]. Interestingly, rotenone-
or Trypanosoma evansi-induced AOE suppression could be
reversed by nerolidol in the brain or liver [27–29]. Herein,
we show that pretreatment with nerolidol significantly pre-
vented the decrease of AOE activities in the lungs of mice
treated with LPS using our ALI model. These results
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suggested that nerolidol prevented neutrophil-associated tis-
sue damage likely through the reduction of lipid peroxidation
and upregulation of AOE activities during LPS-induced ALI
in mice.

Nrf-2 is an important transcription factor and the master
regulator of antioxidant defence molecules [30]. The ROS-
mediated activation of Nrf-2 induces the expression of many
different proteins, including HO-1, the phase-II detoxifying

and antioxidative protein. The activation, nuclear transloca-
tion, and stabilisation of Nrf-2 are enhanced by 3S-(+)-9-
oxonerolidol, a derivative of nerolidol, in human lung epithe-
lial cells [31]. In the present study, we showed that LPS inhib-
ited the expression of Nrf-2 and HO-1 and that these were
rescued and further enhanced by nerolidol in a dose-
dependent manner. In addition, our results indicated that
oxidative stress induced the activation and expression of
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Nrf-2 through the activation of AMPK signalling, which is a
crucial player during various inflammatory and oxidative
stresses [17]. As shown in our results, we found that the level
of AMPK phosphorylation in the presence of nerolidol was
positively correlated with the expression of Nrf-2 in LPS-
treated mice. These results further indicated that HO-1
expression was likely influenced by the AMPK/Nrf-2 path-
way in our model.

In conclusion, we have demonstrated that nerolidol pre-
treatment effectively protected against the exacerbation of
lung histopathology, including neutrophil infiltration, alveo-
lar wall thickening, haemorrhage, hyaline membrane forma-
tion, and edema, during LPS-induced ALI. The protective
mechanisms of nerolidol include (1) the inhibition of
alveolar-capillary barrier disruption and leukocyte infiltra-
tion; (2) the reduction of lipid peroxidation; (3) the preven-
tion of AOE activities; and (4) the prevention of the
decrease and increase of HO-1 expression, Nrf-2 expression,
and AMPK phosphorylation. Taken together, our findings
suggested that the beneficial effects of the application of ner-
olidol in the prevention of ALI inflammation most likely
involves the restoration of the AMPK/Nrf-2/HO-1 pathway
and AOE activities (model illustrated in Figure 8). The pro-
tective effects of nerolidol are similar as the monocyclic ses-
quiterpene derivative, zerumbone, on LPS-induced ALI
mice. A previous study has proposed that the protective
mechanism of zerumbone on LPS-induced ALI was via the
upregulation of AOEs and the Nrf-2/HO-1 pathway [5]. This
evidence could be used to propose that ALI could be reduced
by sesquiterpene derivatives, including nerolidol and zerum-
bone, via the restoration of the AOE activities, HO-1, and the
relative upstream pathway.
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Ruptured Sinus of Valsalva Aneurysm Presenting

as Acute Coronary Syndrome with Cardiogenic

Shock and aVR ST-Elevation – A Case Report

Sheng-Wei Huang,
1

Chien-Hsien Lo,
1

Chin-Feng Tsai
1,2

and Chun-Hung Su
1,2

INTRODUCTION

A ruptured sinus of Valsalva aneurysm can present

as a clinical emergency and can lead to progressively

deteriorating dyspnea. We describe an unusual case of

sinus of Valsalva aneurysm (SOVA) presenting with

acute chest pain and dyspnea with electrocardiogra-

phic ST-segment elevation in the V1 and aVR leads. Dia-

gnostic angiography and cardiac computed tomogra-

phy angiography showed contrast enhancement from

the aorta to the right ventricle and pulmonary artery.

The patient was referred to a cardiovascular surgeon

for immediate surgical excision and repair. This case

highlights the importance of physical examination and

echocardiography, especially in the emergency setting,

since the disease can manifest in various presenta-

tions. To the best of our knowledge, this report may be

the first described case to suggest an acute coronary

syndrome with aVR ST-elevation occurring from an

acute ruptured SOVA.

CASE

A 53-year-old man with a history of hypertension

and chronic renal insufficiency was admitted to the

emergency department because of acute onset of chest

pain. The symptoms began while he started working at

his office for a few minutes in the morning, and then

he developed central chest tightness and shortness of

breath while sitting in his chair. At the same time, he

also felt weak and diaphoretic. These symptoms did not

subside with rest. This sudden onset of substernal, ante-

rior chest discomfort, non-radiating pain persisted until

he presented to the emergency department more than

30 minutes later.

On physical examination, he appeared pale-faced,

and he had a continuous cardiac murmur detected on

cardiac auscultation with clear breath sounds. He had

tachycardia (heart rate: 136 beats per minute) and pro-

found shock (blood pressure: 80/46 mmHg) without a

significant blood pressure gradient (< 10 mmHg) in his

four limbs or engorged jugular vein. His initial 12-lead

electrocardiogram revealed > 1.5 mm ST-segment ele-

vation in the V1 and aVR leads with ST depression in

leads I, II, and V4 to V6. The ST-segment elevation in

the aVR was more prominent than in V1 (Figure 1A).

An admission troponin I level of 0.11 ng/ml was re-

ported.

Given the patient’s typical electrocardiographic find-

ings of left main coronary artery occlusion, dual anti-

platelet therapy with aspirin and ticagrelor were admin-

istered. The patient was referred for emergent coronary

angiography, which illustrated insignificant coronary ar-

tery disease. Left ventriculography with contrast was

performed via a 6F pigtail catheter inserted into ascend-

ing aorta. Surprisingly, the contrast test revealed a right

ventricular image; therefore, we removed the pigtail

catheter and performed a manual contrast injection,

and the image showed contrast enhancement from the

ascending aorta into the right ventricle and pulmonary

artery. Thus, we considered a shunt connection from

the aorta to the right ventricle (Figure 1B).

Transthoracic echocardiography detected a con-

tinuous shunt from the aorta to the right ventricle,
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normal left ventricular systolic function without re-

gional wall motion abnormality or chamber dilatation.

These findings suggest a ruptured SOVA on right coro-

nary sinus (Figure 2A, 2B). The patient’s previous ec-

hocardiographic images were reviewed. They showed

moderate aortic regurgitation and an unruptured SOVA

on right coronary sinus for at least 5 years (Figure 2C,

2D). Aortic regurgitation had disappeared in the pre-

sent echocardiography study.

The patient’s chest discomfort deteriorated, and

profound shock persisted. Cardiac computed tomogra-

phy angiography (CCTA) confirmed the diagnosis of a

ruptured SOVA with a shunt from the aorta to the right

ventricle (Figure 1C). The patient underwent emergent

excision of the right coronary sinus aneurysm, patch re-

pair, and pericardial effusion drainage. He was discharged

without symptoms 7 days later. Follow-up echocardio-

graphy after 10 months demonstrated a normal sinus of

Valsalva without residual pericardial effusion. He was

hemodynamically stable and without chest discomfort

12 months after surgery (Supplementary Figure 1).

DISCUSSION

Ruptured SOVAs can present as a clinical emergency

because of formation of aortic-cardiac shunting, pri-

marily toward the right atrium and right ventricle, which

can rapidly affect the hemodynamic status. SOVA is

rarely considered in the differential diagnosis of acute

chest pain with ST-segment elevation on ECG and has

been reported in few literature in conjunction with

acute ST-elevation myocardial infarction.
1

Our patient was treated for hypertension and ch-

ronic aortic regurgitation according to his previous ec-

hocardiography in 2013. The SOVA in our patient was

not recognized on his first echocardiogram, and his

symptoms stayed stationary until acute chest discomfort

developed during this emergency episode. Acute chest

pain with lead aVR ST-segment elevation and ST-seg-

ment depression in several other leads may predict acute

left main coronary artery obstruction.
2,3

The guideline

suggests that early initiation of aspirin and P2Y12 in-

hibitor loading may help to achieve early efficacy. But

in cases of ST-segment elevation and myocardial infarc-

tion, the diagnoses is not clear yet, delaying P2Y12 in-

hibitor loading until other etiologies are excluded (e.g.,
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Figure 1. (A) Initial 12-lead electrocardiography revealed ST-segment

elevation in the V1 and aVR leads with V4 to V6, Lead I and II ST depres-

sions. Note the ST-segment elevation in the aVR lead is more prominent

than in the V1 lead. (B) Contrast enhancement from ascending aorta to

right ventricle and pulmonary artery, suggestive of a shunt connection

from the aorta to the right ventricle. (C) Cardiac computed tomography

angiography (CCTA) confirmed the ruptured sinus of Valsalva aneurysm

with a shunt from the aorta to the right ventricle.

Figure 2. (A, B) Transthoracic echocardiography detected a continu-

ous shunt connection from the aorta to the right ventricle. No significant

aortic regurgitation. (C, D) Previous transthoracic echocardiography de-

tected significant aortic regurgitation and unruptured sinus of Valsalva

aneurysm.

A

B C

A B

C D



aortic dissection) should be considered.
4

Our treatment

strategy for the patient was to send him immediately for

emergent coronary angioraphy, which met the percu-

taneous coronary intervention-mediated reperfusion

(wire crossing) time of less than 90 minutes.
5

However,

asymmetric radial pulsations (blood pressure) can pres-

ent in aortic dissection but not in ruptured SOVA, and

this phenomenon emphasizes the importance of early

differential diagnosis. Early diagnosis and recognition

that a patient with possible predictors and risk factors

such as previous knowledge of an echocardiogram with

an unruptured SOVA, poorly controlled blood pressure

and the presence of a new cardiac murmur are critical

for early diagnosis. Echocardiography, electrocardio-

graphically gated CCTA, and cardiac magnetic resonance

(CMR) imaging can provide an accurate diagnosis. Be-

cause the patient presented with persistent, profound

cardiogenic shock, we chose CCTA rather than CMR im-

aging for efficiency and to rush the patient to surgery as

soon as possible, even though transesophageal echo-

cardiography is another good methods to detect SOVA

and CMR imaging can provide excellent anatomic and

functional information.
6

With our patient, after dual antiplatelet therapy with

aspirin 300 mg and ticagrelor 180 mg, the cardiac sur-

geon confronted numerous difficulties with hemostasis

during the operation. Fortunately, the patient was dis-

charged smoothly with no residual symptoms.

Reviewing the entire clinical course and manage-

ment of the patient showed that there are many points

to be learned. Firstly, lack of experience with echocar-

diography to recognize the presence of SOVA on the ini-

tial echocardiogram and the patient’s lack of awareness

of the danger of aneurysm rupture is extremely danger-

ous. Unruptured SOVA is usually asymptomatic or pres-

ents with symptoms of dyspnea, easy fatigability, palpi-

tations, or chest pain.
7

Asymptomatic SOVA is often de-

tected serendipitously by routine 2-dimensional echo-

cardiography. Aortic regurgitation is one of the most

common cardiac anomalies that occur in conjunction

with SOVA, like in this case. Second, a detailed, symp-

tom-oriented and focused physical examination in the

emergency department could reveal a significant con-

tinuous murmur in the left lower sternal border that

differed from aortic insufficiency.
8

However, both the

careful auscultation and bedside echocardiography were

both ignored in order to shorten the door to wire cross-

ing time. When patients presented with an acute myo-

cardial infarction with shock and cardiac murmur, me-

chanical complication is important differential diagnosis.

Eventually a continuous murmur firstly recorded and de-

scribed in the cardiac care unit in the left lower sternal

border, after coronary angiography. The lead aVR is to

obtain specific information from the right side of the

heart, such as the right ventricle outflow tract and the

basal part of the interventricular septum. Rupture of the

SOVA could cause an acute interruption of coronary ar-

tery blood flow that contributing to the electrocardio-

graphic changes. After the aneurysm has ruptured, the

flow into the right ventricle (RV) would be continuous

during both systole and diastole according to continu-

ous pressure gradient. The acute left-to-right shunting

may cause coronary flow supply-demand mismatch and

more severely, cardiogenic shock and then deteriorated

coronary insufficiency, contributing to aVR ST elevation

and diffuse ST depressions. The mechanism include in-

creased myocardial oxygen consumption because of

overactived sympathetic tone and acute RV injury re-

sulting from acute left-to-right shunting that may induce

RV transmural ischemia. Those leads being remote from

the RV like lead I and V4 to V6, will record ST depres-

sions.
9

Additionally, all acute cardiovascular conditions

should be assessed with echocardiography for differen-

tiation between acute myocardial infarction, aortic dis-

section, acute pulmonary embolism, and cardiac tam-

ponade.
10

However uncommon, SOVA rupture with shunt-

ing is also detected easily. Unnecessary medical prescrip-

tion and intervention could be avoided by the careful

use of these non-invasive examinations.

To the best of our knowledge, this report may be

the first described case to suggest an acute aVR ST-ele-

vation myocardial infarction occurring from an acute

ruptured SOVA. Early diagnosis by accurate imaging and

emergent surgical repair can provide good immediate

and 1-year outcomes.

LEARNING POINTS

� A ruptured SOVA can present as a clinical emergency

and can lead to progressively deteriorating dyspnea

and acute coronary syndrome. Continuous heart mur-
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mur with acute shock hints acute ruptured SOVA.

� Lead aVR ST elevation reflects reciprocal change from

ischemia of the left ventricle and ischemia from the RV

outflow tract or the right basal part of the interven-

tricular septum region, possible caused not only by left

main coronary artery stenosis and severe triple vessel

obstructions but also any RV injury.

� All acute cardiovascular conditions should be assessed

with echocardiography. However uncommon, SOVA

rupture with shunting is also detected easily.

� Early diagnosis by accurate imaging and emergent sur-

gical repair can provide good immediate and 1-year

outcomes for ruptured SOVA.
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Supplementary Figure 1. The post-operation electrocardiography shows those initial ST elevation at lead aVR and other ST depressions all normal-
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One of the major missions of the Taiwan Society of Cardiology is to publish practice guidelines that are suitable for

local use in Taiwan. The ultimate purpose is to continuously improve cardiovascular health care from the

implementation of the recommendations in the guidelines. Despite recent improvement of medical care, patients

with ST-segment elevation myocardial infarction (STEMI) still carry a high morbidity and mortality. There have been

many changes in the concepts of STEMI diagnosis and treatment in recent years. The 2020 focused update of the

2012 guidelines of the Taiwan Society of Cardiology for the management of STEMI is an amendment of the 2012

guidelines based on the newest published scientific data. The recommendations in this focused update provide the

diagnosis and treatment strategy for STEMI that should be generally implemented in Taiwan. Nevertheless,

guidelines never completely replace clinical judgment and medical decision still should be determined individually.

Key Words: Acute myocardial infarction � Guideline � Taiwan

INTRODUCTION

Through early revascularization with primary per-

cutaneous coronary intervention (PCI) and use of guide-

line-recommended secondary preventive medications,

the mortality of ST-segment elevation myocardial infarc-

tion (STEMI) continues to decrease in Taiwan.
1

Since the

publication of the 2012 Guidelines of the Taiwan Society

of Cardiology (TSOC) for the Management of STEMI,
2

some concepts in treating the disease have been modi-
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fied due to emerging new evidences. The purpose of

this “focused update” is to revise the 2012 guideline

specifically in several areas that the new study results

bring in changes of STEMI management. The focused

update began with a short review of epidemiology and

recent treatment trends of STEMI in Taiwan. STEMI

equivalents, defined as patients without typical ST seg-

ment elevation on electrocardiography (ECG), but need

immediate triage and management as STEMI, were added

in the diagnosis section. Revision on the section of pre-

hospital management added new recommendations of

early identification of STEMI by emergency medical ser-

vice (EMS) field triage with prehospital ECG and direct

transportation to the nearest PCI-available hospitals. In

addition to clopidogrel and ticagrelor, prasugrel was in-

troduced into Taiwan in the end of 2018. There were re-

vised recommendations about the choice of P2Y12 in-

hibitors for STEMI. There were also revisions to the sec-

tion on primary PCI, including adequate time intervals

from diagnosis to intervention, vascular access and com-

plete revascularization strategy. Cardiogenic shock is still

a major cause of mortality in STEMI. Revision on section

of cardiogenic shock was added because of recent ad-

vances in therapeutic options. For secondary preventive

strategies, new pharmacological therapies for diabetes

and hypercholesterolemia have been developed and

proved to further reduce recurrent cardiovascular (CV)

events in high risk patients such as STEMI. The section

of long-term pharmacological treatment after discharge

was revised and included all these new medical thera-

pies. Finally, a new section of quality care of STEMI was

added to indicate the importance of guideline imple-

mentation and several quality indicators were proposed.

In 2019, the President and Executive Board of the

TSOC decided to revise the 2012 Guidelines of the TSOC

for the Management of STEMI and invited several mem-

bers to form a writing group. The major topics in the

guideline were assigned to the members of the writing

group and the data from clinical trials as well as other

publications in peer-reviewed journals related to the to-

pics were reviewed. New or modified recommendations

in this focused update reflect the latest progress in the

diagnosis and treatment of STEMI. The readers may re-

fer to the prior guideline about the clinical topics which

were not addressed in this focused update.
2

In order to

demonstrate the intensities of recommendations, the

evidence-based classification system, including class of

recommendation (COR) and level of evidence (LOE), was

adopted in the guideline. The definitions of COR I to III

and LOE A to C were the same as those in the 2018

Guidelines of the TSOC for the management of non ST-

segment elevation acute coronary syndrome (ACS).
3

EPIDEMIOLOGY OF STEMI

Recent epidemiological studies in Taiwan using the

Taiwan National Health Insurance Research Database

showed that the overall adjusted incidence of acute

myocardial infarction (MI) increased progressively from

1999 to 2008.
1,4,5

The age- and sex-adjusted incidence

rates (per 100,000 population) of acute MI increased

from 30 in 1997 to 49.8 in 2009, which was mainly dri-

ven by the increase of non ST-segment elevation myo-

cardial infarction (NSTEMI) and the increasing tendency

was noted in both genders.
1,5

However, the adjusted in-

cidence of acute MI remained constant after 2008 and

estimated to be 49.8 in 2009 to 50.7 in 2015.
1

The ad-

justed incidence of STEMI decreased from 16.8 in 2009

to 14.4 in 2015, whereas NSTEMI continuously increased

from 32.5 in 2009 to 35.7 in 2015 (Figure 1). The ratio of

NSTEMI to STEMI incidence increased from 1.93 in 2009

to 2.47 in 2015.
1

For STEMI, the incidence decreased

across all age group except in the young population (<

55 years).
1

There was a 7.7% increase of STEMI from

2009 to 2015 in young men and no sign of decreasing

trend in young female.
1

In Taiwan, individuals hospital-

ized for STEMI were more likely to be younger and were
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Figure 1. The recent trends of decreasing incidence of STEMI and in-

creasing incidence of NSTEMI in Taiwan. NSTEMI, non ST-segment eleva-

tion myocardial infarction; STEMI, ST-segment elevation myocardial in-

farction. Adapted from reference 1.



less likely to have diabetes mellitus and hypertension in

comparison with NSTEMI patients.
1

However, the inci-

dence of dyslipidemia was higher in STEMI than NSTEMI

patients.
1

For STEMI, the mean age was 1.3 years youn-

ger in 2015 compared with that in 2009 and there was a

19.8% increase of dyslipidemia during these years.
1

In

Taiwan, most STEMI patients received primary PCI ra-

ther than fibrinolytic therapy.
1

Two nationwide ACS re-

gistries in Taiwan among different time periods (2008-

2010 and 2012-2015) showed that the median door-to-

balloon (D2B) time in primary PCI decreased from 96

minutes in the first registry to 71 minutes in the second

registry.
6

One retrospective 10-year cohort study in a

single medical center in Taiwan also showed that the

median D2B time decreased from 142 minutes in 2005

to 69 minutes in 2014.
7

In secondary preventive phar-

macological therapies, the in-hospital use of dual anti-

platelet therapy (DAPT) (95.1% to 99.6%), angiotensin

converting enzyme inhibitor (ACEI)/angiotensin receptor

blocker (ARB) (63.8% to 77.5%), beta-blocker (48.8% to

71.4%), and statin (54.4% to 81.2%) all increased sig-

nificantly between the two ACS registries.
6

The overall

crude in-hospital mortality rate of STEMI decreased

from 2009 (9.3%) to 2015 (7.6%) in Taiwan.
1

However,

the mortality rate was persistently higher in female than

male patients and there was no improving trend of mor-

tality in STEMI for female patients.
1

The prescription rate

of secondary preventive medications for STEMI in Tai-

wan was still relatively low compared with the data from

Western country.
8

Recommendation

� More actions should be taken to control the increasing

incidence of STEMI in young population in Taiwan.

(COR I, LOE C)

� To increase prescription rate of secondary preventive

medications for STEMI in Taiwan is necessary. (COR I,

LOE C)

DIAGNOSIS OF STEMI

Definition

Diagnosis of acute MI in this guideline is based on

definition of the Fourth Universal Definition of MI 2018.
9

It defines acute MI as acute myocardial injury with clini-

cal evidence of acute myocardial ischemia and with de-

tection of a rise and/or fall of cardiac troponin values

with at least one value above the 99th percentile upper

reference limit with at least one of the following: symp-

toms of myocardial ischemia; new ischemic ECG changes;

development of pathological Q waves; imaging evidence

of new loss of viable myocardium or new regional wall

motion abnormality in a pattern consistent with an is-

chemic etiology; identification of a coronary thrombus by

angiography or autopsy.
9

Several types of acute MI were

defined according to different pathophysiological mecha-

nisms leading to ischemic myocardial injury. The typical

STEMI is type 1 MI which is caused by coronary athero-

sclerosis with atherosclerotic plaque disruption, rupture

or erosion and coronary thrombus formation. Most re-

commendations in this guideline can be applied to this

type of MI. Some STEMIs fall into other types of MI which

the managements are not included in this guideline.

ECG and biomarker

A 12-lead ECG is the most important diagnostic mo-

dality and determines the subsequent management path-

ways in patients presented with acute chest discomfort.

No matter the patients are in an ambulance, local practi-

tioner’s clinic, or emergency department, an ECG should

be performed immediately if it is available. The ECG

should be interpreted as soon as possible to identify any

possibility of STEMI or its equivalents by experienced

physician, nurse or trained EMS personnel. A rapid trans-

mission of the ECG through smartphone or other ways to

emergency physicians or cardiologists not only speeds up

the diagnosis of STEMI but also shortens the time for ac-

tivation of primary PCI team.
10,11

Repeat ECG to follow up

the ST-T changes is necessary if the first ECG is normal or

equivocal when there are persistent symptoms of myo-

cardial ischemia. Changes of biomarker confirm the pres-

ence of myocardial necrosis. Measurement of biomarker

should not delay the process for primary PCI. High sensi-

tivity cardiac troponin (hs-cTn) is the recommended bio-

marker because hs-cTn assays increase diagnostic accu-

racy for acute MI presenting early after chest pain and

allow for a rapid rule-out of acute MI when there are

doubts about the diagnosis.
12,13

The detailed recommen-

dations of hs-cTn assays were described previously in the

2018 Guidelines of the TSOC for the management of non

ST-segment elevation ACS (Figure 2).
3
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Recommendation

� A 12-lead ECG should be performed immediately in pa-

tients presented with any symptom suggestive of STEMI.

(COR I, LOE C)

� Rapid transmission of ECG by smartphone or other ways

to emergency physicians or cardiologists for early diag-

nosis is recommended. (COR I, LOE B)

� Hs-cTn assay is recommended for rapid diagnosis and

rule-out of acute MI. (COR I, LOE A)

STEMI equivalents

For rapid triage and primary PCI, this guideline adopts

the conventional definition of STEMI as those with symp-

toms suggestive of myocardial ischemia and ST-segment

elevation in at least two contiguous leads on ECG. How-

ever, there are several conditions that patients present

without typical ST-segment elevation on a standard 12-

lead ECG, but should be managed as STEMI equivalents.

The first condition is posterior MI. The typical ECG changes

of posterior MI include ST segment depression in pre-

cordial leads V1-V4 and a R/S ratio greater than 1 in

leads V1 or V2.
14

If posterior MI is suspected, posterior

leads V7 to V9 of ECG should be done to look for ST seg-

ment elevation in these leads.
14,15

Lead V7 is placed at

the same level of V6 at the posterior axillary line; lead

V8 is on the left side of the back at the tip of the scapula

and V9 is placed at left paraspinal region at the same

level as V6. The infarct related artery (IRA) in patients

with typical ECG abnormalities of posterior MI is left cir-

cumflex artery. The second condition is left main MI.

The typical ECG changes of left main MI include ST ele-

vation in lead aVR with ST elevation in aVR � V1 and ex-

tensive ST depression in leads I, II, and V4-6.
16,17

Patients

presented clinical symptoms with these ECG changes

require early coronary angiography to define the left

main coronary artery anatomy. The third condition is

STEMI in preexisting left bundle branch block (LBBB).

The ST segment changes in LBBB make it difficult to di-

agnose STEMI directly. The Sgarbossa ECG criteria, in-

cluding (1) concordant ST-segment elevation > 1 mm in

at least one lead or (2) concordant ST-segment depres-

sion > 1 mm in any of the V1 to V3 leads or (3) discor-

dant ST-segment elevation > 5 mm, are used to identify

patients with STEMI in patients with preexisting LBBB.
18

Recommendation

� Even without typical ST segment elevation on standard

12-lead ECG, STEMI equivalents should be managed as

STEMI. (COR I, LOE C)

PREHOSPITAL MANAGEMENT

Public awareness of acute MI

STEMI is a time-sensitive disease because prompt

treatment after symptoms onset improves patients’
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Figure 2. The detailed recommendations of using high sensitivity cardiac troponin assay to diagnose and rule out acute myocardial infarction. ACS,

acute coronary syndrome; ECG, electrocardiography; hs-cTn, high sensitivity cardiac troponin. Adapted from reference 3.



prognosis. Mortality of STEMI could be reduced 1.5% for

every 30-minute decrease in reperfusion time.
19

The key

to successful treatment is early recognition of symptoms

and rapid arrival at a hospital with PCI facility.
20

Patient

delay is a critical factor. It commonly due to poor aware-

ness of heart attack symptoms and not calling an ambu-

lance even when acute MI is really occuring.
21

Previous

study showed the awareness of acute MI symptoms in

citizens ranged from 32.9% (arm or shoulder pain) to

70.2% (difficulty breathing) and 79.1% (chest pain and

discomfort).
20

Overall, 67% citizens would call an ambu-

lance if someone had signs of acute MI.
20

Currently, it is

roughly estimated that only 10-20% STEMI patients were

sent to hospitals by ambulance of EMS in Taiwan. Trans-

portation of suspected STEMI patients by EMS ambu-

lance is much safer because emergency medical techni-

cians (EMT) received cardiopulmonary resuscitation

(CPR) training and EMS ambulances are equipped with

automated external defibrillator.
22-25

Since 2011, EMS in

more than 90% of cities and counties in Taiwan started

to set up ECG telemetry system in ambulances which

may assist in early diagnosis of STEMI and directly trans-

ferring patients to PCI available hospitals. Therefore,

ambulance transfer is highly recommended for patients

suspected of acute MI with typical chest pain with or

without dyspnea, cold sweating or nausea.

Recommendation

� Increased public awareness of the typical symptoms of

acute MI is recommended. (COR I, LOE C)

� Ambulance transfer to PCI available hospitals is recom-

mended for patients with typical symptoms of acute

MI. (COR I, LOE C)

Transportation for primary PCI

Compared with fibrinolytic therapy, primary PCI is

the preferred reperfusion strategy.
26

In Taiwan, primary

PCI is the routine reperfusion therapy for STEMI, where-

as fibrinolysis is used only in some special occasions,

such as during severe pandemic infectious diseases or in

adjacent small islands without PCI available hospitals.
6,27,28

Currently, with a population of 23 million in Taiwan,

there are 103 PCI available hospitals. Approved by the

national STEMI accreditation system from Taiwan Gov-

ernment, 58 hospitals provide 24-hour service of pri-

mary PCI, including 46 hospitals with high grade critical

care ability and 12 hospitals with moderate grade criti-

cal care ability (Figure 3). Through convenient highway

system, ambulances usually could reach a PCI available

hospital within 2 hours. However, pre-hospital delay is

still a challenging issue in Taiwan due to multifactorial

reasons. A well-organized STEMI network among differ-

ent hospitals and EMS system is critical for optimization

of STEMI care.
29-31

A city/county-based STEMI network

should have a standard operating procedure to guide

EMTs in the ambulance to transport STEMI patients di-

rectly to nearby PCI available hospitals and bypass non-

PCI hospitals. EMTs could diagnose STEMI by ECG read-

ing themselves or through on-line instruction from hos-

pital staffs by ECG transmission via smartphone or te-

lemetry ECG system in the field.
23-25,32

The network can

activate primary PCI team in nearby hospital as soon as

possible. EMS ambulance system should be equipped

with ECG recorders, automated external defibrillators

and auto CPR machines, which could diagnose STEMI in

the field and provide critical life-saving treatment.
23,25,32

STEMI patients can be diagnosed in a hospital with-

out PCI facility or 24-hour PCI capability. Hospitals with

24-hour PCI capability should establish inter-hospital

STEMI network with other hospitals in order to trans-

port STEMI patients safely and rapidly. Inter-hospital

STEMI network was reported to shorten D2B time, and
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service in Taiwan. Fibrinolysis is only suggested in special occasions, in-

cluding special pandemic infection or islands without PCI available hos-

pitals. PCI, percutaneous coronary intervention.



hospitals with 24-hour PCI capability should take a “no-

refusal” principle for all patients transferred for consid-

eration of primary PCI.
33,34

The hospitals with 24-hour

PCI capability should have a 24-hour hot line with other

non-PCI hospitals. Inter-hospital transmission of ECG

and/or laboratory data via smartphone or facsimile in

order to early activation of PCI team is necessary. On ar-

rival, the patients should be directly transferred to ca-

theterization laboratory as soon as possible. There should

be a feedback system inside the network between non-

PCI and PCI hospitals. Figure 4 summarizes the trans-

portation pathways for primary PCI from different places

of patient presentation.

Recommendation

� Regional STEMI network should be established to guide

direct transportation of STEMI patients to PCI available

hospitals. (COR I, LOE B)

� The EMS ambulances should be equipped with ECG re-

corders, automated external defibrillators and auto

CPR machines. (COR I, LOE C)

� The EMTs in ambulance should receive training for ECG

recording, interpretation and transmission for early

identification of STEMI. (COR I, LOE C)

� Inter-hospital network is recommended to facilitate

transfer for primary PCI among non-PCI and PCI avail-

able hospitals. (COR I, LOE B)

Pre-hospital medication

Early observational studies showed that upstream

clopidogrel treatment before arriving PCI hospitals was

associated with a reduction of death or recurrent MI in

patients with STEMI treated with primary PCI.
35,36

A later

small randomized trial found that clopidogrel 600 mg

loading in prehospital phase could not increase the pa-

tency rate of IRA before primary PCI, but was associated

with a trend toward less adverse clinical event.
37

The

ATALANTIC trial randomized STEMI patients to receive

ticagrelor either during transfer to a primary PCI hospi-

tal or immediately before angiography. The study found
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Figure 4. Recommended transportation pathways and door-to-wire time for primary PCI from different places of patient presentation. PCI,

percutaneous coronary intervention; STEMI, ST-segment elevation myocardial infarction. ECG, electrocardiography; EMS, emergency medical service.



early ticagrelor treatment could not increase ST-seg-

ment elevation resolution or Thrombolysis in Myocar-

dial Infarction (TIMI) blood flow in the IRA at initial an-

giography. But the rates of definite stent thrombosis

were lower in 24 hour and 30 days in the prehospital

group.
38

Currently, EMTs in 3 cities of Taiwan could ad-

minister DAPT in ambulance after on-line instruction by

physicians in hospitals after reading ECG from telemetry

transmission.

Recommendation

� Early use of DAPT (aspirin and P2Y12 inhibitor) in am-

bulance may be considered after on-line instruction by

physicians in hospitals if no contraindication. (COR IIb,

LOE C)

Out-of-hospital cardiac arrest

STEMI can be presented with out-of-hospital cardiac

arrest (OHCA). After CPR and return of spontaneous cir-

culation, emergency coronary angiography and PCI should

be performed in awake or comatose patients with OHCA

with suspected STEMI. Therapeutic hypothermia with

targeted temperature management (TTM) should be

considered because TTM after return of spontaneous

circulation in cardiac arrest patients leads to improve-

ments in mortality and neurological outcomes.
39,40

Pre-

vious study showed, after cardiac catheterization and

TTM, there was a survival rate of 56% of the OHCA pa-

tients and most of the survivors had good neurological

outcome.
41

However, previous studies using prehospital

cold intravenous fluid resulted in worse outcomes in-

cluding decreased rate of return of spontaneous circula-

tion, increased chance of pulmonary edema, and in-

creased incidence of diuretic use.
42,43

Recommendation

� Primary PCI is recommended in STEMI patients with

cardiac arrest post return of spontaneous circulation.

(COR I, LOE B)

� TTM is recommended in comatose STEMI patients with

cardiac arrest after return of spontaneous circulation.

(COR I, LOE B)

� Prehospital cooling in ambulance with rapid infusion

with cold saline is not recommended in STEMI patients

with cardiac arrest post return of spontaneous circula-

tion. (COR III, LOE B)

ANTIPLATELET THERAPY

DAPT with aspirin and P2Y12 inhibitor is the corner-

stone therapy for STEMI. Clopidogrel was used in STEMI

patients for many years and was the only P2Y12 inhibi-

tor recommended in the 2012 Taiwan STEMI Guidelines.
2

New generation P2Y12 inhibitors, prasugrel and tica-

grelor, showed superior efficacy compared with clopido-

grel in improving clinical outcomes but at the expense of

bleeding. Choosing either clopidogrel or potent P2Y12

inhibitors needs more consideration of the balance be-

tween clinical benefit and bleeding risk.

Clopidogrel

In large randomized studies, combination of clopi-

dogrel with aspirin was associated with reduced ische-

mic event and mortality rate for STEMI, regardless of

reperfusion strategies.
44,45

Four observational studies in

Taiwan showed DAPT with aspirin and clopidogrel for

more than 9 to 12 months significantly reduced ische-

mic risk and mortality rate in patients with ACS with or

without PCI.
46-49

In patients receiving elective PCI, clo-

pidogrel 600 mg loading dose was associated with more

rapid and higher platelet inhibition than 300 mg dose.
50,51

But in the CURRENT–OASIS 7 trial, clopidogrel 600 mg

loading dose did not reduce ischemic events but lead to

higher major bleeding risk comparing with 300 mg load-

ing dose in patients with ACS. However, in the subgroup

analysis for patients receiving PCI, higher clopidogrel

loading dose significantly reduced the rates of 30 days

primary outcomes and stent thrombosis.
52

A meta-an-

alysis demonstrated that higher clopidogrel loading

dose with 600 mg was associated with reduced ischemic

events and similar bleeding risk comparing with stan-

dard clopidogrel 300 mg loading dose in patients under-

going PCI.
53

In Taiwan, a loading dose of 300 mg to 600

mg clopidogrel is recommended for STEMI depending

on patients’ clinical conditions. There are some draw-

backs of clopidogrel including slower onset time and

drug response variability. Clopidogrel is an inactive pro-

drug and requires a 2-step metabolism to become an ac-

tive metabolite,
54

which may be responsible to its slower

drug onset and may lead to increased ischemic events in

ACS patients with coronary thrombus formation. Fur-

thermore, the prevalence of cytochrome P450 2C19

polymorphism with clopidogrel resistance is not uncom-
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mon and may increase CV risk in ACS patients.
55,56

The

percentage of CYP2C19 reduced function alleles carrier

in Asian population is much higher than that in Cauca-

sian population.
57,58

Therefore, newer P2Y12 inhibitors

such as prasugrel or ticagrelor have been developed to

overcome these unmet clinical needs of clopidogrel.

Prasugrel

Comparing with clopidogrel, prasugrel (60 mg load-

ing and 10 mg daily dose) provides faster and greater

platelet inhibitory effects in patients undergoing PCI.
59

The TRITON–TIMI 38 trial randomized 13608 ACS pa-

tients to receive either prasugrel or clopidogrel. The

study found prasugrel reduced more ischemic events

compared with clopidogrel [hazard ratio (HR) 0.82, 95%

confidence interval (CI) 0.73-0.93], but also increased

the risk of major bleeding (HR 1.40, 95% CI 1.05-1.88).
60

In the subgroup analysis for STEMI patients, the efficacy

of prasugrel was consistent (HR 0.79, 95% CI 0.65-0.97)

irrespective of the PCI timing.
61

It is worth of noticing

that the post-hoc analysis of the TRITON-TIMI 38 study

demonstrated that prasugrel was associated with net cli-

nical harm due to a trend toward more major bleeding

(p = 0.06) in patients with a history of ischemic stroke or

transient ischemic attack (TIA). Patients aged 75 years

or older and who were weighing less than 60 kg also had

no clinical benefit from prasugrel.
60

Therefore, prasugrel

is contraindicated in patients with prior history of stroke/

TIA and should be used cautiously in patients with old

age or low body weight.

In Taiwan and Japan, reduced-dose prasugrel (20 mg

loading and 3.75 mg daily dose) is available due to the

concern of bleeding risk in Asians. The reduced-dose

regimen was studied in the PRASFIT-ACS trial which was

conducted in Japan with the similar study design as the

TRITON-TIMI 38 study. In the PRASFIT-ACS trial, about

50% of the study population was STEMI and those with

prior ischemic stroke/TIA were excluded. After random-

izing 1363 ACS patients undergoing PCI, the reduced-

dose prasugrel was associated with a trend of 23% risk

reduction (HR 0.77, 95% CI 0.56-1.07) of adverse CV

events and similar risk of non-coronary artery bypass

graft (CABG) major bleeding compared with clopido-

grel.
62

A post-marketing observational study (PRASFIT--

Practice I) enrolled 732 Japanese ACS patients receiving

both PCI and reduced-dose prasugrel from 2014 to 2015

and 60% of the patients were STEMI. The rates of TIMI

major bleeding and major adverse CV events were 1.6%

and 3.1%, respectively during the observational period

indicating the safety and efficacy of this regimen.
63

There

was another larger nationwide registry study in Japan in-

cluding 62737 ACS patients undergoing PCI in 2016. After

propensity score matching, there were 12016 patients in

the clopidogrel or prasugrel group, respectively. STEMI

patients accounted for 30.7% in clopidogrel and 32.6% in

prasugrel group. Compared with clopidogrel, reduced-

dose prasugrel was associated with higher bleeding risk

[odds ratio (OR) 1.65, 95% CI 1.10-2.51], similar rates of

mortality (OR 1.11, 95% CI 0.89-1.38), and similar risk of

stent thrombosis (OR 1.29, 95% CI 0.73-2.30). In sub-

group analysis for STEMI patients, reduced-dose prasu-

grel was associated with numerically higher rate of bleed-

ing than clopidogrel (0.67% vs. 0.47%; OR 1.44, 95% CI

0.76-2.78).
64

Therefore, larger randomized controlled trials

are needed in the future to confirm the efficacy and sa-

fety of reduced-dose prasugrel in ACS or STEMI patients.

Ticagrelor

Another newer P2Y12 inhibitor, ticagrelor (180 mg

loading and 90 mg twice daily dose), is an active drug

that does not require hepatic metabolism for activation.

The platelet inhibitory ability of ticagrelor is greater and

faster than clopidogrel. In addition, ticagrelor binds to

P2Y12 inhibitors reversibly, which lead to faster onset

after platelet binding and offset after discontinuing the

drug.
65

In the PLATO study, ticagrelor was associated

with reduced combined risk of CV death, MI, or stroke

compared with clopidogrel (HR 0.84, 95% CI 0.77-0.92)

in 18,624 ACS patients. However, ticagrelor also in-

creased the rate of non-CABG major bleeding (4.5% vs.

3.8%, p = 0.03).
66

The benefits of ticagrelor over clo-

pidogrel in STEMI subgroup were consistent with those

from the overall PLATO results. In STEMI patients receiv-

ing primary PCI, ticagrelor also reduced risks of MI, total

mortality and definite stent thrombosis without increas-

ing major bleeding risk.
67

In the TREAT study, STEMI pa-

tients receiving fibrinolysis were randomized to tica-

grelor or clopidogrel with a median of 11.4 hours after

fibrinolytic therapy. Ticagrelor was non-inferior to clo-

pidogrel for TIMI major bleeding at 30 days in this study.
68

After 12 months follow-up, ticagrelor was associated

with similar ischemic and bleeding events compared with
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clopidogrel.
69

The largest real world data comes from

SWEDEHEART registry which included 45073 ACS pa-

tients in Sweden from 2010 to 2013. In this study, tica-

grelor versus clopidogrel was associated with a lower

composite ischemic risk (HR 0.85, 95% CI 0.78-0.93) and

a higher risk for re-admission with bleeding (HR 1.20,

95% CI 1.04-1.40) which was similar to the results in the

PLATO study.
70

However, in Asia, data from small ran-

domized control trials and observational studies com-

paring ticagrelor with clopidogrel in STEMI or ACS pa-

tients demonstrated conflicting results.
71-76

In Taiwan,

three observational studies comparing ticagrelor with

clopidogrel in ACS patients showed reduced ischemic

risk without increasing major bleeding risk in patients

receiving ticagrelor.
77-79

Comparisons between P2Y12 inhibitors

When comparing the efficacy and safety between

newer P2Y12 inhibitors (prasugrel/ticagrelor) and clopi-

dogrel in STEMI patients undergoing PCI, a meta-analy-

sis demonstrated that newer P2Y12 inhibitors versus

clopidogrel significantly reduced all-cause death, major

adverse CV events and stent thrombosis with similar risk

in bleeding.
80

Another meta-analysis showed that both

prasugrel and ticagrelor were associated with better

clinical outcomes than clopidogrel, and prasugrel was

even superior to ticagrelor in STEMI patients undergoing

primary PCI.
81

In addition, there was a retrospective

analysis from Korea using claim data from the Health In-

surance Review and Assessment Service with 40706

acute MI patients undergoing PCI between 2010 to 2015

and 35% of the study population were STEMI. In this

study, newer P2Y12 inhibitors including prasugrel and

ticagrelor both had favorable effect on reducing 30-day

mortality.
82

Furthermore, according to the data from

KAMIR-NIH registry, treatment with both prasugrel and

ticagrelor in ACS patients were shown to improve major

adverse CV events-free survival rate compared to clo-

pidogrel. The difference of major adverse CV events rate

between prasugrel and ticagrelor in overall population

and STEMI subgroups were not significant.
83

For head to

head comparison of the efficacy and safety between the

two newer P2Y12 inhibitors in ACS patients, a retrospec-

tive cohort analysis from claims database showed that

patients received ticagrelor had both reduced ischemic

and bleeding events compared with patients treated

with prasugrel.
84

However, in a large randomized control

trial, the ISAR-REACT 5 study, which recruited 4018 ACS

subjects and 41% of whom were STEMI patients, pra-

sugrel was associated with significantly reduced ische-

mic composite risks including death, MI, or stroke than

ticagrelor, and the incidence of bleeding was statistically

insignificant between the two groups.
85

Based on current available evidences, standard-dose

ticagrelor and prasugrel should be the preferred P2Y12

inhibitor in STEMI patients. However, if concerns about

bleeding prevail over ischemia, it is reasonable to choose

clopidogrel rather than newer P2Y12 inhibitors. High

bleeding risk features include old age, chronic kidney dis-

ease, anemia, low body weight, combination therapy

with oral anticoagulant, prior intracranial hemorrhage, or

history of previous major bleeding. Furthermore, based

on Asians’ data, reduced-dose prasugrel (20 mg loading

and 3.75 mg daily maintenance dose) may also be consid-

ered in STEMI patients undergoing primary PCI in Taiwan.

The selection of different P2Y12 inhibitors, different dose

regimens, and the trade-off between ischemic and bleed-

ing risk should be individualized to acquire the maximal

net clinical benefit for STEMI patients.

Recommendation

� Ticagrelor (180 mg loading dose, 90 mg twice daily),

prasugrel (60 mg loading dose, 10 mg daily dose), or

clopidogrel (300-600 mg loading dose, 75 mg daily dose)

is recommended in STEMI patients undergoing primary

PCI unless contraindicated and ticagrelor or prasugrel is

preferred to clopidogrel. (COR I, LOE B)

� Clopidogrel rather than ticagrelor or prasugrel may be

considered in patients with increased bleeding risk fea-

tures. (COR IIa, LOE C)

� Reduced dose of prasugrel (20 mg loading dose, 3.75

mg daily dose) may be considered in STEMI patients un-

dergoing PCI based on Asian data. (COR IIa, LOE B)

PCI STRATEGY

Door-to-wire time

D2B time of primary PCI has been regarded as an

important metric for STEMI patients because it could in-

fluence the clinical outcomes of the patients.
86-88

Previ-

ous international guidelines as well as 2012 Taiwan
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STEMI guidelines have focused on the importance of

D2B time.
2

However, later studies found that the total

ischemia time, including the time from symptom onset

to STEMI diagnosis and the time from STEMI diagnosis

to primary PCI, is a more important determinant of clini-

cal outcomes.
89-91

That is why much more effort now is

devoted to shorten the total ischemia time by pre-hos-

pital diagnosis of STEMI and early activation of PCI team.

Due to the progress of PCI technique, balloon dilation is

not always the first intervention step performed during

primary PCI, therefore, the term has further evolved to

medical contact-to-device time. Wire crossing the lesion

in IRA is always necessary before any intracoronary pro-

cedure, therefore, the wire time instead of device time

is preferred in our guideline. In Taiwan, if STEMI has al-

ready been diagnosed in primary care clinic, non-PCI

hospital or in ambulance and transferred for primary

PCI, a door-to-wire time � 60 minutes is suggested in

the transferred PCI available hospitals. In fresh cases

that need time to diagnose STEMI, a door-to-wire time �

90 minutes is suggested in PCI available hospitals.

Recommendation

� For patients with already diagnosed STEMI that are

transferred for primary PCI, a door-to-wire time � 60

minutes in PCI available hospitals is recommended.

(COR I, LOE C)

� In fresh cases that need time to diagnose STEMI, a

door-to-wire time � 90 minutes in PCI available hospi-

tals is recommended. (COR I, LOE B)

PCI procedures

The RIVAL trial was a large scale clinical trial that

randomly allocated 7021 ACS patients including 1958

STEMI patients to radial or femoral artery access during

PCI. The composite primary outcome of death, MI, stroke

or non-CABG major bleeding at 30 days occurred signifi-

cantly fewer in the radial group compared with the fe-

moral group in patients with STEMI (HR 0.60, 95% CI

0.38-0.94) and in high volume radial centers (HR 0.49,

95% CI 0.28-0.87).
92

The radial procedural volume was

important and independently associated with the pri-

mary outcome.
93

The MATRIX trial included a total of

8404 ACS patients (4008 STEMI) undergoing PCI and

randomized to radial or femoral access. The 30-day co-

primary outcomes were major adverse CV events (MACE),

defined as all-cause mortality, MI and stroke. The net

adverse clinical events were defined as MACE or non-

CABG major bleeding. The radial access group was asso-

ciated with reduced MACE [risk ratio (RR) 0.85, 95% CI

0.74-0.99] and net adverse clinical events (RR 0.83, 95%

CI 0.73-0.96). The difference was mainly driven by fewer

non-CABG major bleeding and reduction of all-cause

death.
94

Therefore, the radial access has become the fa-

vorable choice during primary PCI and is especially re-

commended to be performed by an experienced opera-

tor at high volume center.

The EXAMINATION study randomly assigned 1504

patients with STEMI to receive everolimus-eluting stent

(EES) or bare-metal stent (BMS). The results showed

both rates of target lesion revascularization and stent

thrombosis were reduced in recipients of EES at 1 year.
95

Similarly, the COMFORTABLE AMI trial randomly as-

signed 1161 STEMI patients to receive biolimus-eluting

stents or BMS in primary PCI. The group of biolimus-

eluting stents with a biodegradable polymer was associ-

ated with reduced composite of cardiac death, target

vessel-related reinfarction, and ischemia-driven tar-

get-lesion revascularization in STEMI patients at 1 year.
96

Based on these evidences, new generation drug-eluting

stent (DES) is recommended during primary PCI for

STEMI. The TASTE trial randomly assigned 7244 STEMI

patients undergoing PCI to manual thrombus aspiration

followed by PCI or to PCI only. The results revealed rou-

tine thrombus aspiration before PCI as compared with

PCI alone did not reduce 30-day and 1-year mortality. In

addition, this strategy did not reduce total mortality or

the composite of death from any cause, rehospitaliza-

tion for MI, or stent thrombosis up to 1 year.
97,98

A later

and larger scale TOTAL study with 10732 STEMI patients

also reported routine manual thrombectomy did not re-

duce the risk of CV death, recurrent MI, cardiogenic

shock, or class IV heart failure within 180 days. In addi-

tion, this strategy in TOTAL trial was associated with an

increased rate of stroke within 30 days, which was not

observed in TASTE trial.
99-101

In summary, with compared

to PCI alone, recent clinical trials have not shown any

clinical benefit with routine thrombectomy during pri-

mary PCI.

Recommendation

� Radial access is recommended over femoral access in
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experienced operators and high volume centers for pri-

mary PCI. (COR I, LOE A)

� New generation DESs are recommended for primary

PCI. (COR I, LOE A)

� Thrombus aspiration during primary PCI is an optional

but not a routine procedure during primary PCI. (COR I,

LOE A)

Complete revascularization

About 40% of patients with acute MI carried multi-

ple complex coronary lesions in multiple coronary ar-

teries on angiography and these patients had poorer left

ventricular function and increased risk for recurrent

ischemia.
102

Whether to completely revascularize these

non-culprit lesions or only treat culprit lesion during the

index procedure of primary PCI is a common dilemma.
103,104

In addition, the optimal timing of complete revascu-

larization also remains uncertain. Previous randomized

trials have compared routine non-culprit lesion PCI with

optimal medical therapy alone in patients with multi-

vessel disease (MVD) who underwent primary PCI for

STEMI, regardless of whether revascularization was per-

formed during index or staged procedure. Although the

results almost consistently revealed significant reduc-

tion in repeat revascularizations in the group of com-

plete revascularization, none of which were powered for

the hard end points of death or MI.
105-109

In a meta-

analysis, compared to culprit lesion-only PCI, complete

revascularization significantly reduced the combined

end points of death or MI (OR 0.71, 95% CI 0.52-0.96).

In addition, the benefit of routine non-culprit lesion PCI

was only observed among patients who performed dur-

ing the index primary PCI but not staged procedure.
110

Recently, the COMPLETE trial randomized 4041 STEMI

patients with MVD but without cardiogenic shock who

had undergone successful culprit-lesion primary PCI to a

strategy of either complete revascularization with PCI of

angiographically significant non-culprit lesions or no fur-

ther revascularization. At a median follow-up of 3 years,

the first co-primary outcome of CV death or MI was sig-

nificantly lower in the complete-revascularization group

than culprit-lesion-only PCI group (HR 0.74, 95% CI

0.60-0.91). In this study, all non-culprit lesion PCIs were

staged procedures either during the index hospitaliza-

tion or within 45 days after discharge. This study was

statistically powered to concluded that routine staged

complete revascularization was superior to culprit lesion

only PCI in reducing the risk of CV death, new MI, or

ischemia driven revascularization in STEMI patients with

MVD and without cardiogenic shock.
111

In STEMI patients with MVD and cardiogenic shock

(CS), the CULPRIT-SHOCK trial randomized 706 patients

to either PCI of the culprit lesion only or multivessel PCI.

At 30 days, the end points of death or renal replace-

ment therapy were significantly lower in the culprit le-

sion only group and these benefits were maintained at 1

year.
112,113

In addition, a large-scale observational study

also showed that culprit lesion only PCI in STEMI pa-

tients with CS had lower mortality rate than multivessel

PCI at 30 days and at 1 year.
114

Figure 5 summarizes the

current recommendations for PCI strategy for STEMI in

Taiwan.

Recommendation

� In hemodynamically stable STEMI patients with MVD,

immediate or staged PCI (< 45 days) for complete re-

vascularization is recommended. (COR I, LOE A)

� In STEMI patients with CS and MVD, routine non-culprit

lesion revascularization during primary PCI is not re-

commended. (COR III, LOE B)

CARDIOGENIC SHOCK

Definition and classification

Although there were some variations of the defini-

tion, CS complicating acute MI is generally defined as

systolic blood pressure (BP) < 90 mmHg for � 30 minutes

with end-organ hypoperfusion � hemodynamic criteria (car-

diac index � 2.2 L/min/m
2

and wedge pressure � 15 mmHg)

based on largest randomized controlled trials.
112,115,116

Re-

cently, the Society of Cardiovascular Angiography and

Interventions unified CS definition and recommended a

classification system with 5 stages: A: at risk for CS de-

velopment (e.g., anterior wall MI), B: beginning or pre-

shock (clinical evidence of relative hypotension or tachy-

cardia without hypoperfusion), C: classical CS (hypo-

perfusion requiring pharmacological or mechanical in-

tervention), D: doom (worse with failing to respond to

initial interventions), and E: extremis [cardiac arrest

with ongoing CPR and/or extracorporeal membrane oxy-

genation (ECMO)].
117

The classification system not only
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makes different CS trials more comparable but also em-

phasizes the effectiveness of early intervention on the

phase of pre-shock or early shock.
118,119

Pathophysiology

The incidence of CS with acute MI ranges from 3%

to 13%.
120,121

Ventricular myocardial dysfunction follow-

ing acute MI accounts for the majority of CS, comprising

around 80% and 7% for left and right ventricular failure,

respectively. The remaining 13% of CS victims result

from mechanical complications, including acute mitral

regurgitation (~7%), ventricular septal defect (~4%) and

free wall rupture (~2%).
122

Impaired myocardial systolic

and diastolic function subsequent to acute MI induce

hypoperfusion and lung congestion leading to tissue

ischemia and hypoxia.
123

It also chemically or biologi-

cally elicits a serial release of inflammatory cytokines or

inducible nitric oxide synthase resulting in vasodilation

which further decreases systemic and coronary perfu-

sions and aggravates pre-existing pumping impairment.
124

The catastrophic vicious cycle results in 40-50% mortal-

ity rate of CS even in the era of early revascularization

and mechanical circulatory support (MCS).
124,125

Management

Management should be initiated at pre-shock phase

when hypotension appears as the first sign of CS. Echo-

cardiography should be performed immediately to ex-

clude mechanical complications of acute MI as the po-

tential causes of CS. Intra-aortic balloon pumping (IABP)

can be considered as a strategy to unload left ventricle

and increase coronary perfusion if there is unstable he-

modynamics due to mechanical complications. How-

ever, IABP should not be performed routinely in patients

with CS complicating acute MI.
116

Emergent coronary

angiography is strongly recommended and revasculari-

zation strategy should be determined after heart team

evaluation. PCI to open the occluded culprit vessel can

be performed but routine non-culprit lesions revascula-

rization during the initial PCI is not recommended.
112,113

In patients with CS after initial treatment, complete re-

vascularization during the index hospitalization maybe

beneficial.
126

Patients with CS should be treated with fluids, vaso-

pressors, and inotropes to prevent or rescue multiple or-

gan dysfunction syndrome (MODS).
127

If hemodynamic

instability remains after fluid resuscitation with saline or

Ringer’s lactate > 200 mL in 15-30 minutes, pharmaco-

logical circulatory support with vasopressor (e.g., nore-

pinephrine) and/or ventricular support with inodilator

(e.g., dobutamine or levosimendan) should be consid-

ered.
128

The patients are closely monitored in intensive

care units. Pulmonary artery catheter for diagnostic

evaluation and therapeutic guidance may be considered

if necessary.
129

Ultrafiltration may be considered for or-

gan decongestion in acute cardiorenal syndrome with

fluid overload and poor response to forceful diuretic

therapy.
130

Although those resuscitated from cardiac ar-
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Figure 5. Recommended PCI strategy for STEMI in Taiwan. DES, drug-eluting stent; IRA, infarct-related artery; PCI, percutaneous coronary interven-

tion; STEMI, ST-segment elevation myocardial infarction.



rest or lethal arrhythmia are generally treated with hy-

pothermia for neuroprotection, the effects of therapeu-

tic hypothermia on hemodynamic or clinical outcomes

in CS are still controversial.
131,132

For those with refrac-

tory shock or deteriorating organ dysfunctions, growing

evidences have shown appropriate use of MCS could re-

duce catecholamine dosage, improve hemodynamics,

and serve as bridge to recovery, destination, transplan-

tation, or family’s decision.
133-135

Nevertheless, there are

still limited data from randomized clinical trials on when

and how to use MCS devices properly in CS during acute

MI. The survival outcome of CS with acute MI might be

affected by different study designs, indications, and

limitations of the MSC devices.
136

Several reviews have concluded that a successful

management of CS with acute MI depends on the fol-

lowing important components including early reper-

fusion therapy, early hemodynamic support, adequate

left ventricular unload, and good quality of post-MI

care.
137-139

A meta-analysis of 1,866 CS patients sup-

ported with ECMO has shown the MCS-associated com-

plication rates were up to 50%, 40%, 30% and 15% for

acute kidney injury, major bleeding, infection, and limb

ischemia/neurologic deficit, respectively, implicating

ECMO can result in survival to discharge but may be as-

sociated with considerable morbidity.
140

Prevention or

prompt management of MCS-associated complications

probably increases the chance of survival of CS. Al-

though recent systematic review and meta-analysis have

found MODS following CS could be prevented by short-

term MCS if it is used at optimal timing at stages B or C

of CS, with sufficient blood flow support with 2-7 L/min

and without MCS-related complications, the overall sur-

vival rate was similar compared with control group.
137,141

Therefore, routine use of MCS in unselected patients

with CS complicating acute MI is still not suggested. The

MCS should be applied after heart team evaluation and

according to operator’s experience and patient’s condi-

tions. Figure 6 summarizes the recommendations of

evaluation and management of CS complicating acute

MI.

Recommendation

� Early heart team approach is recommended for treat-

ment of mechanical complications as well as revascu-

larization strategy in acute MI with CS. (COR I, LOE C)

� Emergency coronary angiography is recommended for

acute MI patients with CS, followed by PCI of culprit

vessel if coronary lesion is suitable, otherwise, emer-

gency CABG is an alternative. (COR I, LOE B)
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Figure 6. Evidence-based algorithm for evaluation and management of cardiogenic shock complicating AMI. The recommendations were mainly

based on the latest reviews and international guidelines. Class I, II, III recommendations were depicted with light green, light yellow, and pink colors,

respectively. AMI, acute myocardial infarction; BP, blood pressure; CABG, coronary artery bypass grafting surgery; CAD, coronary artery disease; CAG,

coronary angiography; CS, cardiogenic shock; CVP, central venous pressure; GDMT, guideline-directed medical therapy; HF, heart failure; IABP,

intra-aortic balloon pumping; IRA, infarct-related artery; LV, left ventricular; MCS, mechanical circulatory support; MODS, multiple organ dysfunction

syndrome; PAOP, pulmonary artery obstructive pressure; PCI, percutaneous coronary intervention; ScvO2, central venous oxygen saturation; STEMI,

ST-segment elevation myocardial infarction; UOP, urine output.



� For MI patients with CS and MVD, attempt of complete

revascularization during index hospitalization is reason-

able. (COR IIa, LOE B)

� Short-term mechanical support device (e.g., percuta-

neous cardiopulmonary support, ECMO, or ventricular

assist device) with/without IABP may be considered as

a rescue therapy in patients with refractory CS. (COR

IIb, LOE C)

POST-MI MEDICAL THERAPIES

Aggressive control of risk factors with evidence-

based medical therapies substantially improved progno-

sis of STEMI. Recent report from the TSOC ACS-Diabetes

Mellitus Registry revealed a higher adherence rate of

guideline-directed medical therapies could reduce about

40% CV events.
142

Repetitive and careful assessment of

treatment goal achievement and medical adherence is

crucial from acute to chronic stage of MI.
143

Additional

efforts to enhance patients’ drug adherence, such as us-

ing single-pill combination or participation of educa-

tional programs, are necessary.
144,145

Hypertension

The Taiwan STEMI and hypertension guidelines both

recommend a BP goal < 130/80 mmHg in STEMI pa-

tients.
2,146

Although more intensive treatment with sys-

tolic BP < 120 mmHg appeared to benefit high-risk indi-

viduals in the SPRINT study,
147

implementing this result

to all STEMI patients in Taiwan might not be practical

because of the method of BP measurement used in the

SPRINT study and the concern of J-curve phenomenon

of BP.
147-149

Effective medical regimens, including long-

acting beta-blocker, ACEI/ARB and calcium channel bloc-

ker (CCB) are recommended to optimize BP control.
146

Beta-blocker, ACEI/ARB and/or mineralocorticoid recep-

tor antagonist (MRA) are especially beneficial in STEMI

patients with heart failure or depressed left ventricular

ejection fraction.
146

MRA should not be used in those

with creatinine clearance < 30 mL/min/1.73 m
2

or potas-

sium level > 5 mEq/L. Routine administration of beta-

blocker, ACEI or ARB in all STEMI patients was supported

by international guidelines.
150,151

But baseline heart

rate, comorbidity and beta receptor selectivity are likely

to influence the efficacy of beta-blocker.
152-155

Recommendation

� It is recommended to control BP < 130/80 mmHg in

STEMI patients by long-acting beta-blocker, ACEI/ARB

and/or CCB. (COR I, LOE B)

� Beta-blocker, ACEI/ARB and/or mineralocorticoid re-

ceptor antagonist are recommended for STEMI patients

with heart failure and reduced ejection fraction if there

is no contraindication. (COR I, LOE B)

� Routine use of ACEI/ARB for all STEMI patients is rea-

sonable if no contraindication. (COR IIa, LOE A)

� Routine use of beta-blocker for all STEMI patients may

be beneficial if no contraindication. (COR IIa, LOE B)

Diabetes

A treatment goal of HbA1c < 7% is recommended in

patients with STEMI. However, clinicians can modify the

HbA1c target based on patient’s general condition and

risk of hypoglycemia. A less stringent HbA1c target < 8%

is reasonable if patients had hypoglycemic history, lim-

ited life expectancy, advanced micro- or macrovascular

complications and extensive comorbid conditions. In

contrast, individuals with least hypoglycemic risk are

also eligible to have more stringent target of < 6.5%.
156

Metformin remains the usual first-line anti-diabetic

agent.
157

Thiazolidinedione (TZD), sodium/glucose co-

transporter 2 inhibitor (SGLT-2i) or glucagon-like pep-

tide-1 receptor agonist (GLP-1 RA) are recommended as

second-line therapies in coronary artery disease since

favorable CV outcomes had been observed in relevant

clinical studies.
157

Concerning the increased risk of devel-

opment of post-MI heart failure, TZD is not generally

recommended to all STEMI patients as a second-line

agent and should be administered with caution. In pa-

tients with STEMI and heart failure, SGLT-2i can be con-

sidered as the first line therapy because the drug has

been proved to improve the prognosis of heart failure

with reduced ejection fraction in recent clinical trial.
158

Recommendation

� It is recommended to control HbA1c < 7% in STEMI pa-

tients. The target of HbA1c could be individualized ac-

cording to patient’s condition (< 6.5% to < 8%). (COR I,

LOE B)

� Metformin is recommended as the first-line therapy.

(COR I, LOE B)

� The priority for add-on therapy includes SGLT-2i and
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GLP-1 RA. (COR IIa, LOE A)

� SGLT-2i is recommended for STEMI patients with heart

failure and reduced ejection fraction. (COR I, LOE B)

Hypercholesterolemia

Low-density lipoprotein cholesterol (LDL-C) remains

the primary target for screening, diagnosis and manage-

ment of dyslipidemia.
159,160

Current Taiwan lipid guide-

lines for high risk patients recommend a LDL-C goal < 70

mg/dl for patients with acute MI and < 55 mg/dl for

acute MI in diabetic patients.
160

The major evidence-

based lipid-lowering medications for ACS were limited

to statin and ezetimibe in the past. Previous meta-an-

alysis demonstrated that reduction of LDL-C with statin

or nonstatin therapy was associated with similar risk re-

duction of major vascular events.
161

Due to its potency

and scientific evidences, statin is the first-line therapy.

In Taiwan, titration to high intensity statin (atorvastatin

40 mg/day or rosuvastatin 20 mg/day) or use statin plus

ezetimibe combination therapy is suggested to treat to

LDL-C goal in patients with acute MI.
160

A number of pa-

tients may develop adverse effects after taking high or

any dose of statins.
162

This population has suboptimal

LDL-C control and increased risk of CV events.
163

Re-

cently published randomized controlled trials, FOURIER

and ODYSSEY OUTCOMES studies, showed that add-on

proprotein convertase subtilisin/kexin type 9 inhibitors

(PCSK9i) to statin therapy could further reduce 50-60%

of LDL-C and obtain a 15% relative risk reduction of CV

events in patients with stable ASCVD and recent ACS.
164,165

In the ODYSSEY OUTCOMES trial with recent ACS, the

preset LDL-C target of PCSK9i group was 25 to 50 mg/dL

and the mean achieved LDL-C level at 48-month follow-

up was 53 mg/dL.
165

Intensification of LDL-C control by

these potent agents could help STEMI patients to attain

the current treatment LDL-C goal much more easier.

However, due to the drugs are still very expensive, PCSK9i

is usually suggested as the last resort after using maxi-

mally tolerated statin and ezetimibe.
166,167

Figure 7 sum-

marizes the recommendations of the treatment target

and drug of choice for long term post-MI medical thera-

pies.

Recommendation

� It is recommended to control LDL-C < 70 mg/dL in STEMI

patients. (COR I, LOE A)

� A lower target of LDL-C < 55 mg/dL can be considered

in STEMI patients. (COR IIa, LOE B)

� LDL-C control should be intensified by statin plus non-

statin therapies, including ezetimibe and/or PCSK9i with

full consideration of clinical efficacy, patient’s prefer-

ence as well as cost-effectiveness. (COR I, LOE A)
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Figure 7. Recommended treatment targets and medical therapies for STEMI patients. ACEI, angiotensin converting enzyme inhibitor; ARB, angio-

tensin receptor blocker; BP, blood pressure; CCB, calcium channel blocker; GLP-1 RA, glucagon-like peptide-1 receptor agonist; LDL-C, low-density lipo-

protein cholesterol; PCSK9i, proprotein convertase subtilisin/kexin type 9 inhibitor; SGLT-2i, sodium/glucose co-transporter 2 inhibitor.



QUALITY CARE OF STEMI

To reduce the gap between clinical practice and

guideline recommendations in STEMI care, a quality

evaluation system should be established.
168,169

The qual-

ity care of STEMI depends on regularly tracking time in-

tervals of reperfusion therapy, monitoring measurable

quality indicators and timely feedback to network stake-

holders. The major purpose is for continuous quality im-

provement of STEMI. The quality indicators, which can

measure and compare the quality of health service pro-

vider, are divided into three dimensions, including struc-

ture, process and outcome indicators (Table 1).
170,171

The

pre-hospital and hospital-based treatment delays or in-

hospital medications can be monitored by routine audit

meeting and updated STEMI management protocols. If the
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Table 1. STEMI quality indicators

Dimension Process Setting Indicators

Diagnosis Pre-hospital

� Ambulance equipped with telemetry pre-hospital ECG recorders

� Ambulance equipped with automated external defibrillators

� Ambulance equipped with auto CPR machines

� City-based network system to record key factors and time to reperfusion
Structure

indicator

Treatment Hospital
� Single call to activate STEMI team

� 24-hour service of catheterization laboratory

Diagnosis Pre-hospital � EMTs perform telemetry pre-hospital ECG for patients with typical symptoms of acute MI

Diagnosis Hospital
� Door to ECG time

� Evaluation of LVEF before discharge

Treatment
Emergent

department

� Aspirin at arrival

� P2Y12 receptor inhibitor at arrival

Treatment
Catheterization

laboratory

� Symptom onset to door time

� Door to wire time

Treatment In-hospital

� Aspirin prescribed at discharge

� P2Y12 receptor inhibitor prescribed at discharge

� Beta blocker prescribed at discharge

� Statin prescribed at discharge

� ACEI or ARB or ARNI prescribed at discharge for LV systolic dysfunction (EF � 40%)

� Aldosterone antagonist prescribed at discharge for LV systolic dysfunction (EF � 40%)

� Cardiac rehabilitation referral from an inpatient setting

� Immediate angiography for resuscitated OHCA in STEMI patients

� Therapeutic hypothermia for comatose STEMI patients with OHCA

� Smoking cessation advice or counseling before discharge

Process

indicator

Quality Follow up
� Participation in � 1 national STEMI accreditation system and/or other STEMI certification

system

Quality In-hospital � In-hospital mortality

Outcome

indicator Quality Follow up

� 30-day mortality

� 30-day readmission rate

� 30-day re-infarction rate

� 1-year mortality

� 1-year readmission rate

� 1-year re-infarction rate

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor-neprilysin inhibitor;

CPR, cardiopulmonary resuscitation; ECG, electrocardiography; EF, ejection fraction; EMT, emergency medical technicians; LV, left

ventricle; MI, myocardial infarction; OHCA, out-of-hospital cardiac arrest; PCI, percutaneous coronary intervention; STEMI, ST-

segment elevation myocardial infarction.



targets of quality indicators are not met, quality im-

provement program should be initiated to improve per-

formance of the system and further maintain quality tar-

gets.

In Taiwan, a national STEMI accreditation system was

developed by government to monitor the care quality of

STEMI in hospitals that performs primary PCI every 3

years. The monitored items include door to ECG time,

DAPT use, door to wire time in primary PCI, and other

standard operation procedures of STEMI care. The hos-

pitals with 24-hour PCI capability have to reach the follow-

ing targets: (1) more than 80% of STEMI patients have

door to ECG time < 10 minutes, (2) more than 80% of

STEMI patients received DAPT, (3) more than 75% of

STEMI patients have door to wire time in primary PCI < 90

minutes for those initially presented with ischemic symp-

toms and more than 70% of STEMI patients have door to

wire time in primary PCI < 60 minutes for those diagnosed

STEMI referred for primary PCI. The national STEMI ac-

creditation system established the basic requirements for

STEMI quality care in Taiwan.
27

The Joint Commission of

Taiwan is a non-government organization with the mis-

sions of hospital accreditation, certification and healthcare

quality inspection. The Joint Commission of Taiwan built

up a Taiwan AMI Certification Hospitals system to help the

hospitals to pursue a better quality of care for AMI. Taiwan

AMI Certification Hospitals system has 3 categories and 27

detailed items. The three categories include STEMI team-

work and management, STEMI patients and family care

and STEMI quality improvement. The ultimate purpose

is to further improve the comprehensive care of AMI.

Recommendation

� Participation of national STEMI accreditation system

and other certification system are recommended to au-

dit the time delay and critical quality targets achieve-

ment for STEMI. (COR I, LOE C)

� STEMI quality control system, including monitoring qual-

ity indicators and regular quality care meetings, should

be established in hospitals. (COR I, LOE C)
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Abstract

Bisphenol-A-glycidyldimethacrylate (BisGMA) is a resin monomer frequently used in

dentin restorative treatments. The leakage of BisGMA monomer from BisGMA-based

polymeric resins can lead to cytotoxicity in macrophages. Rutin has various beneficial

bioeffects, including antioxidation and antiinflammation. In this study, we found that

pretreatment of RAW264.7 macrophages with rutin-inhibited cytotoxicity induced by

BisGMA in a concentration-dependent manner. BisGMA-induced apoptosis, which

was detected by levels of phosphatidylserine from the internal to the external

membrane and formation of sub-G1, and genotoxicity, which was detected by

cytokinesis-blocked micronucleus and single-cell gel electrophoresis assays, were

inhibited by rutin in a concentration-dependent manner. Rutin suppressed the

BisGMA-induced activation of caspase-3 and -9 rather than caspase-8. Rutin

inhibited the activation of the mitochondrial apoptotic pathway, including cyto-

chrome C release and mitochondria disruption, after macrophages were treated with
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BisGMA. Finally, BisGMA-induced reactive oxygen species (ROS) generation and anti-

oxidant enzyme (AOE) deactivation could be reversed by rutin. Parallel trends were

observed in the elevation of AOE activation and inhibition of ROS generation,

caspase-3 activity, mitochondrial apoptotic pathway activation, and genotoxicity.

These results suggested that rutin suppressed BisGMA-induced cytotoxicity through

genotoxicity, the mitochondrial apoptotic pathway, and relatively upstream factors,

including reduction of ROS generation and induction of AOE.

K E YWORD S

antioxidant enzymes, BisGMA, macrophage, mitochondrial apoptotic pathway, rutin, toxic

effects

1 | INTRODUCTION

Rutin, the chemical named 3,30 ,40 ,5,7-pentahydroxyflavone-

3-rhamnoglucoside, also called rutoside, sophorin, and phytomelin, is

a flavonol compound found abundantly in Passiflora, buckwheat seeds,

citrus fruits, vegetables, and tea. Rutin possesses numerous pharma-

cological and beneficial effects including antioxidative, cytoprotective,

anti-inflammatory, neuroprotective, cardioprotective, and antic-

arcinogenic activities.1-6 Bisphenol A-glycidyl-methacrylate (BisGMA),

which synthesizes epoxy resin from methacrylic acid and diglycidyl

ether of bisphenol-A, is widely used in dentin restoration and as a

bonding agent, a denture base material, a fissure sealant, and as bone

cement.7,8 The characteristics of BisGMA-based polymeric resins

include modulus, less shrinkage, lower diffusivity, and water insolubil-

ity.9 However, BisGMA monomer can be leachable from polymeric

resins under long-term incubation with lipophilic or hydrophilic sol-

vents.9,10 Leachable BisGMA monomer causes harmful effects, includ-

ing cytotoxic, inflammatory, and gastrointestinal responses through

the activation of innate immunity.11,12

Macrophages play a critical role in the innate immune system

and participate in innate defense against invading foreign patho-

gens through the production of antibacterial materials, including

reactive oxygen species (ROS) and protease.13,14 Invading foreign

pathogen-induced macrophage activation induces overproduction

of antibacterial materials, which result in peripheral tissue damage

and inflammation.13 Additionally, excessive activation of macro-

phage leads to cell damage, including DNA damage, apoptosis,

genotoxicity, and cytotoxicity. BisGMA is one type of invading

foreign material that could be reduced survival rate in macro-

phages.15,16 In the previous studies have proposed that BisGMA-

induced ROS generation leads to DNA damage and mitochondria

disruption, which then leads to apoptosis in macrophages.17,18 Until

now, no studies have demonstrated the ameliorative effects of

rutin on BisGMA-induced cytotoxic, genotoxic, and apoptotic

effects in macrophages. In this study, we explored the protective

effects and mechanism of rutin on RAW264.7 macrophage damage

induced by BisGMA.

2 | MATERIALS AND METHODS

2.1 | Materials

Dulbecco's modified Eagle medium (DMEM), fetal bovine serum (FBS),

and penicillin/streptomycin/fungizone were obtained from Hyclone

(Logan, UT). Caspases fluorometric assay kits, antioxidant enzymes

(AOEs) activities assay kit were obtained from Cayman (Ann Arbor, MI).

Annexin V-FITC, propidium iodide (PI), and tetraethylbenzimidazolyl-

carbocyanine iodide (JC-1) were purchased from BioVision (San Jose,

CA). FlowCellect Cytochrome C kit was purchased from EMD Millipore

(Billerica, MA). True-Nuclear Transcription Factor Buffer Set and FITC

anti-cytochrome c antibody were from Biolegend (San Diego, CA).

Rutin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

(MTT), and other reagents, unless specifically stated, were purchased

from Sigma-Aldrich (St. Louis, MO).

2.2 | Cell culture and treatments

Cells of the murine macrophage cell line RAW264.7 were purchased

from the Bioresource Collection and Research Center (BCRC,

Hsinchu, Taiwan). RAW264.7 cells were maintained in DMEM

supplemented with 1% penicillin/streptomycin/fungizone and 10%

FBS in an incubator at 37�C with 5% CO2.
19 Cells were grown at a

density of 200 000-500 000 cells/mL in culture plates. After replace-

ment, replacing the medium to phenol red- and serum-free DMEM,

the cells were treated with rutin at the concentrations of 0, 3, 10, 30,

or 100 μM for 30 minutes. The cells were treated with BisGMA at a

concentration of 0.3 μM for 4 hours.

2.3 | Cytotoxicity assay

An MTT assay was used to analyze the cytotoxicity rate as described

in the previous study.16 After treatment and washing, the cells were

incubated with 0.5 mg/mL MTT for 2 hours. After washing, the
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intracellular blue formazan crystals were dissolved in 100 μL dimethyl

sulfoxide. The optical density was measured using the Synergy HT

Multi-Mode Microplate Reader (BioTek, Winooski, VT) at 550 nm.

2.4 | Annexin V-FITC and PI staining assay

Apoptosis and necrosis were evaluated using flowcytometry

analysis of cells, which were stained with Annexin V-FITC and PI as

described in the previous studies.16 After cells reacted and stained,

data acquisition and analyses were performed with Accuri C6

flowcytometry software (BD Biosciences, San Jose, CA). Annexin

V-FITC and PI staining were detected as green and red fluores-

cence, respectively. Annexin V-FITC and PI negative (AnnexinV

−/PI−), annexin V-FITC positive (including AnnexinV+/PI− and

AnnexinV+/PI+), and annexin negative and PI positive (AnnexinV

−/PI+) cells were regarded as survival, apoptotic, and necrotic cells,

respectively.

2.5 | Sub-G1 formation analysis by PI staining

Apoptosis was evaluated through sub-G1 formation stained with PI as

described in the previous research.20 After treatment, the harvested

cells were fixed in 70% ethanol at −20�C overnight. After being

washed, the cells were incubated with RNase A and PI for 30 minutes

at 37�C in the dark. The percentage of sub-G1 phase cells was

analyzed using flowcytometry.

2.6 | Cytokinesis-block micronucleus assay

Chromosomal damage determined by the micronucleus (MN) assay

was performed as described in the previous research.16 After treat-

ment, the cells were incubated with cytochalasin-B to block cytokine-

sis and then treated with 75 mM potassium chloride. After washing,

the cells were cotreated with a cold fixative solution containing acetic

acid and methanol (1:3). The cells were loaded onto the slides and

stained with Giemsa solution. MN frequencies in 1000 binucleated

cells were estimated using a light microscope.

2.7 | Single-cell gel electrophoresis (comet) assay

DNA strand break assessment by the comet assay was performed

as described in the previous research.16 After treatment, the

cells were resuspended in low-melting-point agarose solution and

placed on microscope slides precoated with normal-melting-point

agarose. The cells were lysed with comet lysis solution (1% Triton

X-100, 2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, and pH 10) for 1 hour

at 4�C in the dark. After electrophoresis was conducted, slides

were neutralized and stained with ethidium bromide. A fluores-

cence microscope (Nikon, Tokyo, Japan) with comet v.3 software

(Kinetic Imaging Ltd., Liverpool, UK) was used to score at least

50 cells per sample. The results were expressed as % DNA in tail,

which indicates relative fluorescence intensity of tail, and tail

length, which indicate the distance from the head center to the end

of the tail.

2.8 | Caspase-3, -8, and -9 activities assay

Caspase-3, -8, and -9 activities assessed by the commercial assay kits

were performed as described in the previous research.16 After treat-

ment, the cells were lysed by lysis buffer for 1 hour at 4�C. After cen-

trifugation, the protein concentration of supernatants was measured

by the Bradford assay. The lysate was incubated with the fluorogenic

substrate of caspase-3, -8, and -9, which is DEVD-AFC, IETD-AFC,

and LEHD-AFC, respectively. After incubation, the sample fluores-

cence intensity was measured with the microplate reader, which has

excitation and emission wavelengths at 400 and 505 nm.

2.9 | Mitochondrial membrane potential assay

Changes in mitochondrial membrane potential detected by the lipo-

philic cationic dye JC-1 were performed as described in the previous

research.21 After being subjected to treatment and centrifugation, the

cells were resuspended in phosphate-buffered saline (PBS, pH = 7.4)

and incubated with 10 mg/mL of JC-1 for 30 minutes at 37�C in the

dark. Afterward, the cells' fluorescence intensities were detected by

flowcytometry with excitation wavelengths at 488 nm and emission

wavelengths at 525 and 585 nm for green and red fluorescence,

respectively.

2.10 | Measurement of cytoC release

After being subjected to treatment and centrifugation, the cells were

fixed and permeabilized using the True-Nuclear Transcription Factor

Buffer Set. After being washed, the cells were stained with FITC anti-

cytochrome C for 1 hour at room temperature. The fluorescence

intensities were detected by flowcytometry with excitation and emis-

sion wavelengths at 488 and 525 nm, respectively.

2.11 | Measurement of intracellular ROS level

Intracellular ROS generation was determined by a semiquantitative

DCFH-DA fluorescence assay as described in the previous

research.21 After being subjected to treatment and centrifugation,

the cells were resuspended in PBS and incubated with 5 μM

DCFH-DA for 30 minutes at 37�C in the dark. The fluorescence

intensity of DCF fluorescence was assayed using a microplate

reader with excitation and emission wavelengths at 488 and

525 nm, respectively.
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2.12 | AOE activity assay

The activities of AOEs, including SOD, CAT, and GPx, were measured

by commercial assay kits. The process for determining AOE activities

was described in the previous research and performed in accordance

with the manufacturer's instructions.20

2.13 | Statistical Analysis

Data were present as mean ± SD of three or more independent

experiments. One-way analysis of variance followed by Bonferroni's

post-hoc comparisons test was used for P-value calculations for

multigroup comparison. Differences with a probability value of P < .05

were considered statistically significant for each test.

3 | RESULTS

3.1 | Effects of rutin on BisGMA-induced
cytotoxicity in RAW264.7 macrophages

To study the effects of rutin on BisGMA-induced cytotoxicity in

RAW264.7 macrophages, the cells were pretreated with various rutin

concentrations for 30 minutes before the administration of BisGMA

at a concentration of 50 μM for 24 hours. As shown in Figure 1,

BisGMA-induced cytotoxicity was attenuated by rutin in a dose-

dependent manner with a significant inhibitory effect beginning at

10 μM (P < .05).

3.2 | Effects of rutin on BisGMA-induced necrosis
and apoptosis in RAW264.7 macrophages

After 24 hours of treatment, the partitions of necrosis and apoptosis

were significantly considerably induced by BisGMA using annexin

V-FITC and PI staining assay (P < .05). BisGMA-induced apoptosis

was attenuated by rutin in a dose-dependent manner with a signifi-

cant inhibitory effect beginning at 10 μM (P < .05). However,

BisGMA-induced necrosis was not notably inhibited by rutin until the

concentration at 30 μM (Figure 2A). Furthermore, we confirmed these

results through sub-G1 formation analysis. As shown in Figure 2B, the

formation of sub-G1 induced by BisGMA was inhibited by rutin in a

dose-dependent manner with a significant inhibitory effect that began

at 10 μM (P < .05).

3.3 | Effects of rutin on BisGMA-induced
genotoxicity in RAW264.7 macrophages

MN and comet assay were used to study the protective effect of rutin

on BisGMA-induced genotoxicity. MN formation was significantly

induced by BisGMA as compared with the control group (P < .05).

Pretreatment with rutin reduced BisGMA-induced MN formation in a

dose-dependent manner with a significant inhibitory effect beginning

at 10 μM (P < .05) (Figure 3A). Moreover, the tail length and %DNA in

tail were significantly induced by BisGMA as compared with the con-

trol group (P < .05). Pretreatment with rutin reduced BisGMA-induced

DNA damage in a dose-dependent manner and a significant inhibitory

effect began at 10 μM (P < .05) (Figure 3B-D).

3.4 | Effects of rutin on BisGMA-induced
caspase-3 and -9 activities in RAW264.7 macrophages

Caspase-3, -8, and -9 are key molecules in BisGMA-induced

mitochondria-dependent apoptosis and genotoxicity in RAW264.7 cells.17

Caspase-3, -8, and -9 activities were significantly induced by BisGMA as

compared with the control group (P < .05). Pretreatment with rutin

reduced BisGMA-induced caspase-3 and -9 activities in a dose-dependent

manner with a significant inhibitory effect beginning at 10 μM (P < .05).

However, BisGMA-induced caspase-8 activity was not significantly

inhibited by rutin until it was at a concentration of 30 μM (Figure 4).

3.5 | Effects of rutin on BisGMA-induced cytoC
release in RAW264.7 macrophages

Cytochrome C (cytoC) is released from mitochondria disruption and

promotes caspase-9 activation.22,23 CytoC liberation was significantly

induced by BisGMA as compared with the control group (P < .05).

Pretreatment with rutin reduced BisGMA-induced cytoC liberation in

a dose-dependent manner with a significant inhibitory effect that

began at 10 μM (P < .05; Figure 5).

F IGURE 1 Effect of rutin on cytotoxicity in BisGMA-treated
RAW264.7 macrophages. After macrophages were incubated with
rutin at concentrations of 0-100 μM for 30 minutes, the cells were
treated with or without BisGMA at 0.3 μM for 4 hours. Cytotoxicity

was measured by an MTT colorimetric assay. Data were expressed as
a percentage of the control group, which indicated treatment with
BisGMA and rutin at a concentration of 0 μM. Results are expressed
as means ±SD (n = 4). #P < .05 is considered statistically significant
compared with the control group. *P < .05 is considered statistically
significant compared with the BisGMA-treated group [Color figure
can be viewed at wileyonlinelibrary.com]
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3.6 | Effects of rutin on BisGMA-induced
mitochondrial dysfunction in RAW264.7 macrophages

As shown in Figure 6, mitochondrial dysfunction was significantly

induced by BisGMA as compared with the control group (P < .05).

Pretreatment with rutin reduced BisGMA-induced mitochondrial dys-

function in a dose-dependent manner with a significant inhibitory

effect that began at 10 μM (P < .05; Figure 6).

3.7 | Effects of rutin on BisGMA-induced ROS
generation in RAW264.7 macrophages

Generation of ROS participates in mitochondrial dysfunction in

RAW264.7 macrophages treated with BisGMA. ROS generation was

significantly induced by BisGMA compared with the control group

(P < .05). Pretreatment with rutin reduced BisGMA-induced ROS gen-

eration in a dose-dependent manner with a significant inhibitory

effect that began at 10 μM (P < .05; Figure 7).

3.8 | Effects of rutin on BisGMA-inhibited AOE
activities in RAW264.7 macrophages

For the protection of cell viability, the intracellular ROS is reduced by

AOE, including GPx, SOD, and CAT. The AOE activities were signifi-

cantly reduced by BisGMA as compared with the control group

(P < .05). Pretreatment with rutin reversed BisGMA-reduced AOE

activities in a dose-dependent manner with a significant reverse effect

beginning at 10 μM (P < .05; Figure 8).

F IGURE 2 Effect of rutin on necrosis and apoptosis in BisGMA-treated RAW264.7 macrophages. After reaction and collection, the cells were
stained with annexin V-FITC/PI and PI staining assay and analyzed by flowcytometry. A, The dot-plots of flowcytometry from the annexin V-
FITC/PI staining assay are shown. B, After dot-plots quantitation was achieved, the percentage of necrosis, early apoptosis, late apoptosis, and
viable cells was presented. C, The histograms of flow cytometry from a PI staining assay are shown. D, After histogram quantitation was
conducted, the percentages of sub-G1 populations were presented. Results are expressed as means ±SD (n = 3). #P < .05 is considered
statistically significant compared with the control group. *P < .05 is considered statistically significant compared with the BisGMA-treated group
[Color figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

Macrophages are effector cells of the nonspecific and innate immune

system.13,14 RAW264.7 cells are the murine macrophage cell line,

which would not need the process of differentiation. The phenotype

and functional characteristics of RAW 264.7 cell line remain stable

through serial passages.24 On the contrary, THP-1 cells and U937

cells, the human monocyte-like cell line, would be differentiated into

macrophage-like cells by differentiators.25 RAW264.7 cells are more

characteristic of macrophages than THP-1 cells and U937 cells. Based

on the previous studies, it has been proposed that the variability of

RAW264.7 cells would be lower than the THP-1 cells and U937 cells

due to the process of differentiation.24,25 At present, we chose

RAW264.7 cells for further study.

In clinical therapeutics, the polymer composite restorative mate-

rials are used in restoring the dental and bone cavities.7,8 The most

widely used monomer for the preparation of polymer composite

restorative materials is BisGMA. The features of BisGMA contain high

molecular weight and viscosity, low volatility, fast polymerization by

organic light.26 There is sufficient evidence to prove that BisGMA

monomers dissociate from the polymer composite restorative mate-

rials after treatment with water- or organic-based solvents for

1-180 days.9,10 Cytotoxicity could be induced by BisGMA in macro-

phages, dental pulp cells, and gingival fibroblasts, which can lead to

oral inflammation.11,12,17,27,28 In the previous study, it has been pro-

posed that the treatment of RAW264.7 macrophages with 0.3 μM

BisGMA for 4 hours can cause about 40% cytotoxicity.17 At present,

our results also showed that 44.37 ± 4.72% cytotoxicity induced by

BisGMA at a concentration of 0.3 μM BisGMA for 4 hours in

RAW264.7 macrophages. These findings were almost the same as

F IGURE 3 Effect of rutin on genotoxicity in BisGMA-treated
RAW264.7 macrophages. A, Effect of rutin on MN formation in
BisGMA-treated RAW264.7 macrophages. B, After reactions and
collections were achieved, the comet assay was conducted. DNA
damages were quantified as tail moment (C) and tail length (D).
Results are expressed as means ±SD (n = 3). #P < .05 is considered
statistically significant compared with the control group. *P < .05 is
considered statistically significant compared with the BisGMA-treated
group [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Effect of rutin on caspase activities in BisGMA-treated
RAW264.7 macrophages. Results are expressed as means ±SD (n = 3).
#P < .05 is considered statistically significant compared with the
control group. *P < .05 is considered statistically significant compared
with the BisGMA-treated group [Color figure can be viewed at
wileyonlinelibrary.com]
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those reported earlier.17 Rutin belongs to a group of plant bio-

flavonoid glycoside compounds called vitamin P and has a capacity

for cytoprotection, antiinflammation, neuroprotection, and cardio-

protection.1-6 Based on the previous study, it has been proposed

that pretreatment of SH-SY5Y neurons with 1, 5, and 10 μM of rutin

for 30 minutes significantly reverses the cytotoxic effect induced by

rotenone.29 In addition, pretreatment of RAW264.7 macrophages

with 40 and 80 μM of rutin significantly reverse the nitric oxide

production induced by LPS.30 At present, pretreatment with

3-100 μM of rutin for 30 minutes significantly reverse the cytotoxic

effect induced by BisGMA in RAW264.7 macrophages. Rutin consid-

erably reduced BisGMA-induced cytotoxicity in a dose-dependent

manner. According to these findings, we proposed that rutin could

be a potential ameliorative reagent for BisGMA-induced macrophage

cytotoxicity and proinflammatory response.

Apoptosis caused by BisGMA leads to cytotoxicity in several

mammalian cells, including macrophages, dental pulp cells, and gingival

fibroblasts.17,25,31 Rutin inhibits apoptosis in the neuron of cadmium

chloride (CdCl2)-treated rat brain and pleural exudate cells of

carrageenan-induced acute inflammation in rats.32,33 In this study, we

have demonstrated for the first time that RAW264.7 macrophages

pretreated with rutin inhibit BisGMA-induced apoptosis in a dose-

dependent manner through annexin V-FITC, PI staining assay, and

sub-G1 formation analysis. Genotoxicity is another pathway in

BisGMA-induced cytotoxicity in macrophages, gingival fibroblasts,

and lymphocytes.17,34,35 Genotoxicity and DNA damage are reduced

by rutin in 2,5-hexanedione-treated rats and benzo(a)pyrene-treated

mice.36,37 Radiation-induced genotoxicity is reduced by rutin in lym-

phocytes.38 Rutin administration in the present study significantly mit-

igated genotoxicity and DNA damage in BisGMA-incubated

RAW264.7 macrophages through MN and comet assays, respectively.

These results support the hypothesis that the reduction in BisGMA-

induced cytotoxicity from rutin preincubation is associated with gen-

otoxicity and apoptosis.

Under BisGMA stimulation of RAW264.7 macrophages, the

caspase-dependent apoptotic pathway, which contains intrinsic and

extrinsic pathways, activates caspase-3 leading to genotoxicity

and apoptosis.3,17 The proteolytic maturation of caspase-3, the

F IGURE 5 Effect of rutin on cytoC release in BisGMA-treated
RAW264.7 macrophages. Results are expressed as means ±SD (n = 3).
#P < .05 is considered statistically significant compared with the
control group. *P < .05 is considered statistically significant compared
with the BisGMA-treated group [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 6 Effect of rutin on mitochondrial dysfunction in BisGMA-treated RAW264.7 macrophages. Results are expressed as means ±SD
(n = 3). #P < .05 is considered statistically significant compared with the control group. *P < .05 is considered statistically significant compared
with the BisGMA-treated group [Color figure can be viewed at wileyonlinelibrary.com]
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executioner caspase, is induced by the activation of caspase-8 and

-9.22 Extrinsic apoptosis can be initiated through caspase-8 activa-

tion via the formation of death-inducing signaling complex recruited

by death receptor activation.39 The intrinsic apoptosis can be initi-

ated through caspase-9 activation via apoptosome formation, which

is generated by cytoC combined with Apaf-1 in the cytosol. CytoC

releases into the cytosol due to mitochondria disruption induced by

an apoptotic stimulator.22,23 Rutin inhibits apoptosis through

preserving mitochondrial integrity in the brain of CdCl2-treated rats

and mice with traumatic brain injury.40,41 Mitochondrial apoptosis

induced by hydrogen peroxide (H2O2) is inhibited by rutin in human

umbilical vein endothelial cells.42 The present study first revealed

that a concentration of rutin under 30 μM could not significantly

strongly inhibit BisGMA-induced caspase-8 activation. By contrast,

rutin inhibited BisGMA-induced caspase-3 and -9 activation in a

dose-dependent manner and started a significant concentration of

rutin at 10 μM. Moreover, pretreatment with rutin reduced cytoC

release and mitochondria disruption in the BisGMA-treatment

macrophages in a dose-dependent manner and started a significant

concentration of rutin at 10 μM. Parallel trends were observed in the

inhibition of caspase-3 and -9 activities, cytoC release, mitochondria

disruption, apoptosis, and genotoxicity. Therefore, the reduction in

BisGMA-induced apoptosis and genotoxicity from rutin pre-

treatment was associated with the activation of the mitochondrial

apoptotic pathway.

The generation of intracellular ROS triggers the activation of the

mitochondrial apoptotic pathway.43 In H2O2-treated human umbilical

vein endothelial cells, pretreatment rutin attenuates excessive ROS

generation.42 Rutin ameliorates carbon tetrachloride or vancomycin-

induced kidney injury in mice models.44,45 In the present study, levels

of intracellular ROS could be reduced by rutin in BisGMA-treated

macrophages. AOEs are capable of the deactivation and detoxification

of ROS. Superoxide anion is rapidly converted by SOD into H2O2,

which is transformed by CAT and GPx into H2O.46 Rutin significantly

enhanced activities of SOD, CAT, and GPx in CdCl2-treated rat brains,

cobalt chloride-treated H9c2 myoblast cells, and endotoxin-treated

injured kidneys and lungs.6,40,47,48 We propose that pretreatment with

rutin raised the activation level of SOD, CAT, and GPx in BisGMA-

treated macrophages. These results indicated that rutin is able to

reduce BisGMA-induced cytotoxicity and genotoxicity through the

upregulation of AOE activation.

Flavonols are the most important member of secondary metabo-

lite phytochemicals having the polyphenolic structure, which is the

effective scavenger of free oxygen radicals both in vitro and in vivo.49

The scavenging properties of oxidizing species have been found to

exist on rutin, a type of flavonol.50 Nicotinamide adenine dinucleotide

phosphate oxidase (NOX)4, which is localized in mitochondria, is one

of the intracellular ROS generating sources.51 Excess ROS expression

increases with NOX4 activation and results in DNA damage.52 Rutin

has been implemented in ROS-related dysfunction of the vascular

endothelium and pulmonary arterial cells via NOX4 inhibition.53,54

Based on these studies, we could hypothesize that BisGMA-induced

toxic effects would be reduced by rutin via oxygen radical scavenging

activity and NOX4 inhibition.

F IGURE 8 Effect of rutin on AOE activities in BisGMA-treated RAW264.7 macrophages. Results are expressed as means ±SD (n = 3).
#P < .05 is considered statistically significant compared with the control group. *P < .05 is considered statistically significant compared with the
BisGMA-treated group [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 7 Effect of rutin on ROS generation in BisGMA-treated
RAW264.7 macrophages. Results are expressed as means ±SD (n = 3).
#P < .05 is considered statistically significant compared with the
control group. *P < .05 is considered statistically significant compared
with the BisGMA-treated group [Color figure can be viewed at
wileyonlinelibrary.com]
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In conclusion, we demonstrated that macrophage cytotoxicity

could be inhibited by rutin in BisGMA-treated RAW264.7 macro-

phages through apoptosis (Figure 9). The reduction of apoptosis was

due to the inhibition of genotoxicity through reduced caspase-3

activation after treatment with rutin before BisGMA administration.

BisGMA-induced caspase-3 activation was inhibited by rutin

through the inhibition of caspase-8 rather than caspase-9. Moreover,

rutin inhibited caspase-8 activity by downregulating the activation

of mitochondrial apoptotic pathways, including cytoC release

and mitochondria disruption. Finally, the protective mechanism of

rutin on the BisGMA-induced activation of the mitochondrial

apoptotic pathway included the diminution of ROS generation

and the elevation of AOE activation. These findings show the capac-

ity of rutin used for the reagent for the prevention of BisGMA-

induced cytotoxicity, mitochondrial apoptosis, and genotoxicity in

macrophages.
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Background: To investigate the relationship between pleural empyema (PE) and

peripheral arterial disease (PAD).

Methods: We conducted a retrospective cohort study using data from the National

Health Institute Research Database. Univariable and multivariable Cox’s proportional

hazard regressions were performed to investigate the association between PE and

the risk of PAD. Kaplan–Meier method and the differences were assessed using a

log-rank test.

Results: The overall incidence of PAD was higher in the PE cohort than in the non-PE

cohort (2.76 vs. 1.72 per 1,000 person-years) with a crude hazard ratio (HR) of 1.61

[95% confidence interval (CI) = 1.41–1.83]. After adjustment for age, gender, and

comorbidities, patients with PE were noted to be associated with an increased risk of

PAD compared with those without PE [adjusted HR (aHR)= 1.18, 95% CI = 1.03–1.35].

Regarding the age-specific comparison between the PE and non-PE cohorts, PAD

was noted to be significantly high in the ≤49 years age group (aHR = 5.34, 95%

CI = 2.34–10.1). The incidence of PAD was higher in the first 2 years, with an aHR

of 1.35 (95% CI = 1.09–1.68) for patients with PE compared with those without PE.
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Conclusion: The risk of PAD was higher if patients with PE were younger than 49 years

and within the 2-year diagnosis of PE.

Keywords: pleural empyema, peripheral arterial disease, retrospective cohort study, NHIRD, National Health

Insurance Research Database, Cox regression hazard model

WHAT IS ALREADY KNOWN ABOUT THIS
TOPIC?

1. A previous report mentioned the association between PE and
vascular diseases.

2. However, the association between PE and PAD is unknown.

WHAT DOES THIS ARTICLE ADD?

1. Our analysis determined that patients with PE had an
increased risk of PAD.

2. Especially, they were younger than 49 years, of the female sex,
and within the 2-year diagnosis of PE.

INTRODUCTION

In the United States, pleural empyema (PE) affects up to 65,000
patients annually, resulting in an estimated cost of 500 million
dollars and a 15% mortality rate (1, 2). The etiology of PE
varies from benign inflammatory disease to malignancy (3). PE
could occur with pneumonia or secondary to thoracic surgery
or chest injury and might cause the collection of purulent fluid
in the pleural space. One study revealed that more than half of
patients with bacterial pneumonia had PE (4–6). PE has various
stages, such as exudative, fibrinopurulent, and organized phases,
with its entire course lasting approximately 3–6 weeks. Notably,
PE treatment included medicines such as antibiotics or surgical
interventions for complete drainage of the infected fluid. Over
the years, the incidence of PE has increased worldwide despite
the availability of efficient therapies. One report mentioned that
the rate of PE in adults caused by pneumococcal pneumonia
increased from 7.6 to 14.9% (7, 8).

Peripheral arterial disease (PAD) is a lethal systemic disease
caused by atherosclerosis resulting in a two- to six-fold increase
in both cardiovascular and cerebrovascular diseases. The annual
mortality rate of PAD was 4–6% (9, 10). The overall prevalence
of PAD in adults was reported to be 12% in America. Notably,
an estimated 8–10 million Americans were diagnosed as having
PAD (11). Risk factors of PAD included old age, male sex in
the younger age group, smoking, diabetes, hypertension, and
dyslipidemia. PAD is characterized by an increased risk of
coronary and cerebrovascular events, with a 15%−25% rate of
carotid artery stenosis and a 30–50% incidence of coronary artery
disease (CAD) (12, 13).

A previous report mentioned the association between PE and
vascular diseases, such as stroke and aortic aneurysm, or systemic
diseases, such as diabetes and kidney disease (14–17). However,
the association between PE and PAD is unknown, and our study

used the national claims data to investigate the probability of
PAD development in patients with PE.

METHODS

Data Source
We conducted a retrospective cohort study by using data
from the Taiwan National Health Institute Research Database
(NHIRD), which was released by the Taiwan National Health
Research Institutes. The National Health Insurance program
is a mandatory universal health insurance program that offers
comprehensive medical care coverage to all Taiwan residents
(approximately more than 25 million) (18). Nevertheless, to
protect the confidentiality of patients, the data on medical
claims have been cryptographically scrambled. For this cohort
study, we used a subset of the NHIRD, including files of
inpatient claims and registry of beneficiaries. Diagnoses were
coded based on the International Classification of Diseases,
9th Edition Clinical Modification (ICD-9-CM). This study was
approved by the Institutional Review Board of China Medical
University (CMUH104-REC2-115-AR4).

Sampled Participants
This study collected the completemedical information of patients
aged > 20 years who were hospitalized for PE (ICD-9-CM codes
510, 510.0, 510.9) between January 1, 2000, and December 31,
2010, but had no previous medical history of PAD (ICD-9-CM
codes 440.0, 440.2, 440.3, 440.8, 440.9, 443, 444.0, 444.22, 444.8,
447.8, and 447.9). The dates of the first health care admission
for PE were defined as the index dates. We also excluded a
history of empyema that was due to cancer. Overall, the PE
cohort comprised 31,051 patients. Four non-PE control subjects
for each PE case were frequency-matched based on gender, age
group (5-year span), and the calendar year of the index date.
Control individuals with a history of PAD before the index date,
who had a history of empyema that was due to cancer, and who
had incomplete medical records were excluded and replaced with
another qualified control subject. Finally, 122,669 non-PE control
subjects were included in this study.

Outcome and Comorbidities
Both PE and non-PE cohorts were followed up until PAD
development, being censored due to loss to follow-up, or
the end of 2011. Baseline comorbidities including diabetes
(ICD-9-CM code 250), hypertension (ICD-9-CM codes 401–
405), hyperlipidemia (ICD-9-CM code 272), chronic obstructive
pulmonary disease (COPD) (ICD-9-CM codes 491, 492, 496),
heart failure (ICD-9-CM codes 428), stroke (ICD-9-CM codes
430–438), andCAD (ICD-9-CM codes 410–414) were considered
crucial factors affecting PAD occurrence.
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TABLE 1 | Comparisons in demographic characteristics and comorbidities in

patients with and without pleural empyema.

Pleural empyema P-value

No Yes

(N =122,669) (N =31,051)

Gender 0.91

Women 27,990(22.8) 7,076(22.8)

Men 94,679(77.2) 23,975(77.2)

Age stratified 0.69

≤49 31,854(26.0) 7,982(25.7)

50–64 31,641(25.8) 7,986(25.7)

65–74 40,121(32.7) 10,199(32.9)

75+ 19,053(15.5) 4,884(15.7)

Age, mean ± SDa 61.5±16.9 62.3±16.8 <0.001

Comorbidity

Diabetes 9,181(7.48) 9,440(30.4) <0.001

Hypertension 18,594(15.2) 11,935(38.4) <0.001

Hyperlipidemia 4,204(3.43) 2,246(7.23) <0.001

COPD 5,698(4.65) 6,385(20.6) <0.001

Heart failure 3,052(2.49) 3,259(10.5) <0.001

CAD 9,220(7.52) 4,857(15.6) <0.001

Stroke 8,527 (6.95) 6,847(22.1) <0.001

Chi-square test, at-test.

Statistical Analysis
We presented the mean and standard deviation for age
and number and percentage for gender, age group, and
comorbidities. The t-test and chi-square test were used
to examine the distribution differences for continuous and
categorical variables, respectively. We calculated the follow-
up time in person-years to assess the incident density
rates until the PAD was either identified or censored. We
used univariable and multivariable Cox’s proportional hazard
regressions to investigate the association between PE and the
risk of PAD over time, indicated by the hazard ratio (HR)
with a 95% confidence interval (CI). The multivariable model
was simultaneously adjusted for age, gender, and comorbidities
of diabetes, hypertension, hyperlipidemia, COPD, heart failure,
CAD, and stroke. In addition, after stratification based on gender,
age, and follow-up time, the relative risk of PAD development
in patients with PE was compared with that of the non-PE
cohort. The comparative cumulative incidence of PAD between
the PE and non-PE cohorts was assessed using the Kaplan–
Meier method, and the differences were assessed using a log-
rank test. All statistical analyses were performed using the
SAS package (version 9.3 for Windows; SAS Institute, Inc.,
Cary, NC, USA). We adopted a two-tailed P-value of <0.05 as
statistically significant.

RESULTS

Table 1 presents the demographic characteristics and
comorbidities of the study sample. This study had more

FIGURE 1 | Cumulative incidence of peripheral arterial disease in patients with

pleural empyema and comparison patients.

male patients (77.2%), and 48.6% of the patients were of age
more than 65 years (mean age 62.3± 16.8 years in the PE cohort
and 61.5 ± 16.9 years in the non-PE cohort). Patients in the PE
cohort exhibited a higher prevalence of comorbidities than those
in the non-PE cohort (all P < 0.001). The average follow-up
period was 3.49 years for the subjects with PE and 5.40 years
for the non-PE cohort. The Kaplan–Meier analysis revealed
that patients with PE had a significantly higher cumulative
incidence of PAD than the non-PE controls (log-rank test, P
< 0.001; Figure 1). The overall incidence of PAD was 61%
higher in the PE cohort than in the non-PE cohort (2.76 vs. 1.72
per 1,000 person-years) with a crude HR of 1.61 (95% CI =

1.41–1.83) in the following 12 years (Table 2). After adjustment
for age, gender, and comorbidities of diabetes, hypertension,
hyperlipidemia, COPD, heart failure, CAD, and stroke, patients
with PE were observed to be associated with an increased risk
of PAD compared with those without PE [adjusted HR (aHR)
= 1.18, 95% CI = 1.03–1.35]. The PAD incidence was higher
with increased age and in those with comorbidities. Notably,
compared with young adults (≤49 years of age), the aHR was
13.8 (95% CI = 10.5–18.2) for patients older than 75 years,
7.78 (95% CI = 5.98–10.1) for those aged 65–74 years, and 3.29
(95% CI 2.48–4.37) for those aged 50–64 years. Multivariate
models revealed that PAD was independently associated with
diabetes (aHR = 2.96, 95% CI = 2.61–3.35), hypertension
(aHR = 1.49, 95% CI = 1.30–1.70), hyperlipidemia (aHR =

1.20, 95% CI = 1.00–1.44), heart failure (aHR = 1.82, 95% CI
= 1.52–2.18), CAD (aHR = 1.39, 95% CI = 1.20–1.60), and
stroke (aHR = 1.42, 95% CI = 1.24–1.64). The incidence of
PAD was slightly higher in women than in men and increased
with age in both cohorts (Table 3). A comparison between
age-specific PE and non-PE cohorts revealed that the aHR
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TABLE 2 | Incidence and hazard ratio for peripheral arterial disease and peripheral arterial disease-associated risk factor.

Variable Event PY Rate# Crude HR (95% CI) Adjusted HR
†

(95% CI)

Pleural empyema

No 1,140 662,279 1.72 1.00 1.00

Yes 299 108,518 2.76 1.61(1.41, 1.83)*** 1.18(1.03, 1.35)*

Age, year

≤49 62 233,569 0.27 1.00 1.00

50–64 224 213,823 1.05 3.99(3.01, 5.29)*** 3.29(2.48, 4.37)***

65–74 725 244,851 2.96 11.4(8.83, 14.8)*** 7.78(5.98, 10.1)***

75+ 428 78,554 5.45 22.2(17.0, 29.1)*** 13.8(10.5, 18.2)***

Gender

Women 391 175,676 2.23 1.26(1.13, 1.42)*** 1.04(0.92,1.17)

Men 1,048 595,121 1.76 1.00 1.00

Comorbidity

Diabetes

No 946 705,843 1.34 1.00 1.00

Yes 493 64,954 7.59 5.85(5.24, 6.52)*** 2.96(2.61, 3.35)***

Hypertension

No 815 663,572 1.23 1.00 1.00

Yes 624 107,225 5.82 4.96(4.46, 5.51)*** 1.49(1.30, 1.70)***

Hyperlipidemia

No 1,288 746,851 1.72 1.00 1.00

Yes 151 23,946 6.31 3.73(3.15, 4.41)*** 1.20(1.00, 1.44)*

COPD

No 1232 734,981 1.68 1.00 1.00

Yes 207 35,815 5.78 3.54(3.05, 4.11)*** 1.11(0.95, 1.31)

Heart failure

No 1,268 754,791 1.68 1.00 1.00

Yes 171 16,006 10.7 6.58(5.60, 7.73)*** 1.82(1.52, 2.18)***

CAD

No 1,096 721,861 1.52 1.00 1.00

Yes 343 48,936 7.01 4.74(4.19, 5.35)*** 1.39(1.20, 1.60)***

Stroke

No 1,120 724,096 1.55 1.00 1.00

Yes 319 46,701 6.83 4.59(4.04, 5.20)*** 1.42(1.24, 1.64)***

#Rate, incidence rate, per 1,000 person-years.

Crude HR, relative hazard ratio;
†
adjusted HR: multiple analysis including age, gender, and comorbidities of diabetes, hypertension, hyperlipidemia, COPD, heart failure, CAD, and stroke;

*p < 0.05, ***p < 0.001.

of PAD was significantly higher in the ≤49 years age group
(aHR = 5.34, 95% CI = 2.82–10.1). The incidence density rate
of PAD was higher in the first 2 years, with an aHR of 1.35
(95% CI = 1.09–1.68) for patients with PE compared with
those without PE.

DISCUSSION

To the best of our knowledge, this is the first nationwide
retrospective cohort study to evaluate the PAD risk associated
with PE. Notably, patients with PE had a 1.18-fold higher risk of
PAD than those without PE. The PAD incidence increased with
increasing age, when there are comorbidities, and when there

was no gender difference. Compared with previous studies, PAD
exhibited female sex preponderance (19). Our study revealed
notable results that were different from those of previous studies
on PE or PAD. Our study observed an increased risk of PAD
if patients with PE were younger than 49 years and within the
2-year period of PE. Some possible mechanisms might explain
our results. Ethnicity or genetics could have played a crucial role
because PAD was more common in African Americans from the
report of the National Health and Nutrition Examination Survey
(19). Comorbidities were observed in both PE and PAD. Diabetes
could cause the risk of not onlyKlebsiella pneumoniae–related PE
but also atherosclerosis (20). A 5-year study indicated that the
most common pathogens of PE were K. pneumoniae, followed
by Escherichia coli, Proteus mirabilis, and others (21). A report

Frontiers in Medicine | www.frontiersin.org 4 March 2021 | Volume 8 | Article 621330

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Wang et al. Pleural Empyema and Peripheral Arterial Disease

TABLE 3 | Comparison of incidence densities of peripheral arterial disease hazard ratio between with and without pleural empyema by gender, age, and follow-up time.

Pleural empyema

No Yes

Event PY Rate# Event PY Rate# Crude HR* Adjusted HR
†

(95% CI) (95% CI)

Gender

Women 304 151,837 2.00 87 23,838 3.65 1.83(1.44, 2.33)*** 1.23(0.95, 1.59)

Men 836 510,442 1.64 212 84,679 2.50 1.53(1.32, 1.78)*** 1.15(0.98, 1.35)

Stratify age

≤49 17 193,683 0.09 45 39,885 1.13 12.9(7.37, 22.5)*** 5.34(2.82, 10.1)***

50–64 146 181,956 0.80 78 31,867 2.45 3.17(2.41, 4.17)*** 1.04(0.76, 1.43)

65–74 596 215,454 2.77 129 29,397 4.39 1.65(1.36, 2.00)*** 0.89(0.73, 1.09)

75+ 381 71,186 5.35 47 7,368 6.38 1.20(0.89, 1.63) 0.88(0.64, 1.21)

Follow-up time, years

≤2 357 231,384 1.54 137 43,486 3.15 2.02(1.66, 2.46)*** 1.35(1.09, 1.68)**

>2 783 430,894 1.82 162 65,032 2.49 1.38(1.17, 1.63)*** 1.07(0.89, 1.28)

#Rate, incidence rate, per 1,000 person-years; *Crude HR, relative hazard ratio;
†
adjusted HR: multiple analysis including age, gender, and comorbidities of diabetes, hypertension,

hyperlipidemia, COPD, heart failure, CAD, and stroke; **p < 0.01, ***p < 0.001.

regarding chest infections in Japan revealed that the percentages
of lung abscesses and empyema were higher in patients infected
with Klebsiella species and having diabetes and a smoking history
(22). Furthermore, another common pathogen causing PE was
indicated to be Streptococcus pneumoniae and was reported to
intensify atherosclerosis and contribute to PAD in patients with
PE (23). Smoking caused deleterious effects on cardiovascular
and pulmonary systems, impeding the functional examinations,
such as forced vital capacity, forced expiratory volume in
1 s, intima-media thickness, and ankle-brachial pressure index
(ABI) (24), and lower ABI helps diagnose PAD (19). Due to
data restriction and limitation, our study could not collect the
smoking habit for the analysis of smoking, PE, and PAD, but we
used COPD to represent smoking-related diseases and to reduce
the confounding bias. Moreover, a Korean study indicated that
the young age of diabetes onset was a distinctive feature of Asians
(25). This finding supports our result that young people with PE
might develop PAD. In addition, previous studies have reported
the association between other comorbidities and PE (14, 15).
Notably, patients with CVD, stroke, hyperlipidemia, and diabetes
had an identically higher risk of generalized atherosclerosis with
PAD. Moreover, age, hypertension, and hyperlipidemia were
considered risk factors for PAD. Pleural effusion was most often
caused by heart failure, cancer, and pneumonia and could be a
potential risk factor for PE (26). Patients with heart failure and
reduced ejection fraction had a higher prevalence of PAD (27).
PAD can manifest in various ways, such as having no signs and
symptoms or having intermittent claudication, ischemic ulcers,
and gangrene. Limb loss with amputation was more prevalent in
patients with ABI <0.5 (28). Moreover, PE could be associated
with infection susceptibility and prolonged hospitalization. Of
course, we just emphasized the association between PAD and PE.
Through our big data analysis, we found the result. Further basic
research should be done in the future such as gene analysis. In

our personal opinion, inflammation whether caused by infection
or other chronic disease is one of the possible explanations.

Notably, being the first cohort study focusing on PAD
incidence in patients with PE and using a large sample size
for meaningful analyses were our study’s strengths. Nonetheless,
our study had several limitations. First, we could not entirely
avoid the confounding effects of the preexisting comorbidities
of PAD such as all cancers and inflammatory diseases, and any
deaths from PAD must have been excluded. Second, NHIRD
data on environmental risk factors influencing PAD and PE,
such as cigarette smoking, alcohol consumption, nutritional
status indicators such as body mass index, and family history,
could not be obtained. Third, the laboratory data, such as
ABI, chest X-ray images, bacterial species culture such as
Streptococcus or Klebsiella species or Gram stain, and blood
glucose level could not be obtained. Finally, even though our
study revealed the possible role of PE in increasing the risk of
PAD, further research is warranted to unravel the pathogenicity
mechanisms involved in the development of PAD in patients
with PE.

CONCLUSION

Our analysis determined that patients with PE had an increased
risk of PAD, especially if they were younger than 49 years and
within the 2-year diagnosis of PE.
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Abstract: Deep vein thrombosis (DVT) of lower limbs can easily arise from prolonged sitting or
standing. Elders and pregnant women are most likely to have this disease. When the embolus of
DVT comes to pass the lung, it will become a life-threatening disease. Thus, for DVT disease, early
detection and the early treatment are needed. The goal of this study was to develop an examination
system to be used at non-medical places to detect the DVT of lower limbs with light reflection
rheography (LRR). Consisting of a wearable device and a mobile application (APP), the system is
operated in a wireless manner to control the actions of sensors and display and store the LRR signals
on the APP. Then, the recorded LRR signals are processed to find the parameters of DVT examination.
Twenty subjects were recruited to perform experiments. The veins of lower limbs were occluded by
pressuring the cuff up to 100 mmHg and 150 mmHg to simulate the slight and serious DVT scenarios,
respectively. Six characteristic parameters were defined to classify whether there was positive or
negative DVT using the receiver operating characteristic curves, including the slopes of emptying
and refilling curves in the LRR signal, and the changes of venous pump volume. Under the slight
DVT scenario (0 mmHg vs. 100 mmHg), the first three parameters, m10, m40, and m50, had accuracies
of 72%, 69%, and 69%, respectively. Under the serious DVT scenario (0 mmHg vs. 150 mmHg),
m10, m40, and m50 achieved accuracies of 73%, 76%, and 73%, respectively. The experimental results
show that this proposed examination system may be practical as an auxiliary tool to screen DVT in
homecare settings.

Keywords: deep vein thrombosis; light reflection rheography; wearable device; photoplethysmography

1. Introduction

Deep vein thrombosis (DVT) occurs when a blood clot forms in one or more of the
deep veins in the human body, which will change the blood flow of veins and result in
poor blood circulation. Detection of DVT is usually a clinical challenge for doctors of all
medical specialties, and deterioration of such disease may make the treatment process
more complicated. Moreover, DVT can happen even in the absence of serious disorders.
As investigated, thrombosis can occur in any part of the venous system, but it appears
most frequently at the deep veins of the legs [1]. Post-thrombotic syndromes arising from
long-term morbidity can be common and substantial. Embolization of thrombus occurring
in the lung due to DVT can be fatal. Furthermore, DVT is highly prevalent in Taiwan, and
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its treatment consumes a lot of health insurance funds [2]. Thus, both early screening and
proper treatment of DVT are important to prevent it from worsening and happening again.

Traveler’s thrombosis is caused by sitting still in a transport vehicle for a long time,
and blood clots are formed and deposited inside the deep veins of lower limbs, which
constitutes DVT [3]. Scurr et al. have indicated incidences of 10% of asymptomatic calf
vein thrombosis in air travelers above 50 years of age and traveling for more than 8 h [4].
Hence, the main risk factors of DVT include prolonged sitting or standing, family history of
thrombus, pregnancy, diabetes, hyperlipidemia, and hypertension. The venous thrombus
could flow to the pulmonary vein to cause the pulmonary embolism. Therefore, the early
diagnosis and treatment of DVT can prevent the pulmonary embolism.

Clinical examinations of DVT are currently performed using ultrasound or venog-
raphy, and they all need to be carried out by professional technicians or physicians in a
hospital [5,6]. Moreover, these examinations are not performed in general clinics. In 1976,
Hull et al. proposed impedance plethysmography [7,8] to detect DVT. Sandler et al. have
examined DVT with Doppler ultrasound, impedance plethysmography, and venoscan,
and the accuracy rates were 65%, 80%, and 82%, respectively, by comparison with the
X-ray venography as the standard [9]. Thus, these techniques all have some limitations
for the diagnoses of DVT, except for venography. Ginsberg et al. have applied D-dimer
testing and impedance plethysmography to examine 98 patients with DVT symptoms.
Their results showed that, when both methods were tested as “negative” after detailed
examination, the accuracy rate was as high as 98% [10]. This is enough to show that the
vein plethysmography could be an auxiliary tool to examine DVT.

Although the impedance plethysmography has good sensitivity in detecting venous
thrombosis in the hip, thigh, and popliteal area, it is not very sensitive to calf vein thrombo-
sis [8,11]. The study by Goodacre et al. found that the most common location for venous
thrombosis is in about 50% of the lower limbs [12]. In 1984, Shepard et al. published a
technique using light reflection rheography (LRR) to examine DVT in the calf [13]. Some
studies for the applications of LRR were published in 1992 [14] and 1993 [15]. The LRR
uses reflective photoplethysmography (PPG) to detect the blood volume changes in the
superficial vein. According to the studies of Thomas et al. [16], LRR has a sensitivity of
92% and a specificity of 84% in detecting acute thrombosis of the calf. This technique has a
negative predictive value of 92% in selecting those patients with no thrombosis. Thus, LRR
can be employed to develop a wearable device to prevent the varicose veins of lower limbs.

In recent years, people have been fond of using wearable devices to monitor their
bodies’ condition in daily life. In various wearable devices, an exercise watch or band can
be utilized to measure the heart rate and the number of steps [17,18], an electrocardiogram
(ECG) patch can be used to record a long-term ECG signal [19], and an electromyogram
(EMG) patch can be applied to detect muscle fatigue in real time [20]. The major differences
between the wearable devices and medical apparatus include the size, weight, and usability.
Thus, it is now possible for users to make use of these wearable devices to take care of
their health conditions in daily life. These physiological data can be further utilized by
artificial intelligent technologies to predict or diagnose diseases [21,22]. However, how to
design wearable devices having the same functions as an apparatus with medical grade
is a challenge to engineers, because such medical apparatus is usually large and heavy.
Now, the advantages of advanced sensor chips are leading to lower power consumption,
smaller size, and digitization in devices such as ECG sensors [23], PPG sensors [24], and
accelerometers [25]. With those advanced sensor chips, it becomes more possible to develop
a medical-grade wearable device.

LRR, a noninvasive and non-ionizing radiation measurement technique, can be ap-
plied to observe whether a lower limb has DVT by means of reflective PPG sensors. In the
examination procedure, the physician has to look for an appropriate position for placing
the PPG sensor to obtain a reliable PPG signal, and guides the patient to perform the
dorsiflexion at the ankle to push the blood in the vein of the calf back to the heart. However,
it is hard for users, at home, to check the vein condition by such medical grade apparatus.
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The aim of this study is to develop an examination system, available for use in non-medical
places, to detect the DVT of a lower limb. The system included a wearable device with
commercial reflective PPG sensors and an accelerometer to measure LRR signals, and a
mobile application (APP) to control the works of sensors, guide the rhythm of foot action,
and display and store the LRR signals in real time. An array sensor embedded with three
reflective PPG sensors was designed to detect the change of venous blood flow during
the calf pumping. An accelerometer was placed at the foot to simultaneously monitor the
dorsiflexion action at the ankle. In order to verify this prototype, twenty healthy subjects
were included to participate in this study. The veins of a lower limb were partially or totally
occluded by inflating the cuff up to 100 mmHg or 150 mmHg to simulate the stenosis
phenomenon in slight or serious DVT scenarios, respectively. The identifiable rules for
determining the quality of the LRR signals from the different PPG sensors were studied.
Thus, the LRR signal with the best quality and sensitivity was chosen. Six characteristic
parameters regarding the LRR signal were defined as the slopes of emptying and refilling
curves in the LRR signal and the change of venous pump volume. Those parameters were
used to classify whether the DVT occurrence was positive or negative by a receiver operat-
ing characteristic (ROC) curve. The results showed that the prototype of the examination
system has the potential for screening for DVT in non-medical environments.

2. Materials and Methods

Figure 1 shows the architecture of the DVT examination system. The purple block
is the APP that can display and store the LRR signals in real time, show the rhythm of
dorsiflexion, and control the wearable device. The green block represents the wearable
device that uses Bluetooth communication to receive APP comments and send the LRR
data to the APP. The reflective PPG sensors and accelerometer are utilized to measure the
LRR and the foot action signals, respectively. The orange block denotes the recorded LRR
signals and the x-axis signal of the accelerometer that are uploaded to a personal computer
for further smoothing of the LRR signals and for acquiring the characteristic parameters
from the LRR signals with Matlab R2015a version.

Figure 1. Architecture of the deep vein thrombosis (DVT) examination system. APP is the mobile
application and PPG is the photoplethysmography.

2.1. LRR Wearable Device

Figure 2 shows the block diagram of the LRR wearable device that includes an array-type
probe, accelerometer, and main board. The array-type probe consists of three MAX30102
PPG sensors (Maxim Integrated TM, San Jose, CA, USA), whose size is 16 mm × 45 mm,
as shown in Figure 3a. Each MAX30102 PPG sensor contains two light-emitting diodes
(LEDs), with wavelengths of 660 nm (red light) and 880 nm (infrared light). Moreover, a
photo diode, an 18-bit analog-to-digital converter, and low-noise electronics with ambient
light rejection are also included in this PPG sensor. Communication between the sensors
and a microcontroller unit (MCU) is accomplished via a standard I2C-compatible interface.
The sampling rate is set to 100 Hz. The x-axis signal of the accelerometer (ADXL325,
Analog Devices, Norwood, MA, USA) is sampled by the MCU with a 12-bit analog-to-
digital converter. The MCU of the main board is a 16-bit microcontroller (MSP430F5438A,
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Texas Instruments TM, Dallas, TX, USA), which reconciles the workflow of the MAX30102
and ADXL325, performs the signal processing to obtain the DVT-related parameters, and
transmits the data to the APP by a Bluetooth module (HC-05, Itead, Shenzhen, China). The
power circuit includes a Li battery (150 mAh), a charging integrated circuit (IC) (TIBQ24072),
and a regulator IC (XC62FP, 3.3 V). The size of the main board is 54 mm × 70 mm. Figure 3b
shows the real picture of the LRR wearable device.

Figure 2. The block diagram of the light reflection rheography (LRR) wearable device consisting of
an array-type probe, accelerometer, and main board. PPG is the photoplethysmography, MCU the
microcontroller unit. and ADC the analog to digital converter.

Figure 3. (a) Real photo of the array-type probe, (b) the real photo of the LRR wearable device.

2.2. Signal Processing

The LRR signal measured by PPG sensors is a direct current (DC) component of the
PPG signal, representing the change of venous blood flow. However, The PPG signal not
only contains the venous flow, but also contains the pulses of arterial blood flow. Thus,
the proposed system applied a fourth-order Butterworth low-pass filter with a cut-off
frequency of 0.5 Hz to filter out high-frequency noise and used a three-point interpolation
technique to smooth the LRR signal. The zero-crossing points of the differential filtered
signal were used to find the peaks and valleys of the LRR signal. Then, the median point
between the neighbor peak and valley was found in the LRR signal. The continuous
three median points were used to build the LRR interpolation signal by a second-order
polynomial function for approximating the smooth LRR signal. Figure 4 shows the LRR
signal at different steps in the digital signal processing. Figure 4a is the original LRR signal
that couples with the arterial pulses and the change of venous blood flow. Figure 4b shows
the output of this filter. The next process after filtering is to find the peaks and valleys
of the filtered LRR signal (red line) marked by the inverse triangle symbols, followed by
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differentiation, as shown in Figure 4c. The median points are marked by the circle symbols
for building the smooth signal (blue line). Additionally, the synchronous x-axis signal is
shown in Figure 4d.

Figure 4. The signal processing steps for a normal LRR signal, (a) original signal, (b) the filtered
signal, (c) the smooth (blue line) and filtered (red line) signals, (d) the synchronous x-axis signal.

2.3. Characteristic Parameters of the LRR Signal

Figure 5a shows four characteristics in the smooth LRR signal (blue line), the start (red
circle symbol), and the end (black circle symbol) points in the emptying phase, and the two
baselines (short green dash line and long blue dash line) in the resting and refilling phase.
The filtered LRR signal is represented by the red line. In Figure 5b, we find that the x-axis
signal has larger alternating amplitudes in the emptying phase than those in the resting
and refilling phases. Thus, the first maximum negative and last positive changed points of
the x-axis signal is used to define the start and end points, Xstart and Xend (red and black
star symbols), in the emptying phase. Then, the start maximum point of the smooth LRR
signal, LRRstart (red circle symbol), is found between before and after 50 points of Xstart,
and the end maximum point of the smooth LRR signal, LRRend (black circle symbol), is
found between before and after 50 points of Xend, as shown in Figure 5a.
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Figure 5. (a) Four characteristics of the smooth LRR signal (blue line), LRRstart (red circle symbol),
LRRend (black circle symbol), resting baseline (short green dash line), and refilling baseline (long
blue dash line), (b) two characteristics of the accelerometer signal, Xstart and Xend (red and black
star symbols).

The average of the LRR signal within five seconds before LRRstart corresponds to the
resting baseline (short green dash line), and the average within the five seconds before the
ending measurement represents the refilling baseline (long blue dash line). In the study, six
characteristic parameters from the LRR signal were defined to identify the DVT, as follows.
VP1 is defined as the change of venous pump volume between the LRRend and resting
baseline, VP2 is the change of venous pump volume between the LRRend and refilling
baseline, m10 is the slope of the empty curve from the LRRend to LRRstart, m40 is the slope
of the refilling curve from the LRRend to the point at 40 s, m50 is the slope of the refilling
curve from the LRRend to the point at 50 s, and m60 is the slope of the refilling curve from
the LRRend to the point at 60 s.

2.4. Quality of LRR Signals

Two fundamental rules for determining the quality of LRR signals on the different
PPG sensors were formulated. The first rule states that, according to LRR, the PPG sensor
should detect the downstream of venous blood flow in the emptying phase. If the PPG
sensor detects the upstream of venous blood flow, the sensor may have been placed at a
wrong position. Thus, when the phase angle between the filtered LRR signal (red line) and
x-axis signal is larger than 90◦, such an LRR signal is considered of low quality, as show in
Figure 6a. The second rule states that, when the foot is moving to empty the deep venous
blood, the PPG sensor may move to a different place. The baseline of the LRR signal has a
drift phenomenon. Thus, when VP1 or VP2 is negative, the LRR signal is determined to be
of low quality, as show in Figure 6b.

2.5. APP Program

In the study, an APP program is designed to control the functions of the wearable
device (Figure 7a), to instruct the rhythm of foot action (Figure 7b), and to display the
results of the LRR signal in real time (Figure 7c). In the beginning, the APP program
searches for the Bluetooth (BT) module of the wearable device and automatically connects
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with it. Users can adjust the LED current to shift the baseline of the LRR curve, as shown
in Figure 7d. Then, the APP starts the DVT measurements, as shown in Figure 7a.

Figure 6. (a) The phase angle between the LRR signal and the x-axis signal is 180◦ because the PPG
sensor detects the upstream of venous blood flow, (b) The LRR signal has the drift phenomenon.

Figure 7. The screen displays of the APP program: (a) starting or ending the measurement, (b) the
rhythm of foot action, (c) measured LRR signals, (d) adjustment of LED currents.
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2.6. Protocol of Experiment

This study recruited twenty healthy subjects (10 male and 10 female) without cardio-
vascular disease or injured limbs. Their age was between 20 and 24 years (21.8 ± 1.2 years,
mean ± standard deviation), weight between 38 and 80 Kg (60.9 ± 10 Kg), and height
between 150 and 180 cm (164.4 ± 9.2 cm). The vein of one lower limb was occluded by
pressuring the cuff up to 100 mmHg and 150 mmHg to simulate the slight and serious
DVT scenarios. This experiment was approved by the Research Ethics Committee of China
Medical University & Hospital (No. CMUH107-REC3-061), Taichung, Taiwan.

Subjects were requested to comfortably sit on a chair with the foot resting flat on the
floor, and the angle between calf and thigh was about 110◦, as show in Figure 8a. A LRR
probe was placed at the distal end of the calf muscle, which was fixed by transparent tape.
An accelerometer was placed at the front end of the foot and an air cuff was wrapped
around the thigh. The APP algorithm connected with the LRR device via Bluetooth. The
APP displayed the LRR signal in real time. The light lumen of LED in the reflective PPG
sensors affect the signal to noise ratios (SNRs) of the red-light and IR-light photo diodes,
and skin color, skin thickness, and soft tissue also affect transmissible light lumen of the
LED. To standardize the SNRs of the red-light and IR-light LRR signals for every subject,
the baselines of the IR-light LRR signals for three PPG sensors were adjusted to 1.9 volts
before measurement. Subjects were requested to move their feet. If the LRR signals had
an emptying curve, it meant the LRR probe was placed at the right position. If not, the
LRR probe was repositioned until an emptying curve appeared. Subjects were measured
three times in the first experiment on the first day. The following week, they were asked
to perform the second experiment. In the first measurement, the thigh was not occluded
in the negative group. However, in the positive group, the thigh was partially or totally
occluded by inflating the cuff up to 100 mmHg or 150 mmHg, respectively, to simulate the
stenosis occurrence in mild or severe DVT. Subjects were requested to take a 10-min rest
between the two measurements. They could move their feet to augment the venous blood
flow. During the first measurement, the resting phase lasted for 10 s, the emptying phase
15 s, and the refilling phase 45 s. When the LRR probe was placed at the right position,
users could push the start icon of the APP to record the displayed LRR signals in real
time. In the emptying phase, the APP showed the rhythm of the foot action, as shown in
Figure 8b. Subjects were requested to move their feet following a rhythm of 0.5 Hz.

Figure 8. Real photo of LRR measurement: (a) placement of the cuff, LRR probe, and accelerometer,
(b) the foot action.

In the study, the terms, true positive (TP), false positive (FP), true negative (TN)
and false negative (FN), refer to the result of our experiments and the correctness of
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the classification. TP means that a subject was correctly diagnosed as DVT, FP means
“incorrectly diagnosed as DVT”, TN means “correctly diagnosed as non DVT”, and FN
means “incorrectly diagnosed as non DVT”. Here, the performance of the proposed
method was evaluated using accuracy, (TP+TN)/(TP+FP+FN+TN); precision, TP/(TP+FP);
sensitivity, TP/(TP+FN); and specificity, TN/(FN+TN).

3. Results

Table 1 shows the numbers of LRR signals with good quality for each subject. In the
first experiment, there are no good-quality LRR signals in the red-light measurement under
the venous non-occluded and occluded scenarios for Subject 9. For Subjects 8 and 15, there
are no good-quality LRR signals under only one scenario. In the second experiment, for
Subjects 3, 4, 9, and 11, some LRR signals with good quality are missing under the different
venous occluded scenarios. Consequently, the total numbers of LRR signals with good
quality in the red-light and IR-light measurements both are 224.

Table 1. The numbers of LRR signals with good quality for each subject.

Subject
No.

First Experiment Second Experiment Total

R-Light IR-Light R-Light IR-Light
R-Light IR-Light

0 100 150 0 100 150 0 100 150 0 100 150

1 2 3 3 2 2 2 2 1 3 1 1 2 14 10
2 2 0 2 2 1 1 2 2 1 1 1 1 9 7
3 2 2 2 2 2 2 1 1 2 0 1 0 10 7
4 1 2 1 2 2 2 1 0 0 1 1 0 5 8
5 1 2 3 2 2 2 2 2 2 2 2 2 12 12
6 1 2 2 1 1 2 3 3 3 3 3 3 14 13
7 1 1 2 2 1 1 1 1 2 1 2 2 8 9
8 2 2 2 2 0 2 1 1 1 1 1 1 9 7
9 0 0 0 2 1 1 1 0 0 1 1 0 1 6

10 2 2 3 2 3 1 2 1 2 2 2 2 12 12
11 1 3 3 2 2 3 1 1 0 2 2 1 9 12
12 3 3 3 3 3 3 2 2 2 2 1 2 15 14
13 2 3 3 2 2 2 3 3 3 3 3 2 17 14
14 1 1 1 1 2 1 2 2 2 2 2 2 9 10
15 3 1 2 3 2 0 1 1 1 2 2 2 9 11
16 3 3 3 3 3 3 3 3 3 3 3 2 18 17
17 3 3 3 3 3 3 2 2 2 1 1 2 15 13
18 1 2 2 1 1 3 2 2 1 3 3 2 10 13
19 3 1 1 3 2 2 3 3 3 3 3 3 14 16
20 3 3 2 3 2 2 2 2 2 2 2 2 14 13

Sum 37 39 43 43 37 38 37 33 35 36 37 33 224 224

Table 2 shows the statistical analyses of six characteristic parameters under the differ-
ent venous occluded scenarios in the red-light and IR-light measurements. We used the
t-test to assess the performances of six parameters for the sensitivity of DVT detection. A
p-value of 0.05 or lower is considered statistically significant (represented in red) between
the negative (0 mmHg) and positive (100 and 150 mmHg) groups. We find that all parame-
ters have significant differences between the negative and positive groups. However, under
the same scenario comparison (0 mmHg vs. 150 mmHg), p-values of the six parameters in
the IR-light measurement are lower than those in the red-light measurement. Moreover,
the absolute mean values of six parameters all decrease as the colluded pressure increases.
To select the best sensitivity value of each parameter from three LRR signals, we analyzed
the maximum, median, and minimum values of parameters under the different venous
occluded scenarios in the red-light and IR-light measurements, as shown in Table 3. If there
were two LRR signals with good quality, the median value was the arithmetic average. If
there was one LRR signal with good quality, maximum, median, and minimum values
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were the same values. One of three values for each parameter had the lowest p-value,
which was the optimal value to detect DVT. We find that m10, VP1, and VP2 should select
the maximum values; m50 and m60 should select the minimum values; and m40 should
select the median values. An ROC curve was used to evaluate the performances of six
parameters in the IR-light measurement in the various DVT scenarios. Table 4 shows the
fusion matrix and performances of the six parameters. The first three parameters with
better accuracy are m10, m40, and m50 in the slight DVT scenario (0 mmHg vs. 100 mmHg),
having accuracies of 72%, 69%, and 69%, respectively. The first three parameters in the
serious DVT scenario (0 mmHg vs. 150 mmHg) are m40, m50, and m10, with accuracies of
76%, 73%, and 73%, respectively. The first three parameters with a larger ROC area in the
slight DVT scenario are m40, m10, and VP2, with areas of 0.82, 0.79, and 0.78, respectively.
The first three parameters with larger ROC area in the serious DVT scenario are m40, VP2,
and m50, with areas of 0.86, 0.81, and 0.81, respectively. Therefore, m40 and m10 have the
best performances to detect the DVT conditions in the serious DVT scenario, meaning that
the cut points are −1.79 mV/s and 3.05 mV/s. Figure 9a shows the ROC curve of m40 in
the slight DVT scenarios, and Figure 9b shows the ROC curve in the serious DVT scenario.
When its sensitivity is 100% in the serious DVT scenario, its corresponding specificity
is 20.2%.

Table 2. Statistical analyses of six parameters between the negative group (0 mmHg) and positive groups (100 mmHg and
150 mmHg) by t-test. A p-value of less than 0.05 is highlighted in red.

R-Light IR-Light

0 mmHg 100 mmHg 150 mmHg 0 mmHg 100 mmHg 150 mmHg
(N = 74) (N = 72) (N = 78) (N = 79) (N = 74) (N = 71)

m10 4.76 ± 2.47 3.86 ± 2.53 3.74 ± 2.40 3.41 ± 1.96 2.54 ± 1.84 2.11 ± 1.48
(mV/s) (0.0325) (0.0108) (0.0056) (1.2 × 10−5)

m50 −1.99 ± 1.26 −1.28 ± 0.89 −1.21 ± 0.81 −1.86 ± 1.20 −1.28 ± 0.92 −0.89 ± 0.58
(mV/s) (0.0002) (1.1 × 10−5) (0.0010) (4.1 × 10−9)

VP1 73.7 ± 37.7 60.2 ± 39.2 58.7 ± 38.0 54.3 ± 31.4 39.8 ± 29.0 33.2 ± 23.5
(mV) (0.0365) (0.0158) (0.0037) (7.6 × 10−6)

VP2 53.0 ± 30.8 38.0 ± 24.1 40.0 ± 23.0 47.2 ± 29.0 33.4 ± 23.8 24.5 ± 14.8
(mV) (0.0013) (0.0035) (0.0017) (1.7 × 10−8)

m40 −2.67 ± 2.06 −1.67 ± 1.25 −1.30 ± 1.07 −2.74 ± 1.86 −1.96 ± 1.31 −1.30 ± 0.91
(mV/s) (0.0007) (8.0 × 10−7) (0.0032) (1.6 × 10−8)

m60 −1.55 ± 0.92 −1.07 ± 0.70 −1.12 ± 0.67 −1.41 ± 0.88 −0.98 ± 0.70 −0.70 ± 0.44
(mV/s) (0.0006) (0.001) (0.0012) (8.2 × 10−9)

Table 3. Statistical analyses of six parameters, being maximum, median, and minimum values between the negative group
(0 mmHg) and positive groups (100 mmHg and 150 mmHg) by t-test. A p-value of less than 0.05 is highlighted in red.

R-Light IR-Light

0 mmHg 100 mmHg 150 mmHg 0 mmHg 100 mmHg 150 mmHg

VP1
(mV)

Maxi.
87.4 ± 39.8 74.5 ± 46.2 71.5 ± 43.1 65.5 ± 32.6 48.5 ± 34.9 40.6 ± 25.7

(0.1969) (0.0997) (0.0284) (0.0005)

Med.
74.9 ± 35.0 65.0 ± 43.6 58.8 ± 36.3 54.7 ± 26.8 42.5 ± 34.1 34.3 ± 23.0

(0.2819) (0.0556) (0.0840) (0.0007)

Min.
62.0 ± 35.4 55.8 ± 44.5 46.4 ± 32.0 43.1 ± 26.1 36.7 ± 34.6 28.2 ± 22.6

(0.5029) (0.0501) (0.3618) (0.0104)

VP2
(mV)

Maxi.
65.4 ± 33.4 48.7 ± 26.0 47.7 ± 25.5 58.4 ± 31.6 39.4 ± 26.0 30.4 ± 15.2

(0.0192) (0.0125) (0.0049) (7.2 × 10−6)

Med.
54.7 ± 29.2 40.6 ± 23.2 40.3 ± 21.2 48.4 ± 26.6 34.1 ± 23.8 25.2 ± 12.9

(0.0244) (0.0182) (0.0145) (1.0 × 10−5)

Min.
44.2 ± 30.4 33.0 ± 24.0 33.7 ± 19.3 38.1 ± 26.3 28.8 ± 24.0 20.7 ± 13.2

(0.0839) (0.0820) (0.1056) (0.0006)
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Table 3. Cont.

R-Light IR-Light

0 mmHg 100 mmHg 150 mmHg 0 mmHg 100 mmHg 150 mmHg

m10
(mV/s)

Maxi.
5.65 ± 2.60 4.83 ± 2.97 4.64 ± 2.64 4.15 ± 2.03 3.07 ± 2.19 2.59 ± 1.57

(0.2098) (0.1019) (0.0263) (0.0004)

Med.
4.84 ± 2.24 4.21 ± 2.76 3.79 ± 2.25 3.42 ± 1.64 2.72 ± 2.16 2.19 ± 1.42

(0.2800) (0.0466) (0.1119) (0.0192)

Min.
3.99 ± 2.23 3.59 ± 2.81 2.98 ± 2.04 2.64 ± 1.59 2.37 ± 2.23 1.80 ± 1.42

(0.4841) (0.0452) (0.5433) (0.0192)

m40
(mV/s)

Maxi.
−2.10 ± 2.00 −1.21 ± 1.01 −0.93 ± 0.91 −2.11 ± 1.66 −1.53 ± 1.08 −1.02 ± 0.69

(0.0196) (0.0021) (0.0723) (0.0004)

Med.
−2.83 ± 1.99 −1.74 ± 0.96 −1.36 ± 0.91 −2.83 ± 1.72 −1.90 ± 1.14 −1.33 ± 0.77

(0.0036) (0.0001) (0.0069) (8.6 × 10−6)

Min.
−3.48 ± 2.29 −2.30 ± 1.32 −1.85 ± 1.12 −3.46 ± 2.08 −2.30 ± 1.41 −1.66 ± 0.98

(0.0079) (0.0002) (0.0051) (1.1 × 10−5)

m50
(mV/s)

Maxi.
−1.62 ± 1.22 −1.07 ± 0.86 −0.97 ± 0.64 −1.47 ± 1.04 −1.06 ± 0.86 −0.72 ± 0.48

(0.0254) (0.0048) (0.0597) (0.0002)

Med.
−2.06 ± 1.17 −1.37 ± 0.82 −1.23 ± 0.70 −1.91 ± 1.11 −1.28 ± 0.87 −0.92 ± 0.49

(0.0044) (0.0005) (0.0074) (4.1 × 10−6)

Min.
−2.48 ± 1.35 −1.69 ± 0.96 −1.56 ± 0.89 −1.06 ± 1.33 −1.52 ± 1.01 −1.13 ± 0.60

(0.0047) (0.0009) (0.0041) (5.2 × 10−6)

m60
(mV/s)

Maxi.
−1.30 ± 0.91 −0.92 ± 0.70 −0.94 ± 0.55 −1.13 ± 0.81 −0.83 ± 0.70 −0.59 ± 0.38

(0.0536) (0.048) (0.084) (0.0005)

Med.
−1.61 ± 0.87 −1.14 ± 0.68 −1.13 ± 0.60 −1.43 ± 0.82 −0.99 ± 0.70 −0.73 ± 0.38

(0.0132) (0.0083) (0.0108) (7.9 × 10−6)

Min.
−1.92 ± 0.99 −1.40 ± 0.77 −1.35 ± 0.74 −1.74 ± 0.96 −1.16 ± 0.78 −0.88 ± 0.45

(0.0112) (0.0061) (0.0039) (5.5 × 10−6)

Table 4. The fusion matrix, performances, cut points, and receiver operating characteristic (ROC) areas of six parameters.
TP is the true positive, TN the true negative, FP the false positive, and FN the false negative.

Parameter DVT
Scenario TP TN FP FN Acc.

(%)
Pre.
(%)

Sen.
(%)

Spe.
(%)

Cut
Point

ROC
Area(%)

VP1
(mV)

100 mmHg 26 27 12 13 0.68 0.68 0.67 0.69 45 0.76
150 mmHg 20 35 4 16 0.73 0.83 0.56 0.9 31 0.76

VP2
(mV)

100 mmHg 29 23 16 10 0.67 0.64 0.74 0.59 41 0.78
150 mmHg 19 35 4 17 0.72 0.83 0.53 0.9 26 0.81

m10
(mV/s)

100 mmHg 29 27 12 10 0.72 0.71 0.74 0.69 3.15 0.79
150 mmHg 28 27 12 8 0.73 0.7 0.78 0.69 3.05 0.78

m40
(mV/s)

100 mmHg 32 22 17 7 0.69 0.65 0.82 0.56 −2.31 0.82
150 mmHg 28 29 10 8 0.76 0.74 0.78 0.74 −1.79 0.86

m50
(mV/s)

100 mmHg 31 23 16 8 0.69 0.66 0.79 0.59 −1.76 0.76
150 mmHg 26 29 10 10 0.73 0.72 0.72 0.74 −1.35 0.81

m60
(mV/s)

100 mHg 30 23 16 9 0.68 0.65 0.77 0.59 −1.33 0.76
150 mmHg 22 32 7 14 0.72 0.76 0.61 0.82 −0.88 0.80

Note: Acc., Pre., Sen., and Spe. are abbreviations for accuracy, precision, sensitivity, and specificity, respectively.
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Figure 9. ROC curves of m40: (a) the area under the curve is 0.82 in the slight DVT scenario, (b) the
area under the curve is 0.86 in the serious DVT scenario.

4. Discussion

DVT is a prevalent disease with an occurrence of between 2.5% to 5% in the total
population, and about 30−40% of DVT patients will finally suffer from pulmonary em-
bolism [26]. The diagnosis of DVT in the clinic is notoriously unreliable because only about
30% of patients have been shown to be positive on objective testing [6,27]. Therefore, sus-
pected DVT in clinical diagnosis could lead to the unnecessary hospitalization of patients,
and inappropriate anticoagulation therapy with potentially dangerous consequences.

The LRR technique has been used in several studies for the noninvasive examination
of patients with suspected lower limb DVT [28,29]. The technique uses the parameters
of the LRR curve, such as the amplitude and rate of venous emptying [30], the time of
venous refilling [28], and the shape of the LRR curve [16]. Tan et al. proposed using the
amplitude of venous emptying and time of venous refilling to test DVT diagnosis and
found that the two parameters achieved an optimal sensitivity of 100% and 100%, and
specificities of 35% and 47%, respectively. Additionally, the areas under the ROC curves
for the two parameters are 0.74 and 0.75, respectively [29]. In the present study, one of
our findings is that the performance of the IR-light measurement is better than that of
the R-light measurement (Tables 2 and 3). The reason for this is partially due to deeper
penetrating tissue by the IR light than by the red light [31]. Thus, the LRR signal with the
IR-light measurement has a higher sensitivity for the positive DVT group. The accuracies
and ROC areas of m40 and m10 in the serious DVT scenario are 76% and 73%, and 0.86 and
0.78, respectively. Moreover, for various venous occluded scenarios, the performance of
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m40 is significantly lower using the occluded pressure of 100 mmHg than the occluded
pressure of 150 mmHg, with sensitivity and specificity of 100% and 10% vs. sensitivity
and specificity of 100% and 20.2%, respectively. The present results seem no better than
previous ones [14–16]. The main reason for this could be that our study does not examine
real DVT patients. In the present study, embolization due to thrombus is simulated by
directly occluding veins through a high pressure (100 mmHg or 150 mmHg) cuff wrapping
around the thigh. The cuffs inflated up to 100 and 150 mmHg are employed to simulate
the mild or serious stenosis in deep veins. The deep veins of lower limbs in the 20 subjects
may not effectively respond to the phenomenon of embolization in real time. It is found
that the results for DVT detection are always better under the 150 mmHg compared with
the 100 mmHg. Thus, such finding may, in part, explain this problem.

The study has successfully developed a DVT examination system that may be available
in non-medical places and help to examine whether users have DVT of lower limbs. To do
so, an obvious challenge is how to obtain an optimal position for the LRR probe in order
to apply the system. In the first rule proposed in the study, both the accelerometer and
the LRR signals in the emptying phase are used to determine if the PPG sensor detects the
upstream or downstream venous blood flow. Once the LRR curve is obtained from the
downstream of the venous blood flow, it can be further utilized to find two characteristic
parameters, m40 and m10. In the second rule, the values of both VP1 and VP2 parameters
should be greater than zero. If the value of either the VP1 or the VP2 parameter is negative,
the baseline drift phenomenon must exist in the LRR curve operation.

This study aimed to develop the prototype of an examination system used at non-
medical places for detecting DVT in lower limbs using LRR. The prototype of this DVT
examination system shows that the commercial reflective PPG sensors and accelerometer
could be used for deep vein thrombosis (DVT) detection in lower limbs at a non-medical
place. Moreover, based on a wireless technique, this measurement system can be operated
to control the actions of sensors and display and store the LRR signals on the APP of
a smartphone. To comply with the Subject Consent Form in the approved Institutional
Review Board (IRB) project, the authors were only allowed to recruit healthy subject to do
the related clinical trials. The DVT with stenosis phenomenon in unhealthy participants was
reasonably simulated by inflating the cuff up to 100 mmHg or 150 mmHg. Although two
characteristic parameters, m40 and m10, in the PPG signals measured with the prototype
are available for distinguishing the negative from the positive group, we did not prove that
these two parameters would become standard parameters for the DVT examination. The
reason for this is that the recruited subjects were all healthy adults. In the next study, the
authors will again apply the IRB for clinical trials including healthy and unhealthy subjects
based on the current findings in applying the prototype.

In the system, an array of optical sensors and a motion sensor were designed. Users
are asked to only put the two kinds of sensors at the proper places, and then operate the
APP. The APP will automatically connect the wearable device to a smartphone and test
the LRR signals, and the users should follow the instruction of the APP to move their
foot. Finally, the examination reports will be promptly displayed by means of the APP.
Moreover, the approved IRB only allows us to perform the clinical trial on healthy subjects.
Thus, the included subjects all were the healthy young subjects (50% male and 50% female).
However, based on the current results in this study for DVT detection, the authors will
apply the IRB for the clinical trial on patients with DVT in the next study.

5. Conclusions

The wearable device must be user-friendly and easy to operate, and it must be usable
at non-medical institutes. Based on the LRR, the examination system has been developed
for screening tests in subjects with lower limb DVT and holds several advantages over
previous LRR instruments. The proposed system includes a wearable device and APP
program. The wearable device not only has an array probe with three reflective PPG
sensors, but also has an accelerometer to detect the foot action conditions. The wearable
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device can compensate blood displacement for different cutaneous optical densities because
of skin color, skin thickness, and soft tissue, and it permits quantitative evaluation of vein
position by the quality of the LRR signal. The APP program can control the functions
of the wearable device, instruct the rhythm of the foot action, and display and store the
LRR signals. Twenty healthy subjects were recruited to perform experiments to verify
the performance of this prototype. One important finding is that the two characteristic
parameters, m40 and m10, both can be applied to detect the DVT of loer limbs without
missing any positive cases. This suggests that the prototype of the examination system has
the potential for screening for DVT in non-medical environments.
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Aim: Unilateral vertebral artery hypoplasia is considered a risk factor for posterior

circulation infarction. Despite the increasing attention on unilateral vertebral artery

hypoplasia, few studies have discussed bilateral vertebral artery hypoplasia, its influence

on stroke, or its collateral supply from the circle of Willis. We aimed to identify its

characteristics, stroke pattern, and unique ultrasonographic and brain imaging findings.

Materials and Methods: Of the 1,301 consecutive in-patients diagnosed with acute

ischemic stroke from January 2013 to December 2015, medical and laboratory data

and stroke or transient ischemic attack history were recorded. We enrolled patients

who underwent both brain magnetic resonance imaging and sonography examinations.

Vertebral artery and posterior cerebral artery analyses were conducted in accordance

with clinical criteria.

Results: Adequate imaging data were available for 467 patients. Of these, eight patients

met the criteria for bilateral vertebral artery hypoplasia. The mean age was 62.9 ± 12.1

years. There were six male (75.0%) and two female patients (25.0%). A high prevalence

of hypertension (7/8, 87.5%) was noted.

Sonograms displayed a very low net flow volume in the vertebral arteries, with the average

net flow volume being 28.9 ± 9.7 mL/min. A high frequency (6/8; 75.0%) of the fetal

variant posterior cerebral artery from the carotids was found. The infarction patterns in

these patients were all bilateral, scattered, and in multiple vascular territories.

Conclusion: Patients with bilateral vertebral hypoplasia displayed a unique collateral

supply, special stroke pattern, and younger stroke onset. Early recognition and stroke

prevention should be considered critical in clinical practice.

Keywords: posterior circulation infarction, vertebral artery hypoplasia, posterior cerebral artery, vertebrobasilar

insufficiency, ultrasonagraphy
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INTRODUCTION

Posterior circulation is comprised of two vertebral arteries that
join to form a single basilar artery at the level of the pons.
The basilar artery divides into two posterior cerebral arteries
at the level of the midbrain (1–3). Conventionally, the major
hemodynamics of this area is supplied by the net flow of the
vertebral arteries and partially by the collateral flow from the
spinal arteries or the fetal-type posterior cerebral artery (1, 4).

Case series studies suggest that vertebral artery hypoplasia
(VAH) may contribute to posterior ischemic events, especially
in patients with other cerebrovascular risk factors (5, 6). The
concept of regional hypoperfusion is associated with unilateral
VAH and posterior circulation stroke (7). The risk of posterior
ischemia is related to an increasing degree of VAH (5, 6, 8),
regardless of the net flow (7). Although an increasing number of
studies highlight the importance of unilateral VAH on ischemic
stroke (5, 6, 8, 9), literature discussing the influence of bilateral
VAH on ischemic stroke is limited (10, 11).

With regard to bilateral VAH, low flow volume in a single
vertebral artery as well as inadequate net flow volume in the
basilar artery ensues. Because of the chronic nature of congenital
hypoplasia, the clinical symptoms and stroke patterns of this
vascular disorder would differ from unilateral VAH. Chronic
inadequate posterior circulation leads to the development of
intracranial and extracranial collateral flow (10, 12). Recently, a
case series paper correlated the fetal-type posterior circle ofWillis
with vertebrobasilar hypoplasia (12, 13).

In order to identify obscure clinical features, we reviewed
the characteristics of patients with bilateral VAH by analyzing
their clinical presentations, stroke patterns, risk factors, and
the hemodynamics of collateral flow using ultrasonography and
brain magnetic resonance imaging (MRI).

MATERIALS AND METHODS

Patients
This is a retrospective, observational cross-sectional study. We
reviewed 1,301 consecutive in-patients diagnosed with acute
ischemic stroke at the Chung Shan Medical University Hospital
from January 2013 to December 2015.

Upon admission, the series examination included an MRI,
sonography exam, and a stroke risk factor survey. Patients who
did not receive a brain MRI or sonography exam were excluded.

Patient medical and laboratory data were recorded; this
included the age, sex, presence of systemic diseases, renal
function, lipid profile, drug use, electrocardiogram, and history
of previous stroke or transient ischemic attacks and related
clinical manifestations.

This study was approved by the Institutional Review Board
of Chung Shan Medical University Hospital, Taichung, Republic
of China.

MRI
The infarction lesions were identified and classified by vascular
territory according to MRI and three-dimensional time of
flight (3D TOF) magnetic resonance angiography (MRA)

examinations. A 3-T MRI system (Siemens, Germany) with
the following settings was used T2-weightedimages, TR/TE
6000/100ms, diffusion-weighted images TR/TE 5100/60ms, and
3D TOF TR/TE20/4ms. The locations of ischemic stroke
were categorized as proximal (medulla and posterior inferior
cerebellum), middle (pons and anterior inferior cerebellum),
and distal (rostral brainstem, superior cerebellum, and occipital
and temporal lobes) intracranial posterior circulation territories
(14, 15).

A fetal type posterior cerebral artery (PCA) was classified as
complete or partial according to MRA (12, 13). A complete fetal-
type PCA is considered if the P1 segment is not visualized, and a
partial fetal-type PCA is considered if the P1 segment is smaller
than the posterior communicating artery on brain MRI.

The basilar artery hypoplasia (BAH) was defined as a basilar
artery (BA) diameter <2mm. The BA diameter was calculated
on TOF source images at the mid-pons level. Vascular dissection
was diagnosed if intramural hematoma, intimal flap, the pearl-
and-string, or the double lumen signs were visualized on MRI.

Brain images were reviewed by neuroradiologists and
neurologists, with the former interpreting the fetal-type PCA.

Sonography
Color-coded carotid duplex and transcranial color-coded duplex
examinations were reviewed for all enrolled patients. Intracranial
and extracranial vessels conducted by experienced technicians
using an IE-33 system (Philips Medical System, USA), equipped
with a 2.0-MHz transducer. Routine measurements included
thorough examinations of the bilateral neck carotid and
transforaminal windows. The angle between the ultrasound beam
and the direction of blood flow was adjusted manually. Blood
flow examinations were targeted at the V2 and V4 segments of
the vertebral artery as well as the region proximal to the distal
basilar artery. The diameter and flow volume of each extracranial
vertebral artery, as well as the mean velocity, and pulsatility
index of the intracranial vertebrobasilar arteries were recorded
and analyzed. VAHwas defined according to sonographic criteria
(4, 16, 17), including a≤2.2mm diameter over the V2 segment or
a decreased vertebral flow volume of ≤30 mm/s. Bilateral VAH
was defined as both vertebral arteries meeting the sonographic
criteria of VAH and there was no evidence of dissection findings
on MRI.

Statistics
All statistical analyses were performed using SPSS software
(version 22.0; SPSS Inc., Chicago, IL, USA). Continuous data is
expressed as mean±SD.

RESULTS

Of the 1,301 patients diagnosed with acute ischemic stroke, 467
(149 pateints with posterior circulation infarction) underwent
both MRI and sonographic examinations and were enrolled in
the present study. In patients with posterior circulation, 80 of
them met the criteria of unilateral VAH. Eight of the enrolled
patients met the diagnostic criteria for bilateral VAH. The mean
BA diameter was 2.68 ± 0.20mm (range from 2.29 to 3.08mm).
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In our study, the frequency of bilateral VAH was 1.7% (8/467),
which is similar to that found in previous studies (11, 18). The
characteristics of patients with bilateral VAH are listed in Table 1.

TABLE 1 | Demographic and clinical characteristics of eight patients with bilateral

vertebral artery hypoplasia.

Bilateral hypoplasia (n = 8) Range

Age on stroke, years, mean ±SD 62.9 ± 12.1 46–87

Gender(male), n (%) 6 (75%)

Hypertension, n (%) 7 (87.5%)

Diabetes, n (%) 2 (25%)

Hyperlipidemia, n (%) 1 (12.5%)

Smoking, n (%) 2 (25%)

Alcohol, n (%) 2 (25%)

Renal function, eGFR(mg/dL) 77.3 ± 25.8 29–119

Atrial fibrillation or heart disease, n (%) 0 (0%)

SD, standard deviation; Egfr, estimated glomerular filtration rate.

TABLE 2 | Total VA flow volume, onset age and stroke location analysis in

bilateral, unilateral, or non-vertebral artery hypoplasia groups.

Non-VAH

(61 cases)

Unilateral-VAH

(80 cases)

Bilateral-VAH

(8 cases)

Total VA flow volume 132.9 ± 31.8

mL/min

71.4 ± 21.1

mL/min

28.9 ± 9.7

mL/min

Stroke onset age 66.6 ± 11.5 72.4 ± 10.2 62.9 ± 12.9

Multiple vascular 9/61 (14.7%) 17/80 (21.2%) 5/8 (62.5%)

territory infarctions

VAH, vertebral artery hypoplasia; VA, vertebral artery.

There were six male (75.0%) and two female patients (25.0%).
The average age was 62.9 years (range, 46–87). None of these
patients had atrial fibrillation or heart disease. A high prevalence
of hypertension (7/8, 87.5%) was noted. The prevalence of other
stroke risk factors, including diabetes mellitus, dyslipidemia,
smoking, and alcohol consumption ranged from 12.5 to 25.0%.
We compared net flow volume, onset age, and stroke location
analysis in bilateral VAH, unilateral VAH, and non-VAH groups,
listed in Table 2. The mean net flow volume was 28.9 ±

9.7 mL/min, which is below the criteria of vertebrobasilar
insufficiency (<100 mL/min) (7), and the defined value of
unilateral VAH (30 mL/min) (16). In the bilateral VAH group,
we found their onset age was younger and with more multiple
vascular territory lesions.

The distribution of stroke and individual PCA types is listed in
Table 3. Most of the infarctions were bilateral and multiple (5/8,
62.5%). A fetal-type PCA was recognized in six patients (6/8, 75.0
%), two with a complete bilateral, two with a partial bilateral, and
two with a complete unilateral fetal-type PCA.

DISCUSSION

The prevalence of VAH ranges from 4 to 7% in the normal
population (6, 7, 17). In posterior circulation stroke, the
prevalence is increased to more than 40% according to different
clinical studies (5, 18). Bilateral VAH is recognized in 1.6 to 3.4 %
of patients with ischemic stroke (9, 18).

In our previous study, compared to anterior circulation
infarction, there was a significantly higher frequency of VAH in
posterior circulation infarction (22.38 vs. 44.75%, p< 0.0001) (7).
Literature has demonstrated that VAH plays an important role in
posterior circulation stroke (5–7, 9).

TABLE 3 | Infarction region and clinical manifestation of stroke in patient population.

Age Gender Infarction territory Brain territory

locations

PCA type Initial manifestation at stroke

41–50 Male

(Patient 1)

Pons, midbrain and bilateral

cerebellum hemisphere

*P+M+D Bilateral fetal type Dizziness and unsteady gait

Male

(Patient 2)

Left PICA territory (lateral

medulla)

P Bilateral partial fetal type Right limb paresthesia

51–60 Male

(Patient 3)

Right medulla, pons, and

cerebellum

P+M Right fetal type Dizziness, diplopia and left facial

paresthesia

Female

(Patient 4)

Left pons and bilateral

cerebellum hemisphere

P+M+D Bilateral partial fetal type Dizziness and unsteady gait

61–70 Male

(Patient 5)

Left pons and left anterior

medulla and right vermis

P+M+D Non-fetal type Right hemiparesis and unsteady

gait, lethargy

Male

(Patient 6)

Left thalamus and left

occipital lobe

D Right fetal type Blurred vision and right

hemiparesis and right

paresthesia

71–80 Male

(Patient 7)

Bilateral pons (right>left),

midbrain, and bilateral

cerebellar hemisphere

P+M+D Non-fetal type Severe dysarthria and left

hemiplegia

81–90 Female

(Patient 8)

Bilateral pons and cerebellar

hemisphere

M+D Bilateral fetal type Dysarthria, dysphagia, and

unsteady gait

*P, proximal; M, middle; D, distal posterior circulation territory.
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In this study, we found that patients with bilateral VAH
developed stroke at a younger age (six patients <66 years) than
the mean age of ischemic stroke, which ranges from 66 to 70
years (19), and other groups with posterior circulation infarctions
(Table 2). The prevalence of hypertension in this group was
significantly higher than the general stroke population (20).
Cerebral autoregulation for chronic vertebrobasilar insufficiency
may explain the blood pressure response (21).

Table 3 displays the initial manifestation of the patient
population, which included dizziness, severe dysarthria,
hemiplegia, and ataxia. In unilateral VAH-related stroke, the
location of the infarct is usually limited to the territory of the
ipsilateral artery, particularly in lateral medullar infarction
and posterior inferior cerebellar artery infarction (2, 22, 23).
In bilateral VAH, the infarction territory was mostly bilateral,
involvingmultiple vascular territories, despite receiving collateral
blood supply from the fetal-type PCA (Table 3 and Figure 1).
The clinical presentation of these patients illustrates the high
variability and burden of posterior circulation infarction. Most
cases of multiple infarctions resulted in severe handicap or coma;
therefore, it is important to detect at-risk patients.

Scattered brain infarction is usually related to cardioembolic
stroke or artery-to- artery embolism (24); however, no patients
in our population had atrial fibrillation, other heart disease, or
significant atherosclerosis across the major arteries, suggesting
the effect of hypoperfusion in bilateral VAH-related stroke.
Several studies reported unilateral VAH to be associated with
relative hypoperfusion in the dependent vascular territory (5, 7).
According to the extracranial ultrasonography of our patient
group, the mean (±SD) of the total vertebral flow volume
was low(28.9 ± 9.7 mL/min, Table 2), compared with the
non-VAH or unilateral VAH group (Table 2), which suggest
severe hypoperfusion of the vertebrobasilar system, and as
a consequence, development of an earlier and more severe
posterior circulation infarction (Table 2).

In this study, bilateral VAH evolving into a smaller basilar
artery (mean BA diameter 2.68 ± 0.20mm, range from 2.29
to 3.08mm) was recognized. Artery to artery embolism from
vertebrobasilar hypoplasia would also contribute to scattered
infarctions. Literature has demonstrated (25) BAHwas associated
with pontine infarction andVAHwas associated with themedulla
and inferior cerebellum. Emboli were known to preferentially
reach the distal posterior circulation arteries (14). However, it is
difficult to recognize the true origin of embolism since the artery
to artery embolism and large artery hemodynamic should be one
of concern.

For the treatment of bilateral VAH, early preventive drugs for
ischemic insults, including antiplatelet or anticoagulant drugs,
could be considered in symptomatic patients. Reconstruction
of the blood supply, such as bypass surgery, would be another
option (26).

Conventionally, a fetal-type PCA was thought to be a normal
variant and common in the general population; however, in some
reports this vascular type was associated with a higher risk for
ischemic stroke, both in the anterior and posterior circulation
(3, 4, 27, 28). Until now, its significance has been under debate.

In the literature, the incidence of a unilateral and bilateral
fetal-type PCA ranged from 4 to 26% and 2 to 4%, respectively
(13, 27, 28). Studies state commonly reported symptoms in
patients with a fetal-type PCA to be dizziness, headache,
and focal neurological deficits (3, 28). In our population,
75% of patients with bilateral VAH also displayed a fetal-
type PCA, illustrating a sizable co-existence (75%) of bilateral
VAH and a unilateral or bilateral fetal-type PCA. This finding
corresponds to findings from previous studies that suggest
the simultaneous occurrence of a hypoplastic vertebrobasilar
system and fetal-type circle of Willis, and the increased
development of ischemic events in the posterior circulation
(3, 12).

From an embryological perspective, due to the delayed
development of the P1 segment, the PCAs are supplied by
the internal carotid arteries via the posterior communicating
arteries temporally.

Typically, an adult PCA is complete at 6–7 weeks of
embryological development (29). Inadequate flow of the basilar
PCA system may interrupt the normal development of the PCA.
Nevertheless, it is not clear how a fetal-type circle of Willis
responds to unilateral VAH (30) or significantly inadequate
basilar flow (in this study), or how it evolves to the adult
configuration, which leads to a higher risk for both anterior and
post-ischemic strokes (12, 27). However, the significance and
pathophysiology of a fetal-type PCA in stroke remains unclear.
Further comprehensive research is necessary.

In this study, most patients with bilateral VAH displayed a
fetal variant of the PCA, supplied from the anterior circulation
via the posterior communicating artery segment. However,
with such hemodynamic compensation, supplementation via
the fetal-type PCA still failed to support the vertebrobasilar
system, resulting in a multifocal scattered infarction in the
posterior circulation.

There were several limitations in this study. First, the case
number of bilateral VAH is small, and we enrolled our samples
from in-patients and not in healthy subjects. Overestimated
frequencies and symptoms of bilateral VAH would be suspected.
Because we applied the duplex ultrasonographic criteria of VAH,
stenosis over the VA orifice or decreased VA flow volume due
to atherosclerosis stenosis is a possible trap as applying the
sonographic criteria of VAH diagnosis. Compared evaluation
of the contrast-enhanced MRA images at the same time would
result in a more reliable diagnosis.

CONCLUSION

We evaluated the clinical and vascular characteristics of patients
with stroke and bilateral VAH. We found a younger age
at stroke onset, obvious hypertension, bilateral and multiple
vertebrobasilar infarcts, and a high prevalence of the fetal PCA
in our enrolled patients.

Clinically, bilateral VAH may pose a significant risk to the
posterior circulation; therefore, early detection and prevention
are crucial in this patient group.
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FIGURE 1 | MRI diffusion-weighted images (DMI) and MRA images of total eight patients (MRI DWI showed multiple infarctions in these patients; MRA showed fetal

type PCA, vertebral hypoplasia, small caliber of basilar artery, or invisible vertebrobasilar arteries).
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Abstract

Recent clinical trials showed that short aspirin duration (1 or 3 months) in dual antiplatelet

therapy (DAPT) followed by P2Y12 inhibitor monotherapy reduced the risk of bleeding and

did not increase the ischemic risk compared to 12-month DAPT in acute coronary syndrome

(ACS) patients undergoing percutaneous coronary intervention (PCI). However, it is unclear

about the optimal duration of aspirin in P2Y12 inhibitor monotherapy. The purpose of this

study was to evaluate the influence of aspirin treatment duration on clinical outcomes in a

cohort of ACS patients with early aspirin interruption and received P2Y12 inhibitor mono-

therapy. From January 1, 2014 to December 31, 2018, we included 498 ACS patients (age

70.18 ± 12.84 years, 71.3% men) with aspirin stopped for various reasons before 6 months

after PCI and received P2Y12 inhibitor monotherapy. The clinical outcomes between those

with aspirin treatment� 1 month and > 1 month were compared in 12-month follow up after

PCI. Inverse probability of treatment weighting was used to balance the covariates between

groups. The mean duration of aspirin treatment was 7.52 ± 8.10 days vs. 98.05 ± 56.70

days in the 2 groups (p<0.001). The primary composite endpoint of all-cause mortality,

recurrent ACS or unplanned revascularization and stroke occurred in 12.6% and 14.4% in

the 2 groups (adjusted HR 1.19, 95% CI 0.85–1.68). The safety outcome of BARC 3 or 5

bleeding was also similar (adjusted HR 0.69, 95% CI 0.34–1.40) between the 2 groups. In

conclusion, patients with� 1 month aspirin treatment had similar clinical outcomes to those

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0251109 May 12, 2021 1 / 12

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Ho M-Y, Chen P-W, Feng W-H, Su C-H,

Huang S-W, Cheng C-W, et al. (2021) Effect of

aspirin treatment duration on clinical outcomes in

acute coronary syndrome patients with early

aspirin discontinuation and received P2Y12

inhibitor monotherapy. PLoS ONE 16(5):

e0251109. https://doi.org/10.1371/journal.

pone.0251109

Editor: Giuseppe Gargiulo, Federico II University,

ITALY

Received: January 3, 2021

Accepted: April 20, 2021

Published: May 12, 2021

Copyright:© 2021 Ho et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: This study is under

the regulation of the Institutional Review Board in

National Cheng-Kung University Hospital, Tainan,

Taiwan. The authors are unable to make the data

set publicly available because of the restrictions

imposed by the Institutional Review Board to

protect the confidentiality of each participant. The

data of this study are only available upon request.

Readers and researchers may send data requests

to the director of the Institutional Review Board in

https://orcid.org/0000-0003-2300-0698
https://orcid.org/0000-0002-1994-6205
https://orcid.org/0000-0003-4003-008X
https://orcid.org/0000-0003-3206-0908
https://orcid.org/0000-0003-2823-2025
https://doi.org/10.1371/journal.pone.0251109
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251109&domain=pdf&date_stamp=2021-05-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251109&domain=pdf&date_stamp=2021-05-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251109&domain=pdf&date_stamp=2021-05-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251109&domain=pdf&date_stamp=2021-05-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251109&domain=pdf&date_stamp=2021-05-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251109&domain=pdf&date_stamp=2021-05-12
https://doi.org/10.1371/journal.pone.0251109
https://doi.org/10.1371/journal.pone.0251109
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


with treatment > 1 month. Our results indicated that� 1-month aspirin may be enough in

P2Y12 inhibitor monotherapy strategy for ACS patients undergoing PCI.

Introduction

Current guidelines recommend 12-month dual antiplatelet therapy (DAPT) with aspirin and a

P2Y12 inhibitor for patients with acute coronary syndromes (ACS) undergoing percutaneous

coronary intervention (PCI) [1, 2]. However, the optimal duration of DAPT is still controver-

sial because the DAPT-associated bleeding is a major clinical challenge. Multiple lines of evi-

dence have shown that major bleeding is a significant risk factor for cardiac morbidity and

mortality in patients with ACS or after coronary stenting [3, 4]. The platelet inhibitory effects

are greater with P2Y12 inhibitors than aspirin. Aspirin provides little additional antiplatelet

effects under P2Y12 inhibitor treatment [5, 6]. Therefore, one of the ways to decrease bleeding

risk while preserving antithrombotic efficacy is to abandon aspirin early after PCI and use

P2Y12 inhibitor monotherapy [5, 6]. Recently, this strategy of short-term DAPT (aspirin 1 or

3 months) followed by P2Y12 inhibitor monotherapy was evaluated in a number of clinical tri-

als. These studies demonstrated that P2Y12 inhibitor monotherapy could be an effective and

safe antiplatelet strategy in patients undergoing PCI [7–11]. A meta-analysis, involving these 5

clinical trials (GLOBAL-LEADERS, TWILIGHT, SMART-CHOICE, STOPDAPT-2, and

TICO) with 32,361 patients, provided strong evidence that P2Y12 inhibitor monotherapy

results in significantly lower rate of bleeding compared with conventional 12-month DAPT

with no signal of increased ischemic risk [12]. In the TWILIGHT, SMART-CHOICE and

TICO trials, the DAPT duration was 3 months; while the length of DAPT was only 1 month in

GLOBAL-LEADERS and STOPDAPT-2 trials. When P2Y12 inhibitor monotherapy is consid-

ered as an alternative antiplatelet strategy for ACS patients at bleeding risk, it is still unclear

about the optimal duration of aspirin. We designed this study to include ACS patients who

underwent PCI but only received short duration of aspirin for various reasons and received

P2Y12 inhibitor monotherapy. The clinical outcomes were compared between those with aspi-

rin treatment duration� 1 month and > 1 month after PCI and switching to P2Y12 inhibitor

monotherapy.

Methods

Study population

The design of this multicenter, retrospective, observational study was published previously

[13]. In brief, ACS patients who received PCI during admission and were treated with P2Y12

inhibitor monotherapy were enrolled from January 2014 to December 2018 from 8 major

teaching hospitals in Taiwan. Patients were eligible if they were� 18 years, admitted with a

major diagnosis of ACS, received PCI with bare metal stent (BMS) and/or contemporary drug

eluting stent (DES) implantation during hospitalization, survived to discharge, and regularly

followed up in outpatient clinic for at least 1 year after discharge. A patient could receive more

than one stent during PCI. Aspirin was stopped within 6 months after PCI in all included

patients due to various reasons. P2Y12 inhibitor monotherapy with either clopidogrel 75 mg

daily or ticagrelor 90 mg twice daily was used. The exclusion criteria were patients with (1)

life-threatening malignancy with life expectancy less than 1 year, (2) hematological disease

with bleeding tendency, (3) treatment with immunosuppressive agents, and (4) need of oral

anticoagulation therapy. The demographic data, coronary risk factors, major disease history,
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PCI procedures and medications were collected from the patients’ medical records according

to a pre-determined study protocol. The timing and reasons for aspirin discontinuation after

PCI were recorded. Enrolled patients were divided into 2 groups by the timing of aspirin with-

drawal:� 1 month or > 1 month after PCI. The study was conducted according to the princi-

ples expressed in the Declaration of Helsinki and was approved by the Institutional Review

Boards of the 8 participating hospitals. All data from the medical records were fully anon-

ymized. The study protocol was approved by the Medical Ethics Committee of National

Cheng Kung University Hospital (IRB: A-ER-107-375) and granted a waiver of informed con-

sent due to its study nature.

Follow-up

All patients were followed up for at least 12 months after discharge or until one of the primary

composite endpoints occurred. The primary composite endpoints included all-cause mortality,

recurrent ACS or unplanned revascularization, and stroke within 12 months after the index

PCI. The secondary endpoint was the breakdown incidence of the primary composite end-

points. Recurrent ACS was defined as readmission to a hospital for a primary diagnosis of new

onset ST-segment elevation myocardial infarction (STEMI), non-ST segment elevation myo-

cardial infarction (NSTEMI) or unstable angina. Unplanned revascularization was defined as

the first unexpected revascularization after discharge, including redo PCI or coronary artery

bypass graft (CABG) after the index PCI due to new onset ischemic symptoms. Stroke, includ-

ing ischemic or hemorrhagic stroke, was diagnosed by the occurrence of new-onset neurologi-

cal symptoms and signs with neuroimaging studies. All clinical events of the primary

composite endpoints were documented in the medical records and reported by the physicians

that followed up the patients. The safety endpoint was the occurrence of major bleeding,

which was defined as the Bleeding Academic Research Consortium (BARC) type 3 and 5

bleedings [14].

Statistical analysis

Continuous variables were expressed as mean ± standard deviation and categorical variables

were expressed as numbers and percentages. Unpaired Student’s t test for continuous variables

and chi-square test for categorical variables were used for comparison between groups. The

level of statistical significance was set at p< 0.05 (2-tailed). To adjust for potential confound-

ing due to baseline imbalances in study covariates while preserving sample size, we used the

inverse probability of treatment weights (IPTW) method based on the propensity score. The

propensity score is the probability conditional on baseline covariates, including age, sex,

STEMI status, diabetes mellitus, hypertension, hyperlipidemia, smoker, previous MI, previous

PCI, previous CABG, previous ischemic stroke, previous hemorrhagic stroke, chronic kidney

disease without dialysis, end stage renal disease with dialysis, heart failure, atrial fibrillation,

peripheral artery disease, left ventricular ejection fraction, coronary angiography finding, PCI

procedure, location of lesion treated, stent, and medications. With IPTW method, the propen-

sity score was used to generate patient specific stabilized weights that control for covariate

imbalances [15, 16]. The propensity-score weight was calculated as the inverse of the propen-

sity score for each client. Both the absolute standardized mean difference (ASMD) and p value

were used to assess the balance between groups before and after weighting. The Cox propor-

tional-hazards models were then adjusted for differences in the treatment groups using IPTW

derived from the propensity score which was designated as IPTW model. In the IPTW model

after matching, the clinical factors with ASMD > 0.1 were put into the multivariate Cox pro-

portional-hazards models for further adjustment. Adjusted hazard ratios (HRs) and 95%
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confidence intervals (CIs) were calculated. We used the same Cox proportional hazards model

to estimate p values for interaction in the subgroup analysis. SAS statistical package (version

9.4 for Windows; SAS Institute, Cary, NC, USA) was used for all analyses.

Results

Overall, a total 498 patients (mean age 70.18 ± 12.84 years, men 71.3%) that fulfilled the inclu-

sion and exclusion criteria were included in this study. The mean duration of aspirin treatment

was 40.25 ± 55.63 days. There were 318 patients (63.9%) whose aspirin was stopped before 1

month after PCI. The mean time of aspirin treatment was 7.52 ± 8.10 days in those with aspirin

treatment duration� 1 month and 98.05 ± 56.70 days in those with > 1 month (p< 0.001).

Table 1 shows the comparisons of baseline characteristics of patients between the 2 groups.

Among all patients, 28.3% had STEMI, 54.4% had diabetes, and 49.8% had chronic kidney dis-

ease, including 13.7% receiving dialysis. For PCI procedure, 44.2% were intervention of multi-

ple lesions and 57% received DES. The percentage of P2Y12 inhibitors, including 54.4%

clopidogrel and 45.6% ticagrelor, were similar between the 2 groups. After propensity score

matching, the 2 groups were almost balanced in clinical characteristics and intervention proce-

dures (Table 1). Table 2 illustrates the reasons for premature discontinuation of aspirin. The

most common reason to stop aspirin was gastrointestinal bleeding (46.59%) with a similar per-

centage in both groups. Aspirin allergy or intolerance and gastrointestinal upset were also

common reasons to stop aspirin. Aspirin allergy or intolerance was more common in those

with aspirin treatment duration� 1 month; while gastrointestinal upset and discomfort were

higher in those with> 1 month. There were 23.49% patients that had other or unknown

causes.

The mean follow-up time was 336.75 ± 81.87 and 332.61 ± 75.75 days in each group

(p = 0.578). The clinical outcomes during the 12-month follow-up were shown in Table 3. For

primary composite endpoints, there were 40 events (12.6%) in those with aspirin treatment

duration� 1 month and 26 events (14.4%) in those with> 1 month. No significant difference

was found between the groups after multivariate adjustment (adjusted HR 1.19, 95% CI 0.85–

1.68). In the secondary endpoint, there were also no significant differences of recurrent ACS

or unplanned revascularization and all-cause death between the groups. The risk of stroke was

low with only 1 event. For safety outcome, there was one bleeding event of intracerebral hem-

orrhage and defined as BARC 5 bleeding. All other BARC 3 bleeding was gastrointestinal

bleeding. Overall, the BARC 3 or 5 bleeding was 3.8% in those with aspirin treatment

duration� 1 month and 3.3% in those with> 1 month and there was no significant difference

(adjusted HR 0.69, 95% CI 0.34–1.40) between the 2 groups. Fig 1 shows the main findings of

this study. Subgroup analysis showed that aspirin treatment duration� 1 month had a consis-

tent effect on the primary outcome across subgroups of age, sex, STEMI, clopidogrel or tica-

grelor, diabetes mellitus, hypertension, chronic kidney disease, single or multiple-lesion

intervention, and DES except in the subset of patients with multi-vessel PCI (Fig 2).

Discussion

This study analyzed the impact of different aspirin treatment duration on 12-month clinical

outcomes in ACS patients received P2Y12 inhibitor monotherapy. Our results indicated that

aspirin treatment> 1 month did not gain more ischemic risk reduction than those with aspi-

rin treatment� 1 month. The current recommendation of 12-month DAPT after ACS was

mainly based on the previous clinical trials showing that, compared to aspirin monotherapy,

DAPT reduced recurrent major adverse cardiovascular event (MACE) [17, 18]. The benefits of

12-month DAPT maybe no longer valid in the context of the recent progress in newer
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Table 1. Baseline characteristics of patients with different duration of aspirin use.

Inverse probability of treatment weighting

Before After

All � 1 month > 1 months p value ASMD � 1 month > 1 months p value ASMD

N = 498 (%) N = 318 (%) N = 180 (%) (pseudo data) (pseudo data)

Age 70.18 ± 12.84 71.00 ± 12.57 68.74 ± 13.20 0.059 0.175 70.24 ± 16.05 71.45 ± 22.22 0.319 0.063

Male 355 71.29 237 74.53 118 65.56 0.043 0.197 71.53 70.9 0.904 0.014

STEMI 141 28.31 89 27.99 52 28.89 0.912 0.020 28.21 23.99 0.364 0.096

Diabetes mellitus 271 54.42 173 54.40 98 54.44 1.000 0.001 54.80 59.78 0.400 0.101

Hypertension 376 75.50 233 73.27 143 79.44 0.153 0.146 75.27 76.39 0.821 0.026

Hyperlipidemia 273 54.82 170 53.46 103 57.22 0.473 0.076 54.36 51.75 0.683 0.052

Smoker 146 29.32 101 31.76 45 25.00 0.136 0.150 28.98 25.05 0.415 0.089

Previous MI 78 15.66 50 15.72 28 15.56 1.000 0.005 14.98 13.99 0.786 0.028

Previous PCI 140 28.11 103 32.39 37 20.56 0.007 0.271 27.00 32.78 0.424 0.127

Previous CABG 16 3.21 11 3.46 5 2.78 0.881 0.039 2.94 3.07 0.946 0.008

Previous ischemic stroke 76 15.26 49 15.41 27 15.00 1.000 0.011 16.22 14.99 0.753 0.034

Previous hemorrhagic stroke 3 0.60 2 0.63 1 0.56 1.000 0.010 0.57 0.46 0.857 0.015

CKD without dialysis 180 36.14 120 37.74 60 33.33 0.376 0.092 36.06 37.15 0.866 0.023

ESRD with dialysis 68 13.65 39 12.26 29 16.11 0.287 0.110 13.32 15.65 0.652 0.066

Heart failure 168 33.73 93 29.25 75 41.67 0.007 0.262 33.48 32.26 0.818 0.026

Atrial fibrillation 66 13.25 47 14.78 19 10.56 0.231 0.127 12.93 10.87 0.538 0.064

Peripheral artery disease 32 6.43 21 6.60 11 6.11 0.980 0.020 6.86 9.85 0.550 0.108

LVEF 57.17 ± 14.53 56.43 ± 14.01 58.48 ± 15.35 0.130 0.140 57.29 ± 17.89 58.12 ± 25.14 0.140 0.040

CAG finding 0.702 0.061 0.897 0.055

1-vessel disease 123 24.70 80 25.16 43 23.89 0.836 0.030 25.19 23.16 0.661 0.048

2-vessel disease 141 28.31 93 29.25 48 26.67 0.610 0.058 28.30 30.43 0.744 0.047

3-vessel disease 234 46.99 145 45.60 89 49.44 0.464 0.077 46.51 46.42 0.988 0.002

PCI procedure 0.258 0.115 0.644 0.061

Single lesion intervention 278 55.82 171 53.77 107 59.44 56.03 53.02

Multiple lesions intervention 220 44.18 147 46.23 73 40.56 43.97 46.98

Single-vessel PCI 331 66.47 209 65.72 122 67.78 0.713 0.044 67.80 66.08 0.771 0.036

Multi-vessel PCI 167 33.53 109 34.28 58 32.22 32.20 33.92

Location of lesion treated

LM 38 7.63 29 9.12 9 5.00 0.137 0.161 7.56 8.64 0.824 0.040

LAD 319 64.06 207 65.09 112 62.22 0.586 0.060 63.61 65.11 0.788 0.031

LCX 194 38.96 131 41.19 63 35.00 0.205 0.128 38.13 35.7 0.686 0.050

RCA 234 46.99 153 48.11 81 45.00 0.565 0.062 46.82 41.49 0.377 0.108

SVG 2 0.40 0 0.00 2 1.11 0.130 0.150 . 0.39 .

Stent

Bare metal stent 214 42.97 141 44.34 73 40.56 0.468 0.077 42.59 38.06 0.433 0.093

Everolimus-eluting stent 93 18.67 63 19.81 30 16.67 0.456 0.082 18.70 22.5 0.563 0.094

Zotarolimus-eluting stent 99 19.88 58 18.24 41 22.78 0.270 0.113 20.09 17.31 0.483 0.071

Biolimus-eluting stent 26 5.22 16 5.03 10 5.56 0.966 0.023 5.17 4.22 0.624 0.045

Siroliums-eluting stent 65 13.05 36 11.32 29 16.11 0.166 0.140 13.54 12.5 0.761 0.031

Medications

Clopidogrel 271 54.42 175 55.03 96 53.33 0.786 0.034 54.05 59.41 0.369 0.108

Ticagrelor 227 45.58 143 44.97 84 46.67 0.786 0.034 45.95 40.59 0.369 0.108

Beta blocker 367 73.69 228 71.70 139 77.22 0.215 0.127 73.28 69.82 0.589 0.079

RAS inhibitor 283 56.83 170 53.46 113 62.78 0.055 0.190 56.15 54.57 0.807 0.032

(Continued)
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generation coronary stents, intracoronary imaging-guided optimal stent implantation and

appearance of more potent P2Y12 inhibitors. Aspirin has been long considered to be the cor-

nerstone of antiplatelet therapy. However, previous studies found aspirin added little addi-

tional inhibition of platelet aggregation under the treatment of potent P2Y12 inhibitors [19,

20]. Therefore, short-duration aspirin followed by P2Y12 inhibitor monotherapy become an

alternative antiplatelet strategy in patients received PCI. The recent 5 clinical trials to test

P2Y12 monotherapy strategy all designed to give aspirin in the first 1 or 3 months, tradition-

ally regarded as the most vulnerable phase after PCI [7–11]. In our study, we found aspirin

treatment� 1 month (mean duration 7.52 ± 8.10 days) had similar ischemic outcomes to

those having aspirin> 1 month (mean duration 98.05 ± 56.70 days). In patients with atrial

fibrillation (AF) and PCI, recent meta-analysis studies indicated that omission of aspirin after

PCI and use P2Y12 inhibitor plus oral anticoagulant not only reduced the risk of bleeding, but

also carried no significant increase of MACE [21, 22]. In the post hoc analysis of the AUGUS-

TUS study for AF and PCI, use of aspirin up to 30 days resulted in more bleeding events but

fewer ischemic events than placebo. However, prolonged use of aspirin over 30 days only

increased bleeding risk, but without any significant benefit of reducing ischemic events [23].

Recently, a pioneer clinical trial in which patients with low-risk stable coronary artery disease

were treated with prasugrel monotherapy without aspirin after elective PCI. No stent throm-

bosis was found after 3 months follow up in this study indicating aspirin-free strategy with

P2Y12 inhibitor monotherapy may be feasible and safe in selected stable patients undergoing

PCI [24]. Recent meta-analyses studies comparing P2Y12 inhibitor monotherapy vs. DAPT

demonstrated that early aspirin discontinuation (1–3 months) with P2Y12 inhibitor mono-

therapy decreased bleeding risk and did not increase the risk of MACE, even in ACS patients

Table 1. (Continued)

Inverse probability of treatment weighting

Before After

All � 1 month > 1 months p value ASMD � 1 month > 1 months p value ASMD

N = 498 (%) N = 318 (%) N = 180 (%) (pseudo data) (pseudo data)

Statin 405 81.33 246 77.36 159 88.33 0.004 0.294 81.26 73.38 0.297 0.189

PPI use 203 40.76 127 39.94 76 42.22 0.687 0.047 39.62 39.12 0.934 0.010

ASMD, absolute standardized mean difference; CABG, coronary artery bypass graft; CAG, coronary angiography; CKD, chronic kidney disease; ESRD, end stage renal

disease; LAD, left anterior descending artery, LCX, left circumflex artery; LM, left main artery; LVEF, left ventricular ejection fraction; MI, myocardial infarction; PCI,

percutaneous coronary intervention; PPI, proton pump inhibitor; RAS, renin angiotensin system; RCA, right coronary artery; STEMI, ST-segment elevation myocardial

infarction. Everolimus-eluting stent: Xience, Promus/Synergy, Zotarolimus-eluting stent: Resolute integrity/Onyx, Biolimus-eluting stent: BioMatrix, Siroliums-eluting

stent: Nobori/Ultimaster, Orsiro.

https://doi.org/10.1371/journal.pone.0251109.t001

Table 2. Reasons for premature discontinuation of aspirin.

All � 1 month > 1 month p value

N = 498 (%) N = 318 (%) N = 180 (%)

Gastrointestinal bleeding 232 (46.59) 147 (46.23) 85 (47.22) 0.904

Other sites bleeding 35 (7.03) 17 (5.35) 18 (10.00) 0.077

Aspirin allergy or intolerance 53 (10.64) 42 (13.21) 11 (6.11) 0.021

Gastrointestinal upset or discomfort 48 (9.64) 18 (5.66) 30 (16.67) <0.001

Need surgery or thrombocytopenia 13 (2.61) 8 (2.52) 5 (2.78) 1.000

Other or unknown causes 117 (23.49) 86 (27.04) 31 (17.22) 0.018

https://doi.org/10.1371/journal.pone.0251109.t002
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[25, 26]. The remaining question is the optimal choice of P2Y12 inhibitor in patients pre-

scribed monotherapy. It is well known that clopidogrel has a significant interpatient variability

of antiplatelet activity [27]. In ACS patients under the background aspirin therapy, prasugrel

and ticagrelor have better cardiovascular outcomes than clopidogrel [28, 29]. In ACS patients

who received P2Y12 inhibitor monotherapy, our previous observation study showed that tica-

grelor had a lower risk of ischemic outcome compared with clopidogrel during the 12-month

follow up after PCI [13]. It seems that, if P2Y12 inhibitor monotherapy is adopted, a more

potent P2Y12 inhibitor is a better choice than clopidogrel. Further randomized clinical trials

are necessary to compare the efficacy and safety between ticagrelor vs. clopidogrel in P2Y12

inhibitor monotherapy.

One of the major limitations of our study is its non-randomized, observational study design

and the study was not registered in a clinical trials database, such as ClinicalTrials.gov.

Although the statistical method, IPTW, was used to balance the differences between the

groups, some unmeasured or unidentified confounding factors still potentially may bias the

clinical outcomes. For example, the duration of aspirin was not predefined in each group. The

time to develop the reasons for stopping aspirin was variable. In about 23.5% patients, the true

reasons for early aspirin discontinuation were unclear due to limited information recorded in

the charts. Furthermore, only patients with available one-year follow-up data were included is

Table 3. Clinical outcomes at 12-month follow up.

All 1�month > 1 month Crude HR p value Adjusted HR p value

N = 498 N = 318 (Ref) N = 180 (95% CI) (95% CI)

Primary composite endpoint 66 (13.25) 40 (12.58) 26 (14.44) 1.304 (0.934–1.820) 0.119 1.193 (0.850–1.675) 0.308

Secondary endpoint

Recurrent ACS or unplanned revascularization 41 (8.23) 24 (7.55) 17 (9.44) 1.625 (1.074–2.457) 0.022 1.384 (0.905–2.117) 0.134

Stroke 1 (0.20) 0 1 (0.56) - -

All-cause death 24 (4.82) 16 (5.03) 8 (4.44) 0.722 (0.395–1.321) 0.291 0.774 (0.422–1.420) 0.408

BARC 3 or 5 bleeding 18 (3.61) 12 (3.77) 6 (3.33) 0.684 (0.337–1.387) 0.292 0.687 (0.337–1.402) 0.303

ACS, acute coronary syndrome; BARC, Bleeding Academic Research Consortium.

Adjusted variables included diabetes mellitus, previous PCI, peripheral artery disease, P2Y12 inhibitor, and statin.

https://doi.org/10.1371/journal.pone.0251109.t003

Fig 1. Clinical outcomes at 12-month follow up.

https://doi.org/10.1371/journal.pone.0251109.g001
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another limitation because this cohort potentially could not represent the whole patient group

with early aspirin interruption and selection bias could occur. Second, the small patient num-

ber is another major limitation of our study. It may cause a problem of underpower to evaluate

the clinical events. Third, we found there was no significant difference in the risk of major

bleeding (BARC type 3 to 5) between patients with longer or shorter aspirin treatment dura-

tion. In our study, all clinical events were investigator-reported, but not adjudicated by a clini-

cal events committee. Recently, the Academic Research Consortium (ARC) for High Bleeding

Risk (HBR) criteria were proposed and validated to identify patients with bleeding risk [30–

32]. The rate of BARC 3 or 5 bleeding at 1 year was 3.6% in our cohort which can be defined as

borderline HBR according to the 4% cut-off proposed by the ARC-HBR to identify HBR

patients [31, 32]. Among the studies of P2Y12 inhibitor monotherapy, the SMART-CHOICE,

STOPDAPT-2 and TICO trials were performed in East Asian countries. In the SMART-CH-

OICE study that compared aspirin plus a P2Y12 inhibitor for 3 months and followed by

P2Y12 inhibitor monotherapy vs. DAPT for 12 months, the major bleeding risk defined as

Fig 2. Subgroup analysis of the effect of different aspirin duration on primary composite endpoints.

https://doi.org/10.1371/journal.pone.0251109.g002
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BARC type 3 to 5 bleeding was also similar between the groups (HR 0.87, 95% CI 0.40 to 1.88)

[10]. In the STOPDAPT-2 compared 1-month DAPT followed by P2Y12 inhibitor monother-

apy versus 12-month DAPT. The BARC type 3 or 5 bleeding was lower in the monotherapy

group (HR 0.30, 95% CI 0.13–0.65), but the severe bleeding defined by GUSTO criteria was

similar (HR 0.37, 95% CI 0.12–1.15) between the groups [9]. Only the TICO study exclusively

included ACS patients [11]. The TICO study showed ACS patients received ticagrelor mono-

therapy after 3-month DAPT had a significantly lower risk of major bleeding (HR, 0.56, 95%

CI 0.34–0.91). Overall, it is difficult to compare the results between these clinical trials and our

study because of differences in P2Y12 inhibitor used and aspirin treatment duration. Fourth,

43% patients in this study received BMS and 54% patients still received clopidogrel. The data

reflected current treatment status of ACS in Taiwan [33, 34]. The use of BMS is due to the

restriction of the Taiwan National Health Insurance which only reimburses the price of BMS.

Patients have to pay $1,500 to $2,000 US dollars for using one DES. For fear of bleeding, clopi-

dogrel instead of ticagrelor, is still commonly used in most East Asian countries, including Tai-

wan. The ischemic outcome could be different if more ticagrelor and DES were used in our

patients. Finally, we did not have the data about the percentage of patients that received com-

plex PCI or complete revascularization. These factors cannot be analyzed in the subgroup anal-

ysis. There was a significant interaction in the subgroup analysis between single and multi-

vessel PCI. Aspirin > 1 month was more favored in the subset of the patients with single vessel

PCI. In the initial study protocol, we only recorded single lesion or multiple lesions interven-

tion. The data of single or multi-vessel PCI was not recorded. We used the original CAG find-

ings (1-vessel, 2-vessel, 3-vesssel disease), location of lesion treated, and PCI procedure (single

or multiple lesions intervention) to roughly estimate the percentage of single or multivessel

PCI. The influence of aspirin duration on clinical outcomes in these specific patient groups

with different PCI procedures needs further investigation. We also did not know the effects of

prasugrel monotherapy. Prasugrel was introduced into Taiwan in the end of 2018. There were

only few patients received prasugrel during the study period, so no case of prasugrel mono-

therapy was included in this study.

Conclusions

In conclusion, the risk of ischemic events was similar between those with aspirin

treatment > 1 month versus� 1 month in ACS patients undergoing PCI and received P2Y12

inhibitor monotherapy. Under P2Y12 inhibitor therapy, early discontinuation of aspirin� 1

month after PCI may be feasible and safe. Due to the study’s limitations, further randomized

clinical trials are needed to reconfirm our study results.
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Convolutional neural Network-based detection of deep vein thrombosis in a 
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A B S T R A C T   

Artificial intelligence has been widely used in the biomedical engineering field, which can assist the clinicians in 
disease diagnoses, help the engineers in physiological signal processing, or serve the people with chronic diseases 
in the homecare management. Blood clots in the deep veins of human body is called the deep vein thromboses 
(DVT). If the embolus passes through the lung, patient will have a life-threatening risk. Therefore, how to use the 
artificial intelligence to serve daily monitoring of the DVT condition is a valuable exploration. The light 
reflection rheography (LRR) has been used to detect the DVT of low limbs. In the previous study, the wearable 
device using LRR technique has been developed. But, this examination system could not be used by non- 
physician because the signal-quality evaluation of LRR and the classification of positive or negative DVT using 
the LRR signal all need the manual process. The goal of this study is to use a two-dimension convolutional neural 
network (2D CNN) to evaluate the qualities of LRR signals and classify the positive or negative DVT from the LRR 
signal with high reliability. The LRR signal and the smoothed signal were combined together to form a 450x450 
image as the input pattern. In this study, twenty subjects were recruited to perform four-time experiments. A cuff 
pressured to 100 mmHg and 150 mmHg occluded the veins of low limbs to simulate the slight and serious DVT 
scenarios, and which was placed at the top and bottom of the knee of left leg to simulate the distal and proximal 
embolization. In the signal-quality evaluation, there were 700 samples including 476 high qualities and 224 low 
qualities, which were marked by the experts according to the vein emptying phenomenon. In the DVT classifi-
cation, there were 476 samples including 167 negative samples, 158 slight positive samples, and 151 serious 
positive samples. A 19-layer CNN model proposed by Visual Geometry Group (VGG-19) was used in the two 
experiments. We performed the inter-group and intra-group analysis. Both results were better than the previous 
study. The accuracies of signal-quality evaluation and DVT classification were 0.92 and 0.75, respectively. Thus, 
the proposed method could support people with the high risk for DVT examination at non-medical settings.   

Abbreviations: DVT, deep vein thrombosis; LRR, light reflection rheography; 2D CNN, two-dimension convolutional neural network; APP, application program; 
VGG-19, 19 layers CNN proposed by Visual Geometry Group; DL, deep learning; ECG, electrocardiogram; EEG, electroencephalogram; ML, machine learning; LSTM, 
long short-term memory; PPG, photoplethysmography; ROC, receiver operating characteristic; LED, light-emitting diode; PD, photoelectric diode; FIR, finite impulse 
response; TP, true positive; FP, false positive; TN, true negative; FN, false negative; VP1, the change of venous pump volume between the ending point of LRR and 
resting baseline; VP2, the change of venous pump volume between the ending point of LRR and refilling baseline; m10, the slope of the emptying curve from the 
ending point of LRR to start point of LRR; m40, the slope of the refilling curve from the ending point of LRR to the point at 40 s; m50, the slope of the refilling curve 
from the ending point of LRR to the point at 50 s; m60, the slope of the refilling curve from the ending point of LRR to the point at 60 s; N-DVT, Non DVT; L-DVT, 
Slight DVT; S-DVT, Serious DVT; AUC, areas under curves. 
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1. Introduction 

Today, deep learning (DL) techniques have helped doctors diagnose 
disease in clinics more quickly and accurately [1,2]. Some researchers 
are developing computer-aided diagnosis systems to diagnose the dis-
eases in health care environment [3–5]. These studies with the DL 
methods almost focused on the diagnosis of medical images [6–8]. 
However, diagnoses of physiological signals, i.e. electrocardiogram 
(ECG) or electroencephalogram (EEG) usually use the machine learning 
(ML) methods [9,10]. However, these signals before the classification 
have to be preprocessed to remove the artifact noise, and extract their 
features. These ML methods may include, e.g., the support vector ma-
chine [11], K-nearest neighbor [12], fuzzy neural network [13], and 
Adaboost [14]. In fact, data can be processed more quickly when using 
ML algorithms. But the performance of ML is closely related to the signal 
processing methods and characteristics of extracted features. 

In recent years, some DL algorithms can process the time series sig-
nals, like as accelerometers and gyroscopes [15,16] sensing body ac-
tivities, ECG for classification of arrhythmia beats [17], or EEG for 
detection of brain wave [18]. Among many DL methods, long short-term 
memory (LSTM) as a sequential DL model and variation of recurrent 
neural network (RNN) have the well performances for temporal infor-
mation processing. Some studies transfer the pattern of signal as an 
image and use two-dimension convolutional neural network (2D CNN) 
to perform the classification, like as the classification of arrhythmia of 
ECG signals [19,20], and the signal quality of pulse waveform measured 
by photoplethysmography (PPG) [21,22] In a meta-analysis, the tran-
sient response of physiological parameters can be used to evaluate the 
functional variation of some organs. Wei et al. used the spectral har-
monic energy of pulse signal ratio to evaluate the elasticity of radial 
arterial. They found the spectral energy in the fourth to sixth harmonics 
overly decreased in palpitation patients [23]. Many studies found that 
the heart rate recovers immediately after exercise is closely relation with 
the risk of mortality [24,25]. How to use DL algorithms to evaluate or 
predict the risks of some diseases is an exciting challenge requiring novel 
approaches. 

When a blood clot forms in one or more of the deep veins in the 
human body, it will change the blood flow of veins and lead to poor 
circulation, which is called deep vein thromboses (DVT). How to 
immediately detect DVT is usually a clinical challenge for doctors. 
Deterioration of DVT would make the treatment process more compli-
cated. Now, many reports show that vaccine of COVID-19 also has the 
risk to induce the embolus [26]. The thrombosis can occur in any part of 
the venous system, but it appears most frequently at deep veins of legs 
[27]. Patients could have the life threatening when the thrombus occurs 

in the lung. DVT is highly prevalent in Taiwan and its treatment costs a 
lot of health insurance funds [28]. Thus, if DVT can be early screened 
and properly treated, it will be prevented worsening and happening 
again. 

Travelers have the thrombosis when they are sitting at a vehicle for a 
long time. The embolus may be produced and pass along the deep veins 
of low limbs [29]. Scurr et al. reported when travelers’ ages are above 
50 years and sitting time is more than 8 h in an air cabin, they have an 
incidence 10% of asymptomatic calf vein thrombosis [30]. Hence, the 
happening risk factors of DVT include sitting or standing for a long time, 
family history of thrombus, pregnancy, diabetes, hyperlipidemia, and 
hypertension. 

The ultrasound or venography is frequently used to examine the 
DVT, which has to be carried out by professional technicians or physi-
cians in a hospital [31,32]. The general clinics do not perform these 
examinations. The light reflection rheography (LRR), which uses the 
optical technique to detect the blood flow of veins, has been used to 
examine the DVT in calf [33,34]. According to the studies of Thomas 
et al. [35], LRR has a sensitivity of 92% and a specificity of 84% in 
detecting the acute thrombosis of calf. LRR uses the reflective PPG 
sensors to detect the blood volume changes in the calf vein. According to 
the measuring method of LRR, Liu et al. developed a wearable exami-
nation system, available for non-medical settings, to detect the DVT at 
the low limbs [36]. The system included a wearable device using the 
commercial reflective PPG sensors and accelerometer to measure LRR 
signals, and a mobile application (APP) to control the works of sensors, 
guide the rhythm of foot action, display and store the LRR signals in real 
time. Six characteristic parameters were defined to classify whether 
there was positive or negative DVT using the receiver operating char-
acteristic (ROC) curves, including the slopes of emptying and refilling 
curves in the LRR signal, and the changes of venous pump volume. 
Under the slight and serious DVT scenarios, the best accuracies were 
72% and 76%, respectively. However, this study has some limitations. 
First, the LRR signals with the low qualities were deleted by the manual 
processing. Second, the parameters of LRR signal were chosen from the 
statistical analysis, which all belonged to the local changes of LRR 
signal. Therefore, the accuracies of these parameters would have some 
changes in the different experiment [33–35] 

The goal of this study is to use a 19-layer CNN model (VGG-19) 
proposed by Visual Geometry Group to evaluate the qualities of LRR 
signals and classify the positive or negative DVT from the LRR signal. 
Because the LRR signal depends on the placement position of the sensor, 
the sensor must be placed directly above the vein. If it is not placed at the 
right position, the LRR signal has the distortion. Under the examination 
of DVT using the LRR, the key for diagnosis is to find the LRR changes in 

Fig. 1. A normal LRR signal has resting, emptying and refilling phases, red line is the filtered signal, the blue line is the smoothed signal, the green dash line is the 
baseline in resting phase, and the black dash dot line is the baseline in refilling phase. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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emptying and refilling phases comparing with in the resting phase. The 
morphology of LRR signal belongs to macro-pattern. In the previous 
study [36], a wearable device using LRR technique has been developed. 
But, this examination system could not be used by non-physician 
because the signal-quality evaluation of LRR and the classification of 
positive or negative DVT using the LRR signal all need the manual 
process. In this study, the LRR patterns were the input to train and test 
two VGG-19 models. Then, we compared the performance of VGG-19 
model with the ROC curve for the DVT classification. The assumptions 
of the experiment were that the veins of a low limb were partially or 
wholly occluded by inflating the cuff up to 100 mmHg or 150 mmHg to 
simulate the stenosis phenomenon in slight and serious DVT scenarios, 
respectively. The cuff was placed at the top and bottom of the knee of left 
leg to simulate the distal and proximal embolization. The results showed 
that the performance of VGG-19 model was better than the ROC curve 
for the serious scenario. Moreover, the quality of LRR signal could be 
successfully classified, which accuracy reaching to 92% was better than 
previous studies [21,22]. 

2. Light reflection rheography measurement 

PPG using a light-emitting diode (LED) and a photoelectric diode 
(PD) can detect changes of blood flow of superficial arteries and veins. 
The LED and PD are placed at the same side and detect the venous blood 
flow. We call this technique LRR measurement. During exercise, the 
amount of blood in the skin of the lower limb decreases as a result of 
venous emptying by the calf muscle pump. The elimination of blood 
volume relates primarily to the effectiveness of the pump mechanism. 
The time taken for the skin to refill with blood after the pump mecha-
nism is known as the refilling time. In the presence of venous disease, the 
refilling time is affected by the occurrence and severity of deep and 
superficial low limb venous thrombosis. When PPG sensor is placed on 
the skin of the lower limb, it can detect the LRR signal. Fig. 1 shows a 
normal LRR signal in resting, emptying and refilling phases. The red line 
is the original signal, the blue line is the smoothing signal, the green 
dash line is the baseline in resting phase, and the black dash dot line is 
the baseline in refilling phase. 

2.1. DVT examination system 

Liu et al. designed a LRR measurement system including a LRR 
wearable device (Fig. 2(a)) and the measuring screen and displaying 

screen of APP in a smart phone (Fig. 2(b) and (c)) [36]. The LRR 
wearable device includes an array-type probe, accelerometer, and main 
board. The array-type probe consists of three MAX30102 PPG sensors 
(Maxim Integrated TM, San Jose, CA, USA). We only used infrared LED 
to get LRR signal. An APP program is designed to control the functions of 
the wearable device, to instruct the rhythm of foot action, to display the 
results of the LRR signal in real time, and to adjust the IR LED driving 
current. The sampling frequency is 100 Hz. Communication between the 
sensors and a microcontroller unit (MCU) is accomplished via a standard 
I2C-compatible interface. The x-axis signal of the accelerometer 
(ADXL325, Analog Devices, Norwood, MA, USA) is sampled by the MCU 
with a 12-bit analog-to-digital converter. The MCU of main board is a 
16-bit microcontroller (MSP430F5438A, Texas Instruments TM, Dallas, 
TX, USA), which reconciles the workflow of the MAX30102 and 
ADXL325, and transmits the data to the APP by a Bluetooth module (HC- 
05, Itead, China). The power circuit includes a Lithium battery (150 
mAh), a charging IC (TIBQ24072, Texas Instruments TM, Dallas, TX, 
USA), and a regulator IC (XC62FP, 3.3 V, Torex Semiconductor, Japan). 
The size of main board is 54 mm × 70 mm.Table 1 summarizes the 
specifications of chips used in the wearable device. 

2.2. LRR signal processing 

The measured LRR signal was filtered by a fifty-order finite impulse 
response (FIR) low-pass filter with a cut-off frequency of 3.4 Hz to 
remove high-frequency noise. The median point between the neighbor 
peak and valley was found in the filtered LRR signal. A second-order 
polynomial function was used to fit the curve of continuous three me-
dian points for smoothing the filtered LRR signal. In Fig. 3(a), the red 
line is the filtered LRR signal, blue line is the smoothed LRR signal. The 
average of the filtered LRR signal within five seconds before the 

Fig. 2. The LRR measurement system, (a) the LRR wearable device, (b) the measuring screen of APP, (c) the displaying screen of APP.  

Table 1 
The specifications of chips used in the wearable device.  

Chips Number Company 

MCU MSP430 F5438A Texas Instruments TM 
Accelerometer ADXL 325 Analog Devices 
PPG sensor MAX 30,102 Maxim Integrated TM 
Bluetooth module HC-05 Itead 
Charging Chip TIBQ 24,072 Texas Instruments TM 
Regulator Chip XC62FP Torex Semiconductor  
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emptying phase corresponds to the resting baseline (green dash line), 
and the average within the five seconds before the ending measurement 
represents the refilling baseline (black dash dot line). Fig. 3(b) shows the 
synchronous x-axis signal of accelerometer. 

2.3. Six parameters of LRR signal 

According to previous study [36], there were six parameters defined 
from the smoothed LRR signal to classify the DVT. Fig. 4 shows the six 
parameters. The start point of emptying action is defined as the LRRstart 
(red circle symbol), and the ending point of emptying action is defined 
as the LRRend (black circle symbol). VP1 is defined as the change of 
venous pump volume between the LRRend and resting baseline (green 
dash line), VP2 the change of venous pump volume between the LRRend 
and refilling baseline (black dash dot line), m10 the slope of the 
emptying curve from the LRRend to LRRstart (red double arrow line), m40 
is the slope of the refilling curve from the LRRend to the point at 40 s 
(original double arrow line), m50 is the slope of the refilling curve from 
the LRRend to the point at 50 s (black double arrow line), and m60 is the 
slope of the refilling curve from the LRRend to the point at 60 s (purple 
double arrow line). 

2.4. Determination of LRR signal quality 

If the LRR sensor is not placed directly above the vein, the LRR signal 
will have distortion because PPG sensor detecting the upstream of 
venous flow in the emptying phase. Thus, when the phase angle between 
the filtered LRR signal and x-axis signal is larger than 90◦, this LRR 
signal is considered of low quality. Another distortion reason is the 
sensor motion during the emptying action. The baseline of LRR signal 
has a drift phenomenon. Thus, when VP1 or VP2 is negative, the LRR 
signal is considered of low quality. 

2.5. Protocol of experiment 

The assumptions of the experiment were that the veins of a low limb 
were partially or wholly occluded by inflating the cuff up to 100 mmHg 
or 150 mmHg to simulate the stenosis phenomenon in slight and serious 
DVT scenarios, respectively. Twenty healthy subjects (10 males and 10 
females) without cardiovascular disease or injured limbs were recruited. 
Their age was between 20 and 24 years (21.8 ± 1.2 years, mean ±
standard deviation), weight between 38 and 80 Kg (60.9 ± 10 Kg), and 
height between 150 and 180 cm (164.4 ± 9.2 cm). This experiment was 

Fig. 3. (a) the filtered (red) and smoothed (blue) LRR signals, and the baselines in resting (green dash line) and refilling (black dash dot line) phases, (b) the x-axis 
signal. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Illustrative definition of six parameters, VP1 (green), VP2 (light green), m10 (red), m40 (original), m50 (black), and m60 (purple). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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approved by the Research Ethics Committee of China Medical University 
& Hospital (No. CMUH107-REC1-167), Taichung, Taiwan. 

Subjects were requested to comfortably sit on a chair with the foot 
resting flat on the floor, and the angle between calf and thigh is about 
110◦. The LRR probe was placed at the distal end of the calf muscle, 
which was fixed by a transparent tape. An accelerometer was placed at 
the front end of foot and an air cuff is wrapped around the thigh, as show 
in Fig. 5(a). The baselines of LRR signals for three PPG sensors were 
adjusted to 1.9 V. A cuff pressured to 100 mmHg and 150 mmHg 
occluded the veins of low limbs to simulate the slight and serious DVT 
scenarios, and was placed at the top and bottom of the knee of left leg to 
simulate the distal and proximal embolization. Fig. 5(b) shows that the 
air cuff is wrapped around the calf. For each experiment, subjects would 
perform two times. The interval days of each experiment must be more 
than one week. In one experiment, subjects would be measured three 
times in the non-occluded condition, and the occluded conditions with 

100 mmHg or 150 mmHg, respectively. The interval time of each 
measurement is 10 min. In the measurement, the resting phase lasts 10 s, 
the emptying phase is 15 s, and the refilling phase is 45 s. In emptying 
phase, subjects were requested to move their feet following a rhythm of 
0.5 Hz, as shown in Fig. 5(c). 

3. Method 

We proposed two models to process the problems of LRR signal in the 
evaluation of signal quality and the classification of DVT. Since the 
number of samples was not large enough and there were not many 
differences in the characteristics of patterns, a VGG-19 model was 
chosen to perform the evaluation task in the study [37]. In the output 
layer, we replaced the 1000 fully-connection with the softmax activation 
by a 2 or 3 fully-connection according to the number of categories. VGG- 
19 model was pretrained for object detection task on the ImageNet 
dataset [38]. The detailed description of VGG-19 model is shown in 
Table 2. All of the filters in VGG-19 are of 3x3 in size. The down- 
sampling is performed directly by maximum pooling layers that have 
a stride of 2, batch size is 16, learning rate is 0.00001, and batch 
normalization is performed right after each convolution and before 
ReLU activation. Two fully connected layers have an identical size of 
512. 

The number of samples for the signal-quality evaluation are 700. The 
scales of twenty LRR signals are out of the range. Thus, they are not 
included in the study. In the DVT classification, only LRR signals with 
the high quality are used. Table 3 shows the number of LRR signal for 
each subject in the four experiments. The experiments 1 and 2 are the 
cuff placed on the top of knee, while experiments 3 and 4 are on the 
bottom of knee. The number samples are 476. 

We used the inter-group and intra-group analysis to evaluate their 
performances. The fusion matrix includes true positive (TP) as it is 
classified positive and labeled positive, false positive (FP) as it is clas-
sified positive while labeled negative, true negative (TN) as it is classi-
fied negative and labeled negative, and false negative (FN) as it is 
classified negative while labeled positive. Here, the performance of the 
proposed method was evaluated using accuracy = (TP + TN)/(TP + FP 
+ FN + TN), precision = TP/(TP + FP), sensitivity = TP/(TP + FN), and 
specificity = TN/(FP + TN). 

3.1. Signal-Quality evaluation 

According to Section 2.4, the evaluation for the quality of LRR signal 

Fig. 5. The experimental photos, (a) the places of the air cuff, PPG probe and accelerometer, (b) another place of the air cuff, (c) the foot action following the rhythm 
of 0.5 Hz. 

Table 2 
Fundamental information about the VGG-19 model and associated parameters of 
the network architecture.  

Type Filter Size 
(pixel × pixel) 

Channel Number Input Size 
(pixel × pixel × channel) 

Conv1 3 × 3 64 450 × 450 × 3 
3 × 3 64 450 × 450 × 64 

Max pool 3 × 3 – 450 × 450 × 64 
Conv2 3 × 3 128 225 × 225 × 64 

3 × 3 128 225 × 225 × 128 
Max pool 3 × 3 – 225 × 225 × 128 
Conv3 3 × 3 256 112 × 112 × 128 

3 × 3 256 112 × 112 × 256 
3 × 3 256 112 × 112 × 256 
3 × 3 256 112 × 112 × 256 

Max pool 3 × 3 – 112 × 112 × 256 
Conv4 3 × 3 512 56 × 56 × 256 

3 × 3 512 56 × 56 × 512 
3 × 3 512 56 × 56 × 512 
3 × 3 512 56 × 56 × 512 

Max pool 3 × 3 – 56 × 56 × 512 
Conv5 3 × 3 512 28 × 28 × 512 

3 × 3 512 28 × 28 × 512 
3 × 3 512 28 × 28 × 512 
3 × 3 512 28 × 28 × 512 

Max pool 3 × 3 – 28 × 28 × 512 
Flatten – 1 14 × 14 × 512 
Fc – 1 100,352 
Out – 2 512  
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Table 3 
The number of LRR signal for each subject in the four experiments. The experiments 1 and 2 are the cuff placed on the top of knee, while experiments 3 and 4 are on the 
bottom of knee.  

Experiment 1 2 3 4 

Subject 0 100 150 0 100 150 0 100 150 0 100 150 Sum 

1 2 2 2 1 1 2 3 1 3 3 3 3 26 
2 2 0 1 1 1 1 2 2 3 1 1 1 16 
3 2 2 2 0 0 1 3 3 3 2 2 3 23 
4 1 2 2 1 1 0 1 2 3 2 1 0 16 
5 2 2 2 2 2 2 2 2 1 2 2 2 23 
6 1 1 2 3 3 3 3 3 3 3 3 3 31 
7 1 1 1 1 2 2 3 3 2 2 2 1 21 
8 2 0 2 1 1 1 2 3 1 3 3 3 22 
9 1 0 1 1 1 0 1 1 0 3 1 2 12 
10 2 3 1 2 2 2 3 3 2 2 2 2 26 
11 2 2 3 2 2 2 2 1 1 2 1 1 21 
12 3 3 3 2 1 2 3 3 2 2 2 0 26 
13 2 2 2 3 3 3 3 3 3 2 2 0 28 
14 1 2 1 3 2 2 3 3 3 3 2 0 25 
15 0 1 0 2 2 2 1 1 1 3 3 2 18 
16 3 3 3 3 3 2 3 3 3 3 2 3 34 
17 3 3 3 1 1 2 3 3 2 3 3 3 30 
18 1 2 3 3 3 2 3 3 1 1 0 1 23 
19 3 2 2 3 3 3 2 2 2 2 2 2 28 
20 3 2 2 2 2 1 3 2 3 3 2 2 27  

Sum 37 35 38 37 36 35 49 47 42 47 39 34 476  

Fig. 6. Four examples of signal-quality pattern, (a) high quality with larger amplitude, (b) high quality with smaller amplitude, (c) low quality with a phase dif-
ference about 180◦ between the LRR signal and x-axis signal, (d) low quality with the negative values of VP1 and VP2. 
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not only considers the VP1 and VP2, but also the phase difference be-
tween the x-axis signal of accelerometer and LRR signal in the emptying 
phase. Therefore, the input pattern includes the filtered LRR signal (red 
line), smoothed LRR signal (blue line), x-axis signal (original line), 
resting baseline (green line), and refilling baseline (black line), as shown 
in Fig. 6. Fig. 6(a) and (b) show the patterns belonging to the high 
quality. The pattern in Fig. 6(c) is the low quality because there is a 
phase difference about 180◦between the LRR signal and x-axis signal in 
the emptying phase. The pattern in Fig. 6(d) is the low quality because 
VP1 and VP2 are the negative values. 

The quality of LRR signal was evaluated as two categories of high and 
low. Then, in order to test the generalization of the model, the inter- 
group and intra-group analyses were used to evaluate the performance 
of VGG-19. In the inter-group analysis, the samples in the experiments 1 
and 3 were used as the training data. Thus, the numbers of high-quality 
and low-quality samples were 248 and 96, respectively. The testing data 
used the samples of experiments 2 and 4. The numbers of high-quality 
and low-quality samples were 228 and 128, respectively. In the intra- 
group analysis, the samples of subjects 1 to 10 were used as the 
training data, thus, the number of high-quality and low-quality samples 
were 216 and 131, respectively. The testing data used the samples of 
subjects 11 to 20. The numbers of high-quality and low-quality samples 
were 260 and 93, respectively. 

3.2. DVT classification 

According to Section 2.5, the vein of low limb was occluded by cuff 
pressure of 100 mmHg or 150 mmHg to simulate the slight and serious 
scenarios of DVT. The changes of LRR signal in the emptying phase and 
refilling phase have the significant difference [36]. Therefore, the input 
pattern includes the filtered LRR signal (red line), smoothed LRR signal 
(blue line), resting baseline (green line), and refilling baseline (black 
line), as shown in Fig. 7. Fig. 7(a) shows the pattern belonging to the low 
limb without occlusion, which is considered as the negative group. The 
patterns in Fig. 7(b) and (c) are the low limb with occlusion under 100 
mmHg and 150 mmHg, which are considered as the positive group. 

The DVT was classified as two categories, positive and negative. 
Then, in order to test the generalization of the model, the inter-group 
and intra-group analyses were used to evaluate the performance of 
VGG-19. In order to compare our method with the ROC curve method, 
the samples were separated three categories, Non-DVT (N-DVT), Slight- 
DVT (L-DVT), and Serious-DVT (S-DVT), and performed the cross- 
classification, N-DVT vs. L-DVT, and N-DVT vs. S-DVT. In inter-group 
analysis, the samples in the experiments 1 and 3 were used as the 
training data. Thus, the numbers of N-DVT, L-DVT, and S-DVT samples 
were 86, 80 and 82, respectively. The testing data used the samples of 
experiments 2 and 4. The numbers of N-DVT, L-DVT, and S-DVT samples 
were 81, 78 and 69, respectively. In intra-group analysis, the samples of 
Subjects No. 1 to 10 were used as the training data. Thus, the numbers of 
N-DVT, L-DVT, and S-DVT samples were 72, 71 and 73, respectively. The 
testing data used the samples of Subjects No. 11 to 20. The numbers of N- 

DVT, L-DVT, and S-DVT samples were 95, 87 and 78, respectively. 

4. Results 

4.1. Performance of Signal-Quality evaluation 

Table 4 shows the fusion matrices and performances of the VGG-19 
for the signal-quality evaluation in the inter-group and intra-group an-
alyses. The number of epochs was 70 in the training process. The ac-
curacies for the two analyses are all 0.91. But the sensitivity (0.93) for 
the intra-group analysis is better than that (0.90) for the inter-group 
analysis, and the specificity (0.85) for the intra-group analysis is 
worse than that (0.93) for the inter-group analysis. The sensitivities for 
inter-group vs. intra-group analyses are 0.90 vs. 0.93, and the specific-
ities for inter-group vs. intra-group analyses are 0.93 vs. 0.85. Thus, the 
generalization of proposed model is well for the signal-quality 
evaluation. 

Fig. 7. Three different LRR patterns, (a) no occlusion, (b) occlusion with 100 mmHg, (c) occlusion with 150 mmHg.  

Table 4 
The fusion matrices and performances of the VGG-19 for the signal-quality 
evaluation in the inter-group and intra-group analyses.   

TP TN FP FN Acc. Pre. Sen. Spe. 

Inter-group 206 119 9 22  0.91  0.96  0.90  0.93 
Intra-group 241 79 14 19  0.91  0.95  0.93  0.85 

Note: Acc. is the abbreviation of accuracy, Pre. is the abbreviation of precision, 
Sen. is the abbreviation of sensitivity, Spe. is the abbreviation of specificity. Acc. 
= (TP + TN)/(TP + FP + FN + TN), Pre. = TP/(TP + FP), Sen. = TP/(TP + FN), 
and Spe. = TN/(FP + TN). 

Table 5 
The statistical analyses of six parameters for the negative group (0 mmHg) and 
positive groups (100 mmHg and 150 mmHg) by t-test. The p-value by red color is 
lower than 0.05.   

0 mmHg 
(N = 79) 

100 mmHg 
(N = 77) 

150 mmHg 
(N = 73) 

VP1 

(mV) 
39.6 ± 25  33.2 ± 30.4 

p = 0.153 
24.1 ± 20.9 
p = 6.30E-05  

VP2 

(mV) 
34.8 ± 23.9  26.7 ± 20.9 

p = 0.026 
18.8 ± 12.5 
p = 1.14E-06  

m10 

(mV/s) 
2.55 ± 1.55  2.15 ± 1.99 

p = 0.163 
1.6 ± 1.33 
p = 8.57E-05  

m40 

(mV/s) 
− 3.03 ± 1.8  − 2.21 ± 1.27 

p = 0.001 
− 1.55 ± 0.97 
p = 4.80E-09  

m50 

(mV/s) 
− 2.08 ± 1.17  − 1.51 ± 0.93 

p = 0.001 
− 1.04 ± 0.62 
p = 3.96E-10  

m60 

(mV/s) 
− 1.59 ± 0.86  − 1.16 ± 0.73 

p = 0.001 
− 0.81 ± 0.47 
p = 2.12E-10  
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4.2. Performance of DVT classification 

Table 5 shows the statistical analyses of six parameters for the 
negative group (0 mmHg) and positive groups (100 mmHg and 150 
mmHg) by t-test. When the p-value is lower than 0.05, it is represented 
by red number. Because LRR signals of three sensors for some subjects 
are all missing, as shown in Table 3, the numbers of total subjects in the 
0 mmHg, 100 mmHg, and 150 mmHg experiments are 79, 77, and 73, 
respectively. We find that the six parameters under 0 mmHg vs. 150 
mmHg all have the significant differences. But, only three parameters, 
m40, m50, and m60, under 0 mmHg vs. 100 mmHg have the significant 
differences. Table 6 shows the fusion matrix and performances of six 
parameters. The first three parameters with better accuracy are m50, m60 
and VP2 in the L-DVT scenario (0 mmHg vs 100 mmHg), having accu-
racies of 0.64, 0.63 and 0.63, and area under the curve (AUC) of 0.65, 

0.66, and 0.63, respectively. The first three parameters in the S-DVT 
scenario (0 mmHg vs 150 mmHg) are m60, m50 and m40 with accuracies 
of 0.73, 0.72 and 0.72, and AUC of 0.80, 0.79, and 0.78, respectively. We 
find that the accuracy for the S-DVT classification is higher than that for 
the L-DVT classification. Fig. 8 shows the ROC curve of m60, m50 and m40 
for the S-DVT scenario. 

Table 7 shows the fusion matrices and performances of the VGG-19 
for the DVT classification in the inter-group and intra-group analyses. 
The number of epochs was 35 in the training process. The accuracies for 
two analyses are all 0.75 in the S-DVT scenario (0 mmHg vs 150 mmHg). 
The sensitivities for inter-group vs. intra-group analyses are 0.61 vs. 
0.67, and the specificities for inter-group vs. intra-group analyses are 
0.86 vs. 0.81. Thus, the generalization of proposed model is well for the 
S-DVT scenario. However, for the L-DVT scenario (0 mmHg vs 100 
mmHg), although the accuracies for inter-group vs. intra group analyses 

Table 6 
The fusion matrix and performances of six parameters.  

Parameter DVT 
Scenario 
(mmHg) 

TP TN FP FN Acc. Pre. Sen. Spe. Cut Point AUC 

VP1 

(mV) 
100 28 64 14 50  0.59  0.67  0.36  0.82  20.2  0.61 
150 57 46 32 15  0.69  0.64  0.79  0.59  29.2  0.72  

VP2 

(mV) 
100 41 57 21 37  0.63  0.66  0.53  0.73  20.9  0.63 
150 44 62 16 28  0.71  0.73  0.61  0.79  18.1  0.76  

m10 

(mV/s) 
100 28 66 12 50  0.60  0.7  0.36  0.85  1.28  0.62 
150 51 53 25 21  0.69  0.67  0.71  0.68  1.67  0.72  

m40 

(mV/s) 
100 63 34 44 15  0.62  0.59  0.81  0.44  − 3.04  0.64 
150 52 56 22 20  0.72  0.7  0.72  0.72  − 1.92  0.78  

m50 

(mV/s) 
100 58 42 36 20  0.64  0.62  0.74  0.54  − 1.76  0.65 
150 53 55 23 19  0.72  0.7  0.74  0.71  − 1.35  0.79  

m60 

(mV/s) 
100 57 42 36 21  0.63  0.61  0.73  0.54  − 1.31  0.66 
150 47 63 15 25  0.73  0.76  0.65  0.81  − 0.85  0.8 

Note: Acc, Pre, Sen, Spe and AUC are the abbreviations of accuracy, precision, sensitivity, specificity, and area under the curve, respectively. 

Fig. 8. The ROC curves and their AUC in serious DVT scenario, (a) m40, (b) m50, (c) m60. Sensitivity is defined as TP/(TP + FN), and Specificity is defined as TN/(FP 
+ TN). 

Table 7 
The fusion matrices and performances of the VGG-19 for the DVT classification in the inter-group and intra-group analyses.  

Parameter DVT 
Scenario(mmHg) 

TP TN FP FN Acc. Pre. Sen. Spe. 

Inter-group 100 43 49 32 35  0.58  0.57  0.55  0.60 
150 42 70 11 27  0.75  0.69  0.61  0.86  

Intra-group 100 73 24 71 14  0.53  0.51  0.84  0.25 
150 52 77 18 26  0.75  0.74  0.67  0.81 

Note: Acc, Pre, Sen, and Spe are the abbreviations of accuracy, precision, sensitivity, and specificity, respectively. 
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are 0.58 vs. 0.53, the sensitivities and specificities for two analyses are 
0.55 vs. 0.84, and 0.6 vs. 0.25, respectively. Thus, the generalization of 
proposed model is bad for the L-DVT scenario. 

5. Discussions 

Two and a half to five percent of total population have the DVT 
which is considered as a prevalent disease. There are 30% to 40% DVT 
patients undergoing the pulmonary embolism [39]. Moreover, there are 
only about 30% of patients diagnosed as the positive whom have the 
DVT symptoms [32,40]. Therefore, if DVT can be detected and treated 
early, it can greatly reduce the mortality caused by pulmonary embo-
lism. Although, the Doppler ultrasound and venoscan with X-ray are the 
standard inspection method for DVT [31,32], LRR technique can be used 
as an initial diagnosis tool for patients with the suspected low limb DVT 
[41]. Thus, subjects without DVT can avoid unnecessary hospitalization 
and inappropriate anticoagulation therapy. However, how to place the 
probe of LRR at the right position and determine severity of the DVT are 
the reasons that the LRR examination has to be carried out at hospitals. 
Liu et al, developed a wearable LRR system carried out by non- 
physicians [36]. But, their system is hard to develop an automatic sys-
tem because the signal-quality evaluation and parameters of DVT deci-
sion all need using the manual process. In order to develop an automatic 
system, the patterns of LRR signals were directly used to classify the 
quality of LRR signals and the positive or negative DVT with a 2D CNN 
model in this study. 

The rule-based evaluation for signal qualities of PPG pulses is to 

extract the finite characteristics in time or frequency domains [42,43]. 
The quality of pulse belongs to a micro-pattern. For the different PPG 
applications, the optimal filtered conditions are the differences, like as 
the heart rate and cuffless blood pressure measurements needing the 
good main peak [44,45], left ventricular ejection time measurement 
needing the clear foot and dicrotic notch [46], and pulse oximeter 
needing the stable baseline and amplitude [22]. Thus, the performances 
of such rule-based approaches depended on the kind and number of 
characteristics. Some studies used the hierarchical decision rules [47], 
fuzzy logic [48], supervised machine learning [49–51], and deep 
learning [21]. But, the quality of PPG segment belongs to a macro- 
pattern. According to the study of Liu et al., the performance of deep 
learning was worse than machine learning [22]. The reason was that a 
PPG segment including many pulses. If waveforms of these pulses do not 
have the consistency, this segment will be hard to pertain to a gener-
alized decision by the 2D CNN. 

This study is the first research focusing on the quality classification of 
LRR signal using the VGG-19 model. For the performance of signal- 
quality classification, 0.92 of accuracy by our method was better than 
0.90 [21] and 0.86 [22] in previous studies. Although the quality clas-
sification of LRR also belongs to a macro-pattern decision, the quality of 
LRR could be determined by the other signals, like as the x-axis of 
accelerometer and baselines in the resting and refilling phases. Thus, 
when the input pattern included the x-axis signal, resting and refilling 
baselines. The 5 convolutional blocks of VGG-19 could extract these 
features. Fig. 9(a) shows the false positive patterns that the amplitude of 
alternating signal in emptying phase is very small. Thus, these patterns 

Fig. 9. Two examples for the false positive patterns, (a) the amplitude of alternating signal in the emptying phase is very small, (b) VP1 and VP2 are very small.  

Fig. 10. The two examples for the false negative patterns under 100 mmHg.  
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are easily misidentified. Fig. 8(b) shows the pattern that VP1 and VP2 are 
very small. Thus, these patterns also are identified as the high quality. 

This study is the first research focusing on the DVT classification by 
the LRR signal using the VGG-19 model to detect the morphologic 
changes of LRR signal. 0.75 of its accuracy is better than the accuracies 
of traditional parameters. The previous studies for the DVT diagnosis by 
the LRR technique all used the analysis of ROC curve for the different 
parameters, like as the amplitude and rate of venous emptying [52], the 
time of venous refilling [53], and the shape of LRR curve [36]. Tan et al. 
have proposed the amplitude of venous emptying and time of venous 
refilling to test DVT diagnosis and found that the method using two 
parameters achieved the optimal sensitivity of 100% and 100%. But, 
their specificities were only 35% and 47%, and AUCs were 0.74 and 
0.75, respectively [41]. In Table 6, the AUCs of optimal parameters, m50 
and m60, are 0.80 and 0.79, which accuracies are 0.73 and 0.72, 
respectively. According to the above understandings, we found that 
these studies all explored the optimal parameters extracted from the LRR 
signal to determine the DVT conditions. The different instruments will 
have the different optimal parameter set. Just as the LRR technique for 
DVT examination, these parameters described the morphologic changes 
of LRR signal in emptying and refilling phases. The advantage of our 
proposed method is unnecessary to search the optimal parameters of 
LRR signal. If the LRR signal is scaled to a definite range, the different 
LRR signal measured by the different instrument will be available to 
build the model for DVT classification. 

The cuffs inflated up to 100 and 150 mmHg are employed to simulate 
the slight and serious stenosis in deep veins. In Table 7, the accuracies 
under 150 mmHg are better than those under 100 mmHg in the inter- 
group and intra-group analyses, 0.75 vs. 0. 58 and 0.75 vs. 0.53. 
Moreover, in Table 5, only the three parameters have the significant 
differences in the L-DVT scenario. But, the six parameters have the 
significant differences in S-DVT scenario. The reason could be that 20 
subjects may not effectively respond to the phenomenon of embolization 
under the 100 mmHg because their systolic blood pressure was higher 
than the occluding pressure. Moreover, the morphology of LRR signal 
under 100 mmHg is very close to the morphology under 0 mmHg. Fig. 10 
shows two examples for the false negative patterns under 100 mmHg. 
They are very similar to the pattern in Fig. 6(c). Of course, some 
morphology of LRR signals under 150 mmHg is very close to the 
morphology under 100 mmHg. Fig. 11 shows two examples for the 
patterns under 150 mmHg classified as the patterns under 100 mmHg, 
which are very similar to the pattern in Fig. 6(b). 

The limitation of LRR method is the inabilities of patients to move 
their foots for emptying the blood of venous in the calf. Therefore, the 
image techniques, like as ultrasound and x-ray, are the general methods 
for examining the DVT of low limbs because patients just lie on a table or 
bed in the clinical practice. Thus, LRR method is suitable developed as a 

portable apparatus used for the people with the mobility and at a non- 
medical environment. 

The boundary conditions of this research were the results just only 
fitting the healthy young subjects under the slight and serious DVT 
scenarios because the ethics approval only allowed us to perform the 
clinical trial on healthy subjects. Moreover, there were only 700 samples 
in this study. For a deep learning algorithm (VGG-19 model), the 
number of samples is too few. Thus, if there are the more data got from 
the patients with the DVT, we will train the proposed model again to 
improve the results of this study. Therefore, in the future, authors will 
apply the ethics approval for the clinical trial on patients with DVT to 
verify the proposed method that could be used for the DVT examination. 

6. Conclusions 

DVT is a prevalent disease. Moreover, adults have a chance of 
thrombosis a few days after vaccine of COVID-19. Development of a 
wearable device used at a non-medical environment could support 
people with the hidden risk in the DVT to examine their embolus con-
dition every day. In the previous study, the wearable device using LRR 
technique has been developed. This examination system could not be 
used by non-physician because the signal-quality evaluation and the 
classification of positive or negative DVT using the LRR signals all need 
the manual process. In this study, the contribution is to utilize the VGG- 
19 model to resolve the above two problems. The input patterns are the 
LRR signals and x-axis signal that are scaled in definite ranges. The ac-
curacy for determining the quality of LRR signal was higher than the 
previous studies. The ROC method with the parameters extracted from 
LRR signal was the benchmark in the DVT classification. The proposed 
method has the better performance. Thus, it has the potential for 
screening the DVT in non-medical environments in the future. 
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1. Introduction

Nutcracker syndrome (NCS) is a rare clinical 
condition referring to the compression of the left renal 
vein (LRV) between the superior mesenteric artery 
(SMA) and the aorta.[1] The extrinsic compression of 
the LRV causes a variety of symptoms, ranging from 
microscopic hematuria to macroscopic hematuria, 
proteinuria, abdominal or flank pain, dyspareunia, 
dysmenorrhea, and severe pelvic congestion.[1, 2] 
NCS is an easily missed diagnosis due to its rarity 

and wide variability of symptomatic presentations.
[3] Consequently, its true prevalence is unknown.
[1] Diagnosis is generally made after the exclusion 
of other more common causes, and is confirmed by 
imaging results, including Doppler ultrasonography 
(DUS), computed tomography (CT), magnetic 
resonance imaging (MRI) and venography.[1] The 
standard treatment of NCS is controversial. Options 
range from conservative treatment to nephrectomy, 
with many open survey techniques and endovascular 
procedures in between, depending on the severity of 
the clinical symptoms.[1, 4] We present herein the case 
of a 36-year-old female treated with intravascular 
ultrasound-guided endovascular stenting with 
satisfactory results and no reoccurrence of symptoms 
during a five-year follow-up period. 
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40201, Taiwan
Tel: +886-4-24739595 ext. 32527
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Nutcracker syndrome is an uncommon disease and should be easily overlooked. It is characterized by left 
renal vein entrapment between the abdominal aorta and the superior mesenteric artery. Hematuria and 
abdominal or flank pain are the most common symptoms. We present a 36-year-old female with chronic 
lower abdominal pain for 2 months. Computed tomography revealed extrinsic compression of the left 
renal vein by the aorta and superior mesenteric artery. Venography with pressure measurement showed a 
6-mmHg pressure gradient between the left renal vein and the inferior vena cava. Nutcracker syndrome 
was confirmed. Endovascular stenting was performed under intravascular ultrasound guidance. After 
procedure, the pressure gradient between the left renal vein and inferior vena cava fell to 0-mmHg and her 
symptoms resolved. Endovascular stenting is becoming popular among intervention therapies as it is less 
invasive with a satisfactory result. Intravascular ultrasound can provide more precise lesion information 
and is helpful in stent sizing and identifying appropriate landing zone.

Keywords: Nutcracker syndrome; endovascular stenting; intravascular ultrasound
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2. Case Report

A 36-year-old female with no remarkable history 
presented with lower abdominal fullness and intermittent 
cramping pain for 2 months. She had visited a 
local medical clinic for an initial evaluation, and 
upper gastrointestinal endoscopy had revealed a 
shallow peptic ulcer. Her abdominal pain persisted 
after medical therapy and hence she sought further 
assessment in the colorectal clinic of the hospital 
outpatient department. Other than intermittent 

abdominal pain, she reported no other gastrointestinal 
symptoms. A physical examination found no 
abdominal tenderness or f lank knocking pain. 
Furthermore, her blood biochemistry data were all 
within normal limits and a urine analysis showed no 
hematuria or pyuria.

Abdomen and pelvic contrast-enhanced CT 
revealed no gastrointestinal abnormalities. However, 
extrinsic compression of the LRV by the aorta and 
SMA was noted, with proximal venous dilatation and 
an engorged ipsilateral gonadal vein. The diameter of 

Fig. 1. Accurate IVUS detection of LRV diameter at different sites (A, B, C). (A) Proximal renal vein. (B) Narrowest site of renal
vein. (C) Distal renal vein.
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the LRV at its most compressed level was 4.34 × 4.09 
mm, while that at its most dilated level was 20.9 × 
15.35 mm. In addition, the diameter of the ipsilateral 
proximal gonadal vein was 12 mm. NCS was thus 
highly suspected. The patient’s abdominal pain 
persisted after 2 months of conservative treatment. 
Therefore, renal venography was performed and 
showed significant eccentric stenosis of the LRV with 
a 6-mmHg pressure gradient between the LRV and 
the inferior vena cava (IVC). NCS was confirmed. 
Following thorough consideration of the risks and 
benefits of different procedures, the patient chose 
endovascular treatment. 

During the procedure, the LRV was cannulated 
with a 7F renal double curve (RDC) guiding 
catheter. A V-18™ guidewire (Boston Scientific 
Corp.) was advanced into the left gonadal vein 
and intravascular ultrasound (IVUS) (Volcano, 
Visions PV .018) was used to identify and size the 
stenotic segment of the LRV (Fig. 1). An Amplatz 
Super Stiff™ guidewire (Boston Scientific Corp.) 

was deployed for better support and a 14 × 40-
mm Wallstent™ (Boston Scientific Corp.) was 
then deployed under IVUS guidance. The stent 
shortened after expansion and the stenotic segment 
was not fully covered. However, IVUS showed that 
the diameter of the LRV increased in the narrowest 
segment (Fig. 2). Furthermore, the pressure gradient 
between the LRV and the IVC fell to 0 mmHg after 
stent deployment. Therefore, an additional stent was 
not used.

After the procedure, the patient’s abdominal pain 
resolved. Antithrombotic agents with warfarin were 
given for 2 months, followed by aspirin (100 mg/day) 
alone. Follow-up CT imaging 2 months later showed 
that there was no stent migration (Fig. 3) and the 
engorged left gonadal vein was the normal size (Fig. 
4). Furthermore, at 5-year follow-up, the patient was 
still symptom free and chest X-rays showed no stent 
migration.

3. Discussion

Fig. 2. Successful expansion of compression site following stent placement. IVUS images show increased vessel diameter with
final pressure gradient of 0 mmHg. (A) Stent full expansion. (B) Enlarged diameter of narrowest segment.
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As described above, NCS is associated with 
a variety of symptoms. However, not all of these 
symptoms are specific to the disease. There is no 
consensus regarding the diagnostic criteria for NCS. 
Hence, diagnosis is generally made after the exclusion 
of other more common causes.[1] Real-time DUS 
is generally recommended as the first diagnostic 
test in patients with suspected NCS due to its high 
sensitivity (~78%) and specificity (as much as 100%).
[5, 6] However, other studies have suggested that the 
renocaval pressure gradient cannot be properly 
predicted by the Doppler flow velocity since the flow 
rate depends on the degree of compensatory collateral 
vein formation.[3] According to a previous review 
article, the diagnostic criteria for NCS include: 

a) A venous pressure gradient between the LRV

and the IVC ≥ 3 mmHg;
b) A five-times increase in the maximum flow 

velocity in the LRV as it passes the SMA relative
to that in the renal hilum;

c) Computed tomography angiography or magnetic
resonance angiography showing an angle between
the aorta and the SMA of less than 45o.[1]

The treatment options for NCS range from simple 
observation to nephrectomy, depending on the severity 
of the clinical symptoms.[3, 4] However, interventions 
should only be considered when the symptoms are 
severe or persistent, including severe, unrelenting pain, 
severe hematuria, renal insufficiency, and failure to 
respond to conservative treatment after 24 months.
[3] In a recent study, Hangge et al.[7] reported that 
a higher compression of the LRV is correlated 

Fig. 4. CT image of left gonadal vein (arrowed). (A) Before stent placement. (B) 2 months after stent placement. The engorged
gonadal vein returned to normal size after stent placement.

Fig. 3. CT images following stent placement (transverse view). (A) 1 day after stent placement. (B) 2 months after stent placement
(no stent migration).
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to more hematuria, abdominal pain and more 
proteinuria. In the case of the patient considered 
herein, the abdominal pain persisted after 2 months 
of conservative treatment and CT imaging revealed 
a high degree of LRV compression with an engorged 
ipsilateral gonadal vein. Consequently, invasive 
diagnostic venography was performed.

Intervention therapies for NCS include open 
surgery and endovascular stenting. Open surgery, 
specifically LRV transposition, is the mainstay of 
treatment. However, it has several key disadvantages, 
including a prolonged period of renal congestion, 
the need for additional anastomosis, and extensive 
dissection.[1] By contrast, endovascular stenting is less 
invasive and generally achieves satisfactory results. 
For example, a previous study compared 15 patients 
treated using endovascular stenting with 5 patients 
treated using open surgery, and found that all of 
the patients treated with stents were asymptomatic 
during the follow-up period with the exception of a 
single case, in which the stent migrated to the right 
atrium and required surgical intervention to effect its 
removal.[8] Another study on a cohort of 61 patients 
with a mean follow-up period of 64 months also 
showed that endovascular stenting for LRV was safe 
and effective. [9] However, a later study of the same 
cohort reported a 6.7% stent migration rate attributed 
to inappropriate LRV diameter measurement or stent 
sizing during the original intervention.[10] Therefore, 
stent migration may not in fact be as rare as originally 
thought. The authors thus suggested that the 
preoperative anatomic parameters of the LRV must be 
more accurately measured. IVUS is beneficial in this 
regard due to the ability it provides to identify the true 
compressed lesion and vessel size. For example, in a 
recent published cohort of 18 patients, IVUS was used 
in 11 patients (61%), and no stent migration occurred. 

In the present case, endovascular stenting was 
chosen as the intervention therapy after extensive 
discussions between the patient and the surgeon. 
In performing the intervention, difficulties were 
encountered in accurately identifying the stenotic 
segment by venography since the stenosis was 
eccentric. Accordingly, IVUS was used to recognize 
the accurate lesion location and vessel size. Based 
on the IVUS observations, a 14 x 40 mm Wallstent® 
was chosen for implantation. The stent shortened 

after expansion and did not position ideally. Thus, 
the implantation of a second stent was considered. 
However, the pressure gradient between the LRV 
and the IVC resolved and IVUS showed a reduced 
extrinsic compression of the LRV. Consequently, the 
second stent was considered to be unnecessary and 
was therefore not implanted. CT imaging performed 
2 months after the procedure revealed that no 
stent migration occurred, and the engorgement of 
the left gonadal vein was significantly reduced. 
In other words, the stent functioned well despite 
its shortening in the implantation procedure. 
Furthermore, the patient was still symptom-free 5 
years after the procedure. According to a previous 
study, WallStent™ is the most frequently used 
stent, but may exhibit more than 30% shrinkage in 
length on implantation.[9] Consequently, Wang et 
al recommended that stents with a length of 6 or 
8 centimeters should be employed.[12] In addition, 
to avoid migration of the stent, its diameter should 
be specified around 20% larger than the venous 
diameter at the renal hilum. Thus, the basic size is 
considered to be 14 mm in diameter for patients of 
the Eastern population.[9] 

After stent placement, antithrombotic agents 
are necessary for preventing thrombosis. However, 
no standard antithrombotic therapy exists. Thus, 
the use of anticoagulant for 3 days to 3 months, 
followed by dual antiplatelet therapy (aspirin and 
clopidogrel) for 1 to 3 months, and then aspirin 
alone indefinitely is often suggested.[1, 3, 11] 

In conclusion, endovascular stenting is a safe and 
effective therapy for NCS, and is gaining popularity 
among intervention therapies. However, to achieve 
proper stent apposition and avoid stent migration, 
the preoperative anatomic parameters of the LRV 
must be accurately measured and venography 
with corresponding IVUS performed to obtain 
more precise lesion information. Furthermore, a 
longer stent (6 to 8 centimeters) is recommended to 
compensate for stent shortening during implantation. 
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Abstract: Currently, in terms of reducing the infection risk of the COVID-19 virus spreading all over
the world, the development of touchless blood pressure (BP) measurement has potential benefits.
The pulse transit time (PTT) has a high relation with BP, which can be measured by electrocardio-
gram (ECG) and photoplethysmogram (PPG). The ballistocardiogram (BCG) reflects the mechanical
vibration (or displacement) caused by the heart contraction/relaxation (or heart beating), which
can be measured from multiple degrees of the body. The goal of this study is to develop a cuffless
and touchless BP-measurement method based on a commercial weight scale combined with a PPG
sensor when measuring body weight. The proposed method was that the PTTBCG-PPGT was extracted
from the BCG signal measured by a weight scale, and the PPG signal was measured from the PPG
probe placed at the toe. Four PTT models were used to estimate BP. The reference method was the
PTTECG-PPGF extracted from the ECG signal and PPG signal measured from the PPG probe placed
at the finger. The standard BP was measured by an electronic blood pressure monitor. Twenty
subjects were recruited in this study. By the proposed method, the root-mean-square error (ERMS) of
estimated systolic blood pressure (SBP) and diastolic blood pressure (DBP) are 6.7 ± 1.60 mmHg and
4.8 ± 1.47 mmHg, respectively. The correlation coefficients, r2, of the proposed model for the SBP and
DBP are 0.606 ± 0.142 and 0.284 ± 0.166, respectively. The results show that the proposed method
can serve for cuffless and touchless BP measurement.

Keywords: ballistocardiogram; photoplethysmogram; pulse transit time (PTT); weight scale; blood pressure

1. Introduction

The COVID-19 virus has been spreading all over the world for more than two years
and has led to a large population being isolated at home or quarantined in specified spaces.
Thus, physical activity of these isolated people is restricted. According to a previous study,
physical inactivity causes more than 5 million deaths worldwide, which does great harm to
the finances of public health systems [1]. During physical inactivity, body weight increased,
and the weekly energy expenditure and quality of life were reduced [2]. Moreover, the
main route of COVID-19 virus infection is the spitting infection. Most people accidentally
touch the spit of patients and can very easily become infected. Thus, the World Health
Organization suggests that people must wash their hands frequently. The other method is
to avoid touching public goods. When the physical activities of people are limited, their
dietary assessment will be an important issue to control weight. Moreover, a diet rich in
fruits, vegetables, low-fat dairy products, fiber and minerals, would produce a potent anti-
hypertensive effect [3,4]. Many studies show that there is a positive relationship between
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being overweight or obese and blood pressure (BP) with the risk of hypertension [5,6].
Thus, daily measurements of weight and blood pressure could monitor the effectiveness
of dietary management by the individual. However, for BP measurement, people must
touch the cuff bladder, for which it is very hard to perform sterilization. How to improve
the convenience and accuracy of touchless measurements of body weight and BP will be a
challenge during this pandemic era.

A pulse wave in the aorta caused by the heart contraction will transmit to the periph-
eral arterioles. The pulse transit time (PTT) is defined and calculated as the time interval
between the R wave of electrocardiogram (ECG) as the starting time and the foot point of
photoplethysmogram (PPG) as the ending time [7–9]. Some studies used the bioimpedance
plethysmogram to replace ECG [10,11], or PPG [12,13]. Moreover, the standard definition
of PTT is that the blood pressure pulse wave passes from one position to another position.
Weltman et al. derived the pulse wave velocity (PWV) utilizing PTT over a known arterial
length [14]. The relationship between PWV and BP was quantitatively evaluated by the
well-known Bramwell and Hill equation [15]. The cuffless BP measurement based on the
PTT has been studied extensively in the past decades. In 2005, Ahlstrom proposed the
use of PTT to estimate the continuous systolic BP that compared with the invasive BP. Its
results showed that their correlation could be as high as 0.8. Moreover, when the BP has
an instantaneous drop, this method could effectively monitor the rapid change in BP [16].
We all know that the BP measured by the oscillometric method [17] represents an average
BP in a short period of time. Thus, it is not suitable for continuous BP measurement. In
order to develop a wearable BP measurement with the PTT continuously, some studies
only measured the time interval from the wrist to finger [11,18,19]. However, their methods
were hard to approach the goal of wearable and touchless measurement.

The ballistocardiography (BCG) converts the pulse pressure in the aorta caused by
the heart contraction into mechanical vibration that is transmitted to the body by multiple
degrees of freedom [20,21]. A mass-damper-spring model was built to represent the
vibration transmission in the body, and to predict the BCG waveforms at upper and lower
limb locations. A BCG signal can be measured by a MEMS accelerometer placed at the
wrist or foot [22], or by a strain gauge sensor placed at a weight scale [23]. Shin et al. used
BCG measured by a MEMS accelerometer placed at the wrist to replace ECG for the BP
measurement [20]. Martin et al. used a force sensor placed at the foot to acquire the BCG
signal to estimate the BP [23]. However, according to the mass-damper-spring model, the
damping and stiffness parameters of a weight scale would affect the pattern and phase of
the BCG signal.

The pulse wave measured by PPG is easily affected by some factors, such as the
subject’s skin, tissue, and light density of LED. The PTT values derived from PPG and ECG
depend largely on the placement of PPG sensors [24]. Moreover, the ECG is an electrical
signal, but the BCG is a mechanical signal. Therefore, when the BCG was measured from
the weight scale, and the PPG was measured from the PPG probe placed at the toe when a
subject was standing on a commercial weight scale, the reliability and reproducibility of BP
measurement with the PTT measured by BCG and PPG signals need to be explored. Thus,
the goal of this study is to develop a cuffless and touchless BP measurement method based
on a commercial weight scale combined with a PPG sensor when a person is measuring
body weight. The BCG signal was extracted from the strain gauge of a commercial weight
scale, and a PPG probe placed at a toe was used to measure the pulse signal. The PTT
measured by the ECG and PPG of the finger as the reference method was compared
with the PTT by the proposed method. Four PPT models for estimating BP were used to
explore the reliability and reproducibility of the proposed method. Twenty subjects were
recruited in this study, and were asked to exercise to raise their blood pressures. The results
showed that the BP measured by the proposed method was close to the BP measured by
the reference method.
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2. Materials and Methods

In order to use a commercial weight scale to measure BP in real time, we designed a
measurement system including a portable acquisition device, ECG, PPG and BCG driving
circuits, and a graphic user interface (GUI) on a notebook PC. The portable acquisition
device has eight measuring channels, a 3.0 Bluetooth module, and independent dual power
supplies from a battery [25]. Figure 1 shows the structure diagram of the measurement
system. The four strain gauges (SGs) of a commercial weight scale (HBF-371, Omron,
Osaka City, Japan) were used to sense the body weight and BCG signal. Two PPG probes
(DS-100A, Nellcor Puritan Bennett, Pleasanton, CA, USA) were placed on the middle finger
of the left hand and a toe of the left foot, respectively, which sensed the PPG signals, PPGF
and PPGT. The Lead I ECG was measured. Four signals, ECG, BCG, PPGF and PPGT, were
synchronously acquired and transferred via Bluetooth connection to a notebook PC for
data visualization and recording. PTTECG+PPGF values were extracted from ECG and PPGF
signals, and PTTBCG+PPGT values were extracted from BCG and PPGT signals. Then, four
PTT models were built to estimate BP.
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Figure 1. The structure diagram of measurement system including the sensor circuits, portable
acquisition device and a graphic user interface (GUI) on the notebook. The PTTECG + PPGF and
PTTBCG + PPGT are used to estimate BP with four models. PPG: point of photoplethysmogram;
SG: strain gauges; ECG: electrocardiogram; BCG: ballistocardiogram; PTT: pulse transit time;
BP: blood pressure.

2.1. Portable Acquisition Device

The portable acquisition device is a modified version used in the previous study of
Liu et al. [25]. The main part of this portable acquisition device was a 16-bit microcontroller
(MCU), TI MSP430 F5438A, of which sampling rate was 500 Hz and resolution of analog to
digital conversion (ADC) was 12 bits. The main clock rate of MCU was 24 MHz. The BT
3.0 module (BTM-204B) was used and connected with the MCU by a UART port. A 12-byte
transmission package included the first two bytes, 066 as the header of a transmission
package, and the remaining ten bytes for ADC values from each channel consisting of
high byte and low byte. In the power circuit, a chip (BQ24072, Texas Instruments, Dallas
City, TX, USA) for charging the battery was employed, a regulator chip (TPS78233, Texas
Instruments, Dallas City, TX, USA) provided a regulated DC voltage of 3.3 V and current of
400 mA, and another regulator chip (TPS60400, Texas Instruments, Dallas City, TX, USA)
provided a negative DC voltage of −3.3 V and current of 60 mA. The dual power supplies
offered the power not only for the portable acquisition device, but also for the related
external ECG, PPG, and BCG circuits.

2.2. Ballistocardiograph Circuit

The BCG signal is the alternating signal of SGs produced by the pulse pressure. Its
energy and signal-noise ratio (SNR) are very low. Figure 2 shows the BCG circuit that
includes an instrumentation amplifier (U1), a highpass filter (U2A and U4B), a noninverting
amplifier (U2B and U5A), a lowpass filter (U3 and U4A) and a baseline shifter (U5B). The
instrumentation amplifier is AD620 (Analog Device, Norwood City, OH, USA), and the
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operational amplifier is AD082 (Analog Device, Norwood City, OH, USA). Their working
voltages are ±3.3 V. All filters are implemented by the Butterworth structure. The cutoff
frequencies of the highpass filter and lowpass filter are 0.3 Hz and 10 Hz, respectively. The
total gain is 2000. Finally, the baseline of the BCG signal is shifted to 1.5 V.
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2.3. Photoplethysmograph Circuit

The PPG circuit detects the alternating component in PPG signal produced by the
pulsatile blood flow. Figure 3 shows the PPG circuit that includes a highpass filter (U1A), a
noninverting amplifier (U1B), a lowpass filter (U2A and U2B) and a baseline shifter (U3).
R1 is a pull-up resistor to convert the current signal to the voltage signal. The operational
amplifier is AD082 (Analog Device, Norwood City, OH, USA). Their working voltages are
also ±3.3 V. All filters are implemented by the Butterworth structure. The cutoff frequencies
of highpass filter and lowpass filter are 0.3 Hz and 40 Hz, respectively. The total gain is 100.
Finally, the baseline of PPG signal is shifted to 1.5 V.
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Figure 3. The circuit schematic for PPG measurement.

2.4. Electrocardiograph Module

The chip, AD 8232 (Analog Device, Norwood City, OH, USA) was used to measure
Lead I ECG, of which working voltage was 3.3 V, and bandwidth and gain were 0.5 to
40 Hz and 1100, respectively. The baseline is set to 1.5 V.

2.5. Digital Signal Processing

All measured signals were filtered to remove the wandering noise in baseline and the
high frequency noise using a 4th-order Butterworth bandpass filter in which the lower and
upper cutoff frequencies were 0.5 Hz and 10 Hz, respectively. In order to reduce to the
differences of phase lag among different signals, an 8th-order all-pass filter was designed to
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equalize the group delay within the passband. Figure 4 shows the ECG (blue), PPGF (red),
PPGT (green), BCG (black), differential PPGF (DPPGF, pink) and differential PPGT (DPPGT,
purple). The PTT based on ECG and PPG signals was derived from the R wave of ECG to
the foot point of PPG as PTT1 and from the R wave of ECG to main peak of differential
PPG as PTT2 [26]. The PTT measured by BCG and PPG signals was defined as an interval
between the J wave of BCG and the foot point of PPG for PTT1, and an interval between
the J wave of BCG and main peak of differential PPG as PTT2 [27]. In Figure 4, the R wave
of ECG, J wave of BCG, and main peak of differential PPG all have the largest point in one
heart-beat cycle (marked by black dots). The foot point of PPG (marked by black dots) is
the first zero crossing point of differential PPG [20,28].
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2.6. PTT Models for Blood Pressure Estimation

PTT is the time interval between the R wave of ECG and a characteristic point
of PPG [29]. The commonly used time stamps on the pulse wave are the foot [30,31],
peak [32,33] and middle-point of the rising edge [34,35]. In this study, we defined PTT1 as
the time interval between the R wave of ECG and foot point of PPGF, or the J wave of BCG
and foot point of PPGT, and PTT2 as the time interval between the R wave of ECG and main
peak of differential PPGF (DPGGF), or the J wave of BCG and main peak of differential
PPGT (DPPGT), as shown in Figure 4.

In order to compare the performance of BP estimated by reference and the pro-
posed methods, we utilized three PTT models to estimate BP that had been published
previously [36–38].

BP = a ∗ PTT1 + b, (1)

BP = a ∗ ln(PTT1) + b, (2)

BP = a ∗ PTT1 + b ∗ HR + c, (3)

where HR is the heart rate. Moreover, Heard et al. [39] have simplified the pressure–volume
distensibility given by Bramwell and Hill equation to propose an inverse square model.
Thus, we proposed an inverse model that included PTT1, PTT2 and HR,

BP =
a

PTT1
+

b
PTT2

+ c ∗ HR + d. (4)

The linear multi-dimension regression model was used to explore the correlation
between the independent variable (x) and the dependent variable (y), and the estimated
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variable (ŷ) [40]. The independent variables include PPT1, PPT2, and HR measured by
reference and proposed methods, the dependent variable is the standard blood pressure
measured by an electronic blood pressure monitor, and the estimated variable is the output
of the model using reference and proposed methods. The regression model is

y = B0 + B1xi1 + B2xi2 + · · ·+ Bkxik + ei, (5)

where ei is the error, and B = [B0, B1, . . . , Bk] is the parameter vector of the model. The
loss function (root-mean-square error), ERMS(B), is used to evaluate the performance of
this method,

ERMS(B) = (
1
n ∑n

i=1(yi − ŷi)
2)

0.5
, (6)

where n is the number of data. An optimal estimate of parameter vector was determined
from the measurement data by minimizing the loss function [41].

2.7. Statistic Analysis

The quantitative data is expressed as the mean ± standard deviation (SD). A two-tailed
paired t-test is used to compare the average of delay time (DTECG-BCG) between the ECG
and BCG, and the delay time (DTPPGF-PPGT) between the PPGF and PPGT. A p-value of
0.05 or less was considered statistically significant. The degree of linear regression between
the PTT parameters (x variable) by the reference or proposed method and the standard BP
(y variable) is expressed with a Pearson correlation coefficient, r2,

r2 =

 n(∑ xy)− (∑ x)(∑ y)√
[n ∑ x2 − (∑ x)2][n ∑ y2 − (∑ y)2]

2

, (7)

where n is the number of data. Furthermore, the precision and agreement between the
standard BP and estimated BP by reference and proposed methods are compared using a
Bland–Altman plot.

2.8. Experiment Protocol

Twenty subjects were recruited whose ages were 20.3 ± 1.03 years (eight males
and twelve females ranged from 23 to 19 years of age), weights were 55.8 ± 8.86 Kg
(from 44 to 75 Kg), and heights were 164.4 ± 7.66 cm (from 152 to 181 cm). This experi-
ment was approved by the Research Ethics Committee of Chung Shan University Hospital
(No. CS2-21194), Taichung city, Taiwan.

Subjects were asked to rest for five minutes and fill out an informed consent form
before the measurement. The subjects’ information, including age, weight, height, medical
treatment of illness, and health condition, was recorded. The subjects suffered from
arrhythmia and asthma were excluded from the experiment. An electronic blood pressure
monitor (HM-7210, Omron, Osaka City, Japan) was used to measure the blood pressure as
the standard in this experiment. The cuff of the blood pressure monitor was wrapped on
the left upper arm, the probes of PPG were placed on the first finger of right hand and toes
of right foot, separately, and the electrodes of ECG were placed on the chest to measure the
Lead I equivalent signal. The subject ran on a treadmill to raise their BP. The experiment
procedure is described below:

1. Subjects stood on the weight scale to measure ECG, PPGF, PPGT, and BCG signals
for five minutes, as shown in Figure 5. This measurement was used as the baseline of
this experiment. At the same time, the blood pressure was measured once; and its
finish-time was marked at the PPG signal.

2. Subjects ran on the treadmill at a speed of about 6 km/h firstly for at least three
minutes, and 8 km/h for the last four minutes.
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3. Subjects were requested to stand on the weight scale again, to measure ECG, PPGF,
PPGT, and BCG signal for six minutes. The blood pressures of subjects were measured
repeatedly once a minute within standing on the weight scale.

4. One measurement would take about 18 min. Each subject was measured four times.
The interval between two measurements was at least one week.
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Figure 5. A subject stands on the commercial weight scale. The finger of right hand and toe of right
foot wears the PPG probes. The cuff of blood pressure monitor is wrapped on the left hand. Lead I
ECG is measured.

Table 1 shows the maximum and minimum standard blood pressures of subjects in
the four measurements. Four signals were cut into segments every minute. The qualities
of four signals were determined by the manual selection in each segment. If any one of
the four signals measured did not have good quality for at least 10 s, the signals within
this segment would be ignored. The PTT1 values and PTT2 values were extracted from
each heartbeat of four signals, which would be ranked. The average of inter-quartile range
of PTT1 values and PTT2 values represented the PTT1 and PTT2 within this one minute.
Therefore, the maximum and minimum sample numbers for all subjects were 24 and 12.
Table 1 also shows the sample number (N) of each subject.

Table 1. The maximum and minimum standard blood pressures of subjects in the four measurements.

Subject
(N)

SBP
Max.~Min.

mmHg

DBP
Max.~Min.

mmHg

Subject
(N)

SBP
Max.~Min.

mmHg

DBP
Max.~Min.

mmHg

01
(N = 21) 142~111 102~74 11

(N = 23) 150~116 106~85

02
(N = 17) 121~84 81~66 12

(N = 24) 154~116 88~58

03
(N = 24) 172~124 121~85 13

(N = 16) 153~126 103~89

04
(N = 24) 156~116 88~68 14

(N = 12) 146~114 77~100

05
(N = 24) 154~106 83~59 15

(N = 12) 132~100 90~76

06
(N = 19) 173~134 104~85 16

(N = 17) 137~104 90~80

07
(N = 23) 152~123 99~83 17

(N = 23) 148~98 90~75

08
(N = 23) 154~118 114~76 18

(N = 16) 113~91 95~67

09
(N = 12) 133~108 85~74 19

(N = 23) 144~112 92~76

10
(N = 24) 132~103 103~74 20

(N = 19) 141~96 74~54

ps: min. is the abbreviation of minimum, max. is the abbreviation of maximum.
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3. Results

In this study, we used four models, Equations (1)–(4), to verify the performance of
the proposed method based on the BCG and PPGT signals that was compared with the
previous studies as the reference method based on the ECG and PPGF signals [29]. We
used ERMS and correlation coefficient (r2) to describe the performances of two methods.
Table 2 shows the results of estimated systolic and diastolic blood pressures (SBP and
DBP) with Equation (1). The ERMS of estimated SBP and DBP by the reference method are
6.6 ± 2.40 mmHg and 5.1 ± 1.67 mmHg, and ERMS of estimated SBP and DBP by the
proposed method are 9.1 ± 2.14 mmHg and 5.2 ± 1.61 mmHg. The r2 of reference method
for the SBP and DBP are 0.572 ± 0.204 and 0.157 ± 0.128, and r2 of proposed method for
the SBP and DBP are 0.204 ± 0.181 and 0.087 ± 0.111.

Table 2. The results of estimated systolic and diastolic blood pressures with Equation (1).

Subjects

Reference Method Proposed Method

SBP DBP SBP DBP

ERMS
(mmHg) r2 ERMS

(mmHg) r2 ERMS
(mmHg) r2 ERMS

(mmHg) r2

01 5.0 0.740 5.2 0.193 9.672 0.031 5.7 0.019
02 6.8 0.472 4.4 0.001 7.598 0.348 4.1 0.145
03 8.2 0.641 7.0 0.062 13.760 0.000 5.7 0.376
04 8.7 0.445 4.9 0.014 11.675 0.005 4.9 0.004
05 4.7 0.831 5.2 0.330 7.608 0.570 5.6 0.234
06 9.6 0.296 4.9 0.098 8.772 0.424 5.1 0.034
07 6.9 0.359 3.8 0.276 8.665 0.012 4.4 0.014
08 7.8 0.476 8.0 0.059 9.609 0.218 8.1 0.030
09 4.6 0.609 2.7 0.023 5.702 0.408 2.7 0.000
10 4.7 0.714 5.8 0.066 6.646 0.443 5.3 0.227
11 5.7 0.583 6.8 0.026 7.624 0.278 6.8 0.000
12 4.8 0.783 6.6 0.159 10.218 0.047 6.4 0.221
13 5.8 0.501 3.5 0.371 8.210 0.003 4.4 0.004
14 5.8 0.685 5.8 0.273 9.523 0.164 6.8 0.003
15 4.1 0.839 3.9 0.155 7.300 0.499 3.7 0.233
16 7.2 0.350 1.9 0.432 8.185 0.175 2.5 0.001
17 13.6 0.063 3.5 0.003 12.846 0.171 3.5 0.008
18 5.1 0.583 7.5 0.143 7.655 0.078 8.1 0.001
19 3.0 0.902 2.7 0.235 9.445 0.039 3.0 0.029
20 9.4 0.565 6.2 0.228 13.079 0.161 6.5 0.155

Mean ± SD 6.6 ± 2.40 0.572 ± 0.204 5.0 ± 1.67 0.157 ± 0.128 9.2 ± 2.14 0.204 ± 0.181 5.2 ± 1.61 0.087 ± 0.111

ps: SD, SBP, DBP are the abbreviations for standard deviation, systolic blood pressure, diastolic blood
pressure, respectively.

Table 3 shows the results of estimated SBP and DBP with Equation (2). The ERMS of
estimated SBP and DBP by the reference method are 6.2 ± 1.74 mmHg and 5.0 ± 1.65 mmHg,
and ERMS of estimated SBP and DBP by the proposed method are 8.6 ± 2.12 mmHg and
5.0 ± 1.48 mmHg. The r2 of reference method for the SBP and DBP are 0.611 ± 0.157 and
0.167 ± 0.135, and r2 of proposed method for the SBP and DBP are 0.272 ± 0.241 and
0.119 ± 0.134.

Table 4 shows the results of estimated SBP and DBP with Equation (3). The ERMS of
estimated SBP and DBP by the reference method are 5.7 ± 1.76 mmHg and 4.9 ± 1.72 mmHg,
and ERMS of estimated SBP and DBP by the proposed method are 7.0 ± 1.59 mmHg and
4.8 ± 1.48 mmHg. The r2 of reference method for the SBP and DBP are 0.699 ± 0.138 and
0.241 ± 0.162, and r2 of proposed method for the SBP and DBP are 0.548 ± 0.157 and
0.246 ± 0.167.



Nutrients 2022, 14, 2552 9 of 15

Table 3. The results of estimated systolic and diastolic blood pressures with Equation (2).

Subjects

Reference Method Proposed Method

SBP DBP SBP DBP

ERMS
(mmHg) r2 ERMS

(mmHg) r2 ERMS
(mmHg) r2 ERMS

(mmHg) r2

01 4.8 0.761 5.2 0.178 9.6 0.026 5.8 0.001
02 6.7 0.486 4.4 0.001 6.9 0.458 3.8 0.229
03 8.1 0.650 7.1 0.039 13.2 0.070 6.2 0.256
04 7.9 0.534 4.8 0.029 10.8 0.149 4.8 0.045
05 4.4 0.851 5.0 0.382 6.5 0.684 5.5 0.270
06 9.2 0.354 4.9 0.108 10.8 0.114 5.1 0.016
07 6.9 0.369 3.8 0.276 8.4 0.059 4.3 0.041
08 8.0 0.446 7.7 0.120 8.9 0.326 7.5 0.165
09 5.1 0.511 2.7 0.019 5.1 0.508 2.7 0.025
10 4.9 0.690 5.8 0.067 7.0 0.369 5.5 0.159
11 4.7 0.715 6.6 0.055 8.8 0.034 6.8 0.002
12 6.1 0.659 6.9 0.089 7.1 0.527 5.6 0.393
13 5.5 0.542 3.5 0.382 8.2 0.000 4.4 0.023
14 6.5 0.607 5.7 0.292 9.2 0.207 5.1 0.430
15 3.7 0.870 3.8 0.184 10.2 0.007 4.2 0.026
16 7.0 0.397 1.9 0.439 4.5 0.744 2.5 0.030
17 8.2 0.655 3.5 0.003 8.1 0.666 3.5 0.000
18 5.1 0.590 7.5 0.146 7.5 0.102 8.0 0.039
19 2.8 0.910 2.7 0.205 9.0 0.115 3.0 0.011
20 8.8 0.614 5.8 0.319 12.1 0.274 6.2 0.224

Mean ± SD 6.2 ± 1.74 0.611 ± 0.157 5.0 ± 1.65 0.167 ± 0.135 8.6 ± 2.12 0.272 ± 0.241 5.0 ± 1.48 0.119 ± 0.134

ps: SD, SBP, DBP are the abbreviations for standard deviation, systolic blood pressure, diastolic blood
pressure, respectively.

Table 4. The results of estimated systolic and diastolic blood pressures with Equation (3).

Subjects

Reference Method Proposed Method

SBP DBP SBP DBP

ERMS
(mmHg) r2 ERMS

(mmHg) r2 ERMS
(mmHg) r2 ERMS

(mmHg) r2

01 4.8 0.766 5.4 0.179 7.3 0.477 5.6 0.112
02 4.3 0.798 3.0 0.553 5.3 0.703 3.4 0.441
03 8.3 0.650 7.2 0.052 11.0 0.384 6.4 0.256
04 7.5 0.608 4.8 0.098 9.0 0.436 4.5 0.210
05 4.5 0.853 4.6 0.505 6.1 0.734 4.1 0.597
06 5.9 0.749 5.0 0.122 6.8 0.673 5.0 0.120
07 7.0 0.378 3.8 0.283 7.6 0.276 4.3 0.102
08 8.0 0.478 7.9 0.121 7.5 0.546 7.6 0.188
09 2.4 0.905 2.7 0.105 4.8 0.607 2.7 0.069
10 5.0 0.693 5.8 0.121 6.9 0.413 5.5 0.197
11 4.3 0.772 6.1 0.243 7.9 0.255 7.0 0.012
12 6.2 0.659 7.0 0.091 6.9 0.579 5.5 0.434
13 5.5 0.570 3.4 0.449 6.3 0.444 3.5 0.407
14 6.8 0.613 6.0 0.294 8.0 0.463 5.4 0.433
15 3.0 0.920 3.7 0.299 6.3 0.662 3.7 0.304
16 5.7 0.618 2.0 0.444 3.5 0.857 2.4 0.158
17 8.3 0.665 3.6 0.013 8.2 0.671 3.6 0.003
18 4.8 0.651 7.8 0.148 4.9 0.644 7.3 0.243
19 2.9 0.911 2.8 0.209 7.4 0.435 2.9 0.126
20 7.8 0.718 5.3 0.482 7.9 0.710 5.2 0.501

Mean ± SD 5.7 ± 1.76 0.699 ± 0.138 4.9 ± 1.72 0.241 ± 0.162 7.0 ± 1.59 0.548 ± 0.157 4.8 ± 1.48 0.246 ± 0.167

ps: SD, SBP, DBP are the abbreviations for standard deviation, systolic blood pressure, diastolic blood
pressure, respectively.

Table 5 shows the results of estimated SBP and DBP with Equation (4). The ERMS of es-
timated SBP and DBP by the reference method are 5.4 ± 1.71 mmHg and 4.9 ± 1.68 mmHg,
and ERMS of estimated SBP and DBP by the proposed method are 6.7 ± 1.60 mmHg and
4.8 ± 1.47 mmHg. The r2 of reference method for the SBP and DBP are 0.742 ± 0.131 and
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0.293 ± 0.169, and r2 of proposed method for the SBP and DBP are 0.606 ± 0.142 and
0.284 ± 0.166. Figure 6a shows the Bland–Altman plot of estimated SBPs by reference
(black) and proposed (red) methods with Equation (4), and the standard SBP. The limits
of agreement for the proposed method are larger than the reference method. The SBP
differences of proposed method within 100 mmHg to 150 mmHg are larger than the ref-
erence method. Figure 6b shows the Bland–Altman plot of estimated DBPs by reference
(black) and proposed (red) methods with Equation (4), and the standard DBP. The limits
of agreement for the proposed method are smaller than the reference method. The DBP
differences of proposed method within the 80 mmHg to 120 mmHg are also smaller than
the reference method.

Table 5. The results of estimated systolic and diastolic blood pressures with Equation (4).

Subjects

Reference Method Proposed Method

SBP DBP SBP DBP

ERMS
(mmHg) r2 ERMS

(mmHg) r2 ERMS
(mmHg) r2 ERMS

(mmHg) r2

01 4.9 0.770 5.4 0.203 5.8 0.684 5.5 0.192
02 4.4 0.807 2.8 0.639 5.2 0.734 3.5 0.447
03 8.3 0.664 6.7 0.219 10.7 0.446 5.7 0.435
04 7.2 0.654 4.8 0.138 8.8 0.483 4.5 0.231
05 4.3 0.871 4.7 0.505 5.8 0.767 4.2 0.615
06 5.9 0.770 5.2 0.121 6.7 0.702 5.2 0.123
07 7.3 0.365 4.0 0.277 7.6 0.305 4.4 0.112
08 7.8 0.534 7.7 0.213 7.6 0.548 7.5 0.255
09 2.6 0.897 2.8 0.107 4.7 0.670 2.9 0.098
10 4.8 0.730 5.9 0.139 6.6 0.491 5.4 0.264
11 4.5 0.772 6.2 0.259 7.3 0.390 7.1 0.014
12 4.8 0.802 6.6 0.247 5.9 0.704 5.8 0.417
13 5.0 0.679 3.4 0.493 5.9 0.548 3.6 0.449
14 4.8 0.830 6.2 0.327 7.8 0.544 5.6 0.449
15 3.1 0.926 3.7 0.386 5.6 0.761 3.9 0.327
16 5.9 0.621 1.9 0.515 3.7 0.851 2.5 0.166
17 7.8 0.722 3.7 0.018 8.4 0.679 3.7 0.008
18 4.1 0.766 8.0 0.173 5.0 0.663 7.5 0.268
19 2.7 0.925 2.7 0.301 7.5 0.441 2.7 0.309
20 7.7 0.738 4.9 0.579 8.0 0.716 5.3 0.508

Mean ± SD 5.4 ± 1.71 0.742 ± 0.131 4.9 ± 1.68 0.293 ± 0.169 6.7 ± 1.60 0.606 ± 0.142 4.8 ± 1.47 0.284 ± 0.166

ps: SD, SBP, DBP are the abbreviations for standard deviation, systolic blood pressure, diastolic blood
pressure, respectively.
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18 4.8 0.651 7.8 0.148 4.9 0.644 7.3 0.243 
19 2.9 0.911 2.8 0.209 7.4 0.435 2.9 0.126 
20 7.8 0.718 5.3 0.482 7.9 0.710 5.2 0.501 

Mean ± SD 5.7 ± 1.76 0.699 ± 
0.138 

4.9 ± 1.72 0.241 ± 
0.162 

7.0 ± 1.59 0.548 ± 
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Table 5. The results of estimated systolic and diastolic blood pressures with Equation (4). 
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Figure 6. (a) Bland–Altman plot of estimated SBPs by reference (black) and proposed (red) methods
with Equation (4), and the standard SBP; (b) Bland–Altman plot of estimated DBPs by the reference
(black) and proposed (red) methods with Equation (4), and the standard SBP.
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We found that the reference method to estimate BP has better performance than
the proposed method. In order to explore this problem, we analyzed the differences of
PTT1 and PTT2 measured by reference and proposed methods. Table 6 shows the statistic of
total PTT1 and PTT2 that were measured by reference and proposed methods. The number
of PTT1 or PTT2 is 396. PTT1ECG is extracted from the ECG and PPGF signals, and PTT1BCG
is extracted from the BCG and PPGT signals. PTT2ECG is extracted from the ECG and DPPG
signals, and PTT2BCG is extracted from the BCG and DPGG signals. We used the paired
t-test to compare the differences of PTT1 and PTT2 data between reference and proposed
methods. We found that not only is PTT1ECG (164.8 ± 21.46 ms) significantly greater than
PTT1BCG (142.2 ± 17.57 ms), but also PTT2ECG (227.4 ± 24.29 ms) is significantly greater
than PTT2BCG (212.0 ± 18.81 ms).

Table 6. The statistic of total PTT1 and PTT2 measured by reference and proposed methods.

PTT1ECG (ms) PTT1BCG (ms) PTT2ECG (ms) PTT2BCG (ms)

Mean 164.8 142.2 227.4 212.0
SD 21.46 17.57 24.29 18.81

p-value 2.76 × 10−51 5.23 × 10−22

ps: SD is the abbreviation of standard deviation.

The ECG is an electric signal, while BCG is a mechanical signal. Moreover, although
PPGF and PPGT are all PPG signals, their transit distances are not the same. Thus, we
explored the delay time (DTECG-BCG) between the ECG and BCG, and the delay time
(DTPPGF-PPGT) between the PPGF and PPGT in Table 7. The number of all pulses used to
get the PTT1 and PTT2 is 4364. DTECG-BCG (82.8 ± 22.73 ms) is significantly greater than
DTPPGF-PPGT (61.6 ± 17.47 ms).

Table 7. The statistic of delay time (DTECG-BCG) between the ECG and BCG, and the delay time
(DTPPGF-PPGT) between the PPGF and PPGT.

DTECG-BCG (ms) DTPPGF-PPGT (ms)

Mean 82.8 61.6
SD 22.73 17.47

p-value 0.000
ps: SD is the abbreviation of standard deviation.

4. Discussion

The BP is adjusted by the autonomic nervous system and central nervous system.
However, in the clinical diagnosis, BP is measured when people have rested for five minutes,
which represents the rest BP. Therefore, some studies used the beat-to-beat BP measured by
the invasive method to calibrate the BP measured by the cuffless methods [42,43]. Thus,
the accuracies of these studies were higher. However, when the blood pressure changes
under spinal anesthesia [44] or exercise [12], the accuracy of blood pressure measured by
the PTT would become fairly poor. In the pilot study of Sharwood-Smith, the correlation
coefficient between the mean blood pressure and PTT was only r2 = 0.55 [44]. The result for
the exercise experiment was only r2 = 0.49 [12]. In this study, the BP of subjects was raised
by the exercise, and measured by the commercial electronic BP monitor. The best r2 and
ERMS of estimated SBP with the proposed method was 0.606 ± 0.142 and 6.7 ± 1.60 mmHg,
respectively. These results were very close to the previous studies.

There are many studies investigating the relations between the PTT and BP [24,26].
The PTT could be defined as the interval between the R wave of ECG and the specific
point of PPG because the PTT contains the intra-cardiac (pre-ejection period, PEP) and
the vascular transit time [45]. The PET is a time delay that is affected by stress, physical
activity, age, and emotion [9]. Thus, the foot point of PPG wave is usually used as the
characteristic point to reduce influence of the PEP, which represents the ending time of the
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cardiac diastolic cycle. Some studies proposed the PTT using the middle-point of the rising
edge as the characteristic point of the PPG signal because the rest BP is also controlled by
the autonomic nervous system. Therefore, we proposed a new relation between the inverse
PTT and BP, as in Equation (4). The PTT includes the PTT1 (interval between the R wave
of ECG and the foot point of PPG) and PTT2 (interval between the R wave of ECG and
the middle-point of the rising edge of PPG). We found that the proposed model, Equation
(4), has the best performance among the other three models, Equations (1)–(3), in terms of
ERMS of estimated SBP: 5.4 ± 1.71 mmHg vs. 6.6 ± 2.40 mmHg, 6.2 ± 1.74 mmHg, and
5.7 ± 1.76 mmHg.

In Table 5, the performance of the proposed method seems not to be better than the ref-
erence method in terms of ERMS of estimated SBP: 6.7 ± 1.60 mmHg vs. 5.4 ± 1.71 mmHg,
and r2 for the SBP with Equation (4): 0.606 ± 0.142 vs. 0.742 ± 0.131. The PTT1 and
PTT2 measured by the proposed method are significantly smaller than the reference method
in Table 6. Then, we analyzed the delay time between the ECG and BCG, and between
the PPGF and PPGT in Table 7. DTECG-BCG (82.8 ± 22.73 ms) is significantly greater than
DTPPGF-PPGT (61.6 ± 17.47 ms). Thus, the accuracy of PTT measured by the BCG is lower
than the ECG. Shin et al. used the BCG measured from the wrist and the PPG measured
from the finger to estimate the SBP. The correlation coefficient, r2, approaches 0.64, which is
better than 0.606 ± 0.142 in our study [20]. Martin et al. used the BCG and PPG measured
from the foot to estimate the SBP [23]. ERMS was only 11.8 ± 1.6 mm, which was worse than
5.4 ± 1.71 mmHg in our study. Thus, the farther away from the heart the PTT is measured,
the less accurate the estimate is.

BCG could be measured when a person is standing on a weight scale [46], lying on a
bed [47], or sitting in a chair [48]. The SNR of BCG is affected by the posture of a person [22].
Moreover, the SNR of BCG measured by the weight scale is the lowest among the other
two. Inan et al. studied the relation between SNR of BCG and the electromyogram power
of feet during movement, and the correlation coefficient, r, was 0.89 [46]. Thus, the main
limitation of the proposed method is that subjects must stand stably. In this study, subjects
were all young people whose leg muscles were normal. That is, the SNR of BCG would be
high. If the muscles of users’ legs are abnormal, such as in sarcopenia or handicapped legs,
they are not suitable to use this method to measure BP. Moreover, PPG is to measure the
change of blood volume in the capillary [49], for which morphologies are different at the
different body sites. In Figure 4, the power of PPG measured from the finger is larger than
the toe. If users have poor circulation in the lower extremities, the PPG waveform will be
indistinct. Thus, the performance of cuffless BP measurement using the weight scale must
be worse. However, its advantage is that this method could approach to develop cuffless
and touchless BP measurement in the future, when the PPG sensor is embedded in the
weight scale.

5. Conclusions

Cuffless and touchless BP measurement has the potential benefit of reducing infection
risk during the COVID-19 epidemic. In this study, we used the commercial weight scale to
sense the BCG signal that replaced the ECG. Four PTT models were used to estimate BP. The
PTT of the reference method was detected by the ECG and PPGF. The proposed method
used the BCG and PPGT to extract the PTT. In terms of the performance of the proposed
method, the expected result was worse than that of the reference method. However, ERMS
of estimated SBP by the proposed method is 6.7 ± 1.60 mmHg, which is within the range
of agreement. Therefore, this method could be implemented in a cuffless and touchless
system to measure the continuous beat-to-beat blood pressure. In the future, we will use
deep learning techniques to estimate the BP for increasing the accuracy of blood pressure
measurements.
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