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Preface to ”Current Challenges and Advances in

Atherosclerosis”

Atherosclerosis is a systemic disorder which is of major interest in both basic science and

clinical medicine in order to achieve healthy longevity worldwide. Atherosclerosis generally

develops without any signs and symptoms, eventually resulting in various kinds of catastrophic

cardiovascular events, such as ischemic heart disease, ischemic stroke, and rupture of major vessel

aneurysms. Scientists working on the biological facets of atherosclerosis have recently focused on the

persistent inflammation in vessel walls from intimal to adventitial tissues. Although inflammation

is indeed a dominant pathological phenomenon in atherosclerosis, it has been recognized that there

is no simple answer to the question of whether inflammation promotes or delays atherosclerosis.

Atherosclerosis is a complex disease that involves several different cell types, such as lymphocytes,

macrophages, monocytes, dendric cells, and their molecular products. Chronic inflammation in

atherosclerosis can be accompanied by immunological changes, including auto-immune disorders.

For example, our recent studies have shown that multiple auto-antibodies are found in the sera

of subjects with atherosclerosis via inventory high-throughput auto-antibody screening techniques

using cell-free technologies. Nevertheless, the immune system is even more complicated, with many

cell types, hundreds of cytokines, and literally millions of different antigens, making research into

atherosclerosis more complicated. Macrophages, which are differentiated from monocytes, one of

the components of blood cells, phagocytize denatured LDL cholesterol on the vascular wall, become

foamy cells, accumulate under the vascular endothelium, and cause atherosclerotic plaque formation.

This forms the primary lesion, the fatty streak. Some of the aggregated foam cells undergo cell

death over time, release denatured lipids in the cytoplasm, and increase in volume while forming

a lipid core (necrotic core). The lipid core is surrounded by immune response cells, such as T cells,

monocytes, macrophages, dendritic cells, and fibroblasts, to form atherosclerotic plaques. Enlarged

lipid cores are at risk of rupture due to stresses on the vascular endothelium, such as blood pressure

and shear stress from blood flow. The vulnerability of atherosclerotic plaques is thought to be

determined by the formation of a fibrous cap around the plaque and the antagonism of degradation

of fibrous components by protease, peptidase, etc., secreted by cells.

Fatal and non-fatal myocardial infarctions and cerebral infarctions, collectively referred to

as cardiovascular events, result from accidental plaque rupture. As a result of plaque rupture,

plaque components leak into the vascular lumen, causing local thrombus formation and subsequent

activation of the fibrinolytic system. When the force of thrombus formation brought about by the

qualitative and quantitative abnormalities of denatured lipids leaking from the lipid core exceeds the

force of the endogenous fibrinolytic system, the thrombus occupies the finite space of the vascular

lumen. As a result, blood flow with the thrombus is interrupted, and infarction of important organs

occurs. Plaque rupture is accidental and unpredictable, and medical treatment starting from plaque

rupture is a post-event response. Regarding the occurrence of cardiovascular events, there is only a

therapeutic strategy that controls the risk and lowers the probability of atherosclerotic accidents, and

a fundamental, radical therapeutic approach is required.

Among the immune cells and inflammatory cells involved in atherosclerosis, B cells have not

necessarily been recognized to play a central role so far. Looking back at the history of atherosclerosis

research, we can see that research on B cells is progressing. Arteries have a three-layered structure

consisting of the intima, media, and adventitia. In 1915, at the very early stage of atherosclerosis

research, Sir Clifford Allbutt investigated the relationship between atherosclerosis and B cells
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infiltrating the tunica adventitia, which can be traced back to the description of ”round cell growth in 
the adventitia in atherosclerosis is correlated with absorption of depraved matter from the diseased 
intima.” ([Diseases of the Artery]). The ”round cells” infiltrating the adventitia described in this 
article were also reported in 1956 and 1962, and were found to be mainly B cells. Recent studies 
have shown that the activation of B cells in the adventitia is important in controlling atherosclerosis. 
Hamze et al. used microdissection techniques to analyze individual lymphocytes in coronary arteries.

(J Immunol. 2013;191:3006-16.) They found that the majority of B cells reside in the adventitia of 
coronary arteries. In human and rodent models of atherosclerosis, B cells are present in the adventitia 
and form the tertiary lymph node tissue (ATLO, Artery Tertiary Lymphoid Organ). PVAT (peri-

vascular adipose tissue), which is adjacent to the adventitia of arteries, contains complex and diverse 
cellular components, such as macrophages, T cells, and B cells, named FALCs (Fat-Associated 
Lymphoid Clusters). FALCs are in close proximity to the adventitial ATLO and may play a role in 
the establishment of atherosclerosis. Inflammation in atherosclerosis is not a transient inflammation. 
We reported that as a result of the activation and conditioning of B2 cells in the spleen, they 
infiltrate PVAT, and become the starting point of the pathology related to the onset of atherosclerosis.

(Chen L, Ishigami T, et al. eBioMedicine, 2016) A high-fat, high-calorie diet causes changes in 
intestinal bacteria, dysbiosis, a decrease in intestinal barrier function, and activation of splenic B2 
cells. Activated B2 cells can serve as a hypothetical biological model of atherosclerosis, in which they 
infiltrate the aortic adipose tissue and secrete IgG/IgG3 antibodies to promote atherosclerosis.

B cells infiltrate the PVAT from the very early stage of atherosclerosis, form FALCs, and form 
ATLO, a tertiary lymphoid tissue, in the adventitia. This may be the origin of immune response 
in atherosclerotic plaques in the endothelium/intima. The humoral immune response mediated by 
atherosclerotic B cells derives from antibody production and specific activation of B cell subtypes in 
the spleen. If this reaction, which can be said to be the biological starting point of atherosclerosis, can 
be controlled, it may become an option for the treatment of atherosclerosis.

This Special Issue, entitled “Current Challenges and Advances in Atherosclerosis”, will focus on 
recent challenges and advances in the field of atherosclerosis by global expert scientists and clinicians 
to elucidate the complicated features of atherosclerosis and translational attempts for both medical 
and scientifical frontiers.

Tomoaki Ishigami

Editor
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Abstract: The comparative severity of patent foramen ovale (PFO)-related stroke in patients without
atrial fibrillation (AF) and AF-related stroke in patients without PFO is unknown. Therefore, we
compared the severity of PFO-related stroke and AF-related stroke. Twenty-six patients who under-
went transesophageal echocardiography (TEE) were diagnosed with cardioembolic stroke from July
2018 to March 2020. Cases with AF detected by electrocardiograms or thrombus in the left atrium or
left atrial appendage on TEE were included in the AF-related stroke group. Cases with a positive
microbubble test on the Valsalva maneuver during TEE, and with no other factors that could cause
stroke, were included in the PFO-related stroke group. This study was designed as a single-center,
small population pilot study. The stroke severity of the two groups by the National Institute of Health
Stroke Scale (NIHSS) score was compared by statistical analysis. Of the 26 cases, five PFO-related
stroke patients and 21 AF-related stroke patients were analyzed. The NIHSS score was 2.2 ± 2.8
and 11.5 ± 9.2 (p-value < 0.01), the rate of hypertension was 20.0% and 85.7% (p-value = 0.01), and
the HbA1c value was 5.5 ± 0.2% and 6.3 ± 1.3% (p-value = 0.02) in the PFO-related and AF-related
stroke groups, respectively. Compared with AF-related stroke patients, stroke severity was low in
PFO-related stroke patients.

Keywords: patent foramen ovale and stroke; atrial fibrillation and stroke; cryptogenic stroke; severity
of stroke; National Institute of Health Stroke Scale score

1. Introduction

Stroke results in substantial disability and sometimes causes death [1]. The TOAST
classification denotes five subtypes of ischemic stroke: (1) large-artery atherosclerosis, (2)
cardioembolism, (3) small-vessel occlusion, (4) stroke of other determined etiology, and (5)
stroke of undetermined etiology [2]. Cardioembolic stroke accounts for 15–30% of ischemic
strokes [3].

In up to 40% of patients with acute ischemic stroke, there is a stroke of undeter-
mined etiology in TOAST classification (5); this stroke has been labeled as cryptogenic

J. Clin. Med. 2021, 10, 332. https://doi.org/10.3390/jcm10020332 https://www.mdpi.com/journal/jcm1
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stroke [1,2,4,5]. Major cardioembolic risk sources include atrial fibrillation (AF), recent my-
ocardial infarction, previous myocardial infarction (left ventricular aneurysm), intracardiac
thrombus, tumors, rheumatic valve disease, aortic arch atheromatous plaques, endocarditis,
and mechanical valve prosthesis, whereas minor or unclear risk sources include patent
foramen ovale (PFO), atrial septal aneurysm (ASA), and giant Lambl’s excrescences [3].
Evaluation of stroke sources is important for preventing second stroke events.

In the general population, 0.4–1% have AF, and the prevalence increases to 9% in
the population aged 80 years or older [6]. The CHADS2 and CHA2DS2-VASc risk scores
show the frequent occurrence of stroke and embolism, ranging from 0 (low risk) to 18%
event/year (high-risk) among patients with AF [7,8].

For the management of AF, anticoagulant therapy, catheter ablation, and antiarrhyth-
mic drugs are well-established [9]. Recently, transcatheter left atrial appendage closure has
been used as a primary therapy for AF patients with contraindications for using chronic
oral anticoagulation to prevent stroke [10].

PFO is caused by incomplete fusion of the septum primum and secundum after birth
in the cranial portion of the fossa ovalis, and is a common anatomical variant found in
about 25% of the general population [11,12]. Stroke with PFO occurs when a systemic
venous thrombus travels directly into the systemic arterial circulation [1]. The proportion of
stroke patients with PFO is 21–63% [11]. According to a report, cryptogenic stroke patients
with PFO were younger and less likely to have conventional vascular risk factors than
cryptogenic stroke patients without PFO [11].

Recently, the DEFENSE, REDUCE, and CLOSE trials demonstrated the superiority of
PFO closure over medical management [13–15]. In cryptogenic stroke, detection of PFO
is important to select an adequate secondary stroke prevention therapy. Transesophageal
echocardiography (TEE) is the gold standard for PFO detection. The microbubble test with
Valsalva maneuver is recommended for detecting PFO on TEE to avoid the increasing false
negative rate of up to 20% when the Valsalva maneuver is not performed [3,16].

It is known that the severity of ischemic stroke patients with PFO, including patients
with AF, is lower than that of patients without PFO, including patients with AF [17];
however, whether the severity of PFO-related stroke in patients without AF is lower than
that of AF-related stroke in patients without PFO is unknown. Thus, the purpose of this
analysis was to evaluate the severity of PFO-related stroke and AF-related stroke, and to
identify the characteristics of both stroke types.

2. Materials and Methods

2.1. Study Design and Patient Population

We performed a single-center (Omori Red Cross Hospital) retrospective study on
consecutive patients with cardioembolic stroke, including suspected cases on magnetic
resonance imaging, who underwent TEE between July 2018 and March 2020.

Patients with AF diagnosed from history, electrocardiogram (ECG) at admission, 24
h-holter ECG monitoring, ECG monitoring in the ward, or patients with thrombi including
smoke-like echo with a swirling motion of blood in the left atrium (LA) or left atrial
appendage (LAA), which is known to be a marker of a prothrombotic state, were classified
as AF-related stroke patients [18]. Patients with PFO without AF were classified as PFO-
related stroke patients.

Patients with mobile aortic plaque were defined as Class V in the Katz Index [19],
patients after valve replacement and those with cardiac tumor, infectious endocarditis,
Lambl’s excrescence on the aortic valve, or those diagnosed with atherosclerotic stroke
by neurologists after TEE were excluded from this study. Patients with PFO between the
right atrium (RA) and LA diagnosed only by the color Doppler method without passage of
microbubbles were excluded from this study.
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2.2. Evaluations

The diagnosis of ischemic stroke was made by neurologists with known experience
in cerebrovascular diseases. TEE was performed and evaluated by cardiologists who
were well-experienced in echocardiology. TEE was performed with either Vivid E95 (GE
Healthcare, Tokyo, Japan) or ALOKA Prosoundα10 (ALOKA, Tokyo, Japan).

2.3. Baseline Study Assessment

We collected data on patient characteristics (age, sex, height, body weight, and smok-
ing habit); vascular risk factors; the administration ratio of antiplatelet therapy or oral anti-
coagulant therapy before stroke onset; blood tests (aspartate transaminase (AST), alanine
aminotransferase (ALT), lactate dehydrogenase (LDH), alkaline phosphatase (ALP), total
bilirubin (T-bil), brain natriuretic peptide (BNP), hemoglobin, HbA1c, D-dimer, low-density
lipoprotein (LDL), high-density lipoprotein (HDL), triglycerides (TGs), creatinine (Cre), es-
timated glomerular filtration rate (eGFR), and creatinine clearance (CCR) (Cockcroft–Gault
equation)); HAS-BLED score to assess bleeding risk in AF patients from hypertension,
abnormal renal/liver function, stroke, bleeding history or predisposition, labile INR, el-
derly (>65 years old), and concomitant drugs/alcohol use [20]; National Institute of Health
Stroke Scale (NIHSS) [21]; the risk of paradoxical embolism (RoPE) score to assess the
likelihood of the cryptogenic stroke being related to PFO based on the scoring items of
age, hypertension, diabetes, history of stroke or transient ischemic attack, smoking habit,
and cortical infarct on imaging [11]; ECG; 24 h-holter ECG monitoring; ECG monitoring in
the hospital ward; thrombus, including smoke-like echo in LA or LAA by TEE; and left
ventricular ejection fraction (LVEF) by transthoracic echocardiography.

The TEE was performed under light sedation with propofol. The LA or LAA thrombi
were evaluated in all patients by TEE. For all patients who underwent TEE, an intravenous
microbubble test during the Valsalva maneuver was performed. In the GORE-REDUCE
trial [14], the classification of PFO size was based on the maximum number of microbubbles
during the first three cardiac cycles; 0 microbubbles were classified as no shunt, one
to five microbubbles as small, six to 25 microbubbles as moderate, and more than 25
microbubbles as large. PFO was diagnosed by the microbubble test using the Valsalva
maneuver technique between the RA and LA. Complex PFO was classified as PFO with
ASA, or with a long tunnel length of over 8 mm, or with the eustachian valve [22]. Some
AF-related stroke patients with LA or LAA thrombi skipped the microbubble test.

2.4. Statistical Analysis

JMP Pro version 15 software (SAS Institute Japan Inc., Tokyo, Japan) was used for sta-
tistical analysis. Data are expressed as mean ± standard deviation for continuous variables
and as frequencies and percentages for categorical variables. Baseline characteristics were
compared using the Student’s t test or Welch’s t test for continuous variables and Fisher’s
exact test for categorical variables. A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Stroke Classification

A total of 82 patients were enrolled from July 2018 to March 2020. AF-related stroke
was noted in 21 (25.6%) patients, atherosclerotic stroke in 21 (25.6%), PFO-related stroke
in five (6.1%), cardioembolic stroke without AF in 13 (15.9%), others (systemic lupus
erythematosus, hyperemia, vasculitis, lacunar infarction) in four (4.9%), and cryptogenic
stroke in 18 (22.0%) (Figure 1). Cardioembolic stroke without AF included patients with
post-valve replacement (four patients), cardiac tumor (two patients), infectious endocarditis
(one patient), Lambl’s excrescence on the aortic valve (two patients), old myocardial
infarction (one patient), and patients with PFO between the RA and LA diagnosed only by
the color Doppler method without passage of microbubbles (three patients).
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Figure 1. Stroke classification of this study.

3.2. Study Population and Patient Features

Among the 21 AF-related stroke patients, 20 (95.2%) patients had AF and 10 (47.6%)
had LA or LAA thrombus, whereas the PFO-related stroke patients had no AF or thrombus
in the LA or LAA. The ratio of comorbidity with hypertension in AF-related stroke patients
was higher than that in PFO-related stroke patients (85.7%, 20.0%, p-value = 0.01). The
NIHSS score in AF-related stroke patients was more severe than that in PFO-related stroke
patients (11.5 ± 9.2, 2.2 ± 2.8, p-value < 0.01). Age, height, body weight, LVEF, and HAS-
BLED score were not significantly different between the groups. The comorbidity ratio of
dyslipidemia, diabetes, old myocardial infarction, or past stroke history had no significant
differences between the two groups. The administration ratio of antiplatelet therapy or
oral anticoagulant therapy before stroke onset had no significant differences between the
two groups (Table 1).

Table 1. Baseline patient characteristics of PFO-related stoke and AF-related stroke.

Characteristics
PFO-Related Stroke AF-Related Stroke

p-Value
(n = 5) (n = 21)

Age y.o 58.2 ± 23.4 77.9 ± 7.6 n.s *
Sex (Male) n (%) 4 (80%) 14 (66.7%) n.s †

Height cm 166.4 ± 7.3 162.0 ± 8.0 n.s
Body Weight kg 59.9 ± 10.7 58.9 ± 11.0 n.s

Smoking Habit n (%) 5 (100%) 11 (52.4%) n.s †
Hypertension n (%) 1 (20%) 18 (85.7%) 0.01 †
Dyslipidemia n (%) 3 (60%) 11 (52.4%) n.s †

Diabetes n (%) 0 (0%) 7 (33.3%) n.s †
OMI n (%) 0 (0%) 2 (9.5%) n.s †

History of Stroke n (%) 0 (0%) 2 (9.5%) n.s †
PFO n (%) 5 (100%) 0 (0%) <0.01 †
AF n (%) 0 (0%) 20 (95.2%) <0.01 †

LA/LAA thrombus n (%) 0 (0%) 10 (47.6%) n.s †
LVEF % 69.0 ± 5.2 66.0 ± 8.4 n.s
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Table 1. Cont.

Characteristics
PFO-Related Stroke AF-Related Stroke

p-Value
(n = 5) (n = 21)

Antiplatet Therapy n (%) 2 (40%) 7 (33.3%)
n.s †Anticoagulant Therapy n (%) 0 (0%) 4 (19%)

DOAC n (%) 3 (14.3%)
Warfarin n (%) 1 (4.8%)

HAS-BLED Score 2.2 ± 1.6 3.3 ± 0.9 n.s
NIHSS Score 2.2 ± 2.8 11.5 ± 9.2 <0.01 *

Atrial fibrillation (AF), direct oral anticoagulants (DOAC), left atrium (LA), left atrial appendage (LAA), left
ventricular ejection fraction (LVEF), National Institute of Health Stroke Scale (NIHSS), old myocardial infarction
(OMI), patent foramen ovale (PFO), years old (y.o); * Welch’s t test, † Fisher’s exact test.

HbA1c values in AF-related stroke patients were higher than that in PFO-related
stroke patients (6.3% ± 1.3%, 5.5% ± 0.2%, p-value = 0.02). BNP, D-dimer, hemoglobin,
LDL, HDL, TG, Cre, eGFR, CCR, AST, ALT, T-bil, and ALP were not significantly different
between the groups (Table 2).

Table 2. Baseline patient blood test parameters of PFO-related stoke and AF-related stroke.

Blood Test Parameters
PFO-Related Stroke AF-Related Stroke

p-Value
(n = 5) (n = 21)

BNP pg/mL 39.5 ± 28.1 155.4 ± 189.0 n.s *
D-dimer ug/mL 3.7 ± 5.6 2.0 ± 2.4 n.s *
Hb g/dL 14.4 ± 1.3 13.8 ± 2.0 n.s
HbA1c % 5.5 ± 0.2 6.3 ± 1.3 0.02 *
LDL mg/dL 116.0 ± 32.0 110.3 ± 42.4 n.s
HDL mg/dL 67.2 ± 25.6 57.5 ± 17.4 n.s
TG mg/dL 112.6 ± 55.6 125.1 ± 98.7 n.s
Cre mg/dL 0.84 ± 0.2 1.01 ± 0.5 n.s
eGFR ml/min/1.73 m2 73.8 ± 17.4 58.9 ± 20.6 n.s
CCR ml/min 83.2 ± 35.5 56.5 ± 23.7 n.s
AST IU/l 19.0 ± 4.7 23.4 ± 5.8 n.s
ALT IU/l 15.6 ± 2.7 15.5 ± 6.4 n.s
LDH IU/l 178.0 ± 18.4 231.0 ± 45.2 0.02
T-bil mg/dL 0.62 ± 0.23 0.77 ± 0.32 n.s
ALP IU/l 182.4 ± 70.8 237.4 ± 95.3 n.s

Atrial fibrillation (AF), alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate transaminase (AST),
brain natriuretic peptide (BNP), creatinine clearance (CCR) (Cockcroft–Gault equation), creatinine (Cre), estimated
glomerular filtration rate (eGFR), hemoglobin (Hb), high-density lipoprotein (HDL), lactate dehydrogenase (LDH),
low-density lipoprotein (LDL), patent foramen ovale (PFO), total bilirubin (T-bil), triglycerides (TG); * Welch’s
t test.

3.3. PFO Characteristics of This Study

Among the five PFO-related stroke patients, one patient had a small shunt PFO, two
patients had moderate shunt PFO, and two patients had a large shunt PFO. Of the five
PFO-related stroke patients, four patients had complex PFO; all complex PFOs had a long
PFO tunnel, and had no eustachian valve or ASA. The RoPE score was 4.8 ± 2.4, the average
PFO attributable fraction was 36.0 ± 37.3%, and the estimated two years stroke recurrence
rate was 12.2 ± 7.2% in this PFO population by RoPE score to assess the likelihood of the
cryptogenic stroke being related to PFO (Table 3) [11].
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Table 3. PFO characteristics, PFO attributable fraction, and estimated two years stroke recurrence
rate by RoPE score.

PFO Characteristics
PFO-Related Stroke

(n = 5)

PFO Size
Small n 1

Moderate n 2
Large n 2

Rope Score 4.8 ± 2.4
PFO-Attributable Fraction % 36.0 ± 37.3

Estimated Two Years Stroke Recurrence Rate % 12.2 ± 7.2
The classification of PFO size: 0 microbubbles were classified as no shunt, one to five microbubbles as small, six
to 25 microbubbles as moderate, and more than 25 microbubbles as large.; patent foramen ovale (PFO), risk of
paradoxical embolism (RoPE).

4. Discussion

The novelty of this study is that it is a PFO group diagnosed by TEE with the highly
diagnostic Valsalva maneuver technique, and that it includes the severity of stroke between
PFO-related stroke in patients without AF and AF-related stroke in patients without PFO.

Severity comparison by the NIHSS showed that AF-related stroke was more severe
than PFO-related stroke. Previous studies [17] also reported that PFO-related stroke was
less severe than strokes in the other groups; it was expected that AF-related stroke would
be more severe, which was also revealed in our study. Regarding administration of oral
medication before stroke onset, antiplatelet therapy was administered to two (40%) patients
in the PFO-related stroke group. In the AF-related stroke group, anticoagulation therapy
was administered to four (19.0%) patients and antiplatelet therapy to seven (33.3%). It may
be necessary to consider the effect of these pre-medications on the severity of stroke.

Generally, it is said that PFO-related stroke patients are younger and have less cardio-
vascular risk; this study also showed that the ratio of comorbidity of hypertension and high
HbA1c in blood tests was significantly lower in the PFO-related stroke patients compared
to AF-related stroke patients. Although there was no significant difference in other factors,
the age, ratio of comorbidity of dyslipidemia, diabetes, and ratio of smoking habits tended
to be low in the PFO-related stroke group, which was similar to the existing report [11].
In particular, the average age of the PFO-related stroke patients was 58.2 years, which
is younger than that of the AF-related stroke patients (77.9 years), and it is necessary to
consider that the fact that there are few cardiovascular risk factors may also contribute
to the low severity of stroke in the PFO-related stroke patients. For younger patients,
functional improvement after stroke can be expected, and observation of long prognosis is
also important.

It has been reported that the probability of stroke due to PFO is 88%, and the re-
currence rate after two years is 2% in the group with the highest RoPE Score [11]. The
PFO attributable stroke rate in this study is not high at 36.0%, but the average recurrence
probability after two years by the RoPE score is estimated to be high at 12.2%. Therefore,
secondary prevention therapies, such as antiplatelet therapy, anticoagulant therapy, or a
PFO occluder device, seemed to be important in decreasing the recurrence rate of strokes.

This study has some limitations. This study is a pilot study not registered in clinical
trials with an international clinical trials register. As this was a retrospective analysis at
a single institution, it is necessary to consider the influence of the small population, five
PFO-related stroke patients and 21 AF-related stroke patients. Statistical results may not
be sufficient, as power analysis has not been performed in this study. It is also necessary
to consider the influence of population bias, such as pre-test probability, because it is a
group of cases in which neurologists suspected cardioembolic stroke and who needed
TEE. In addition, there is a possibility that latent AF and PFO may be involved in cases of
stroke other than cardioembolic stroke diagnosed by neurologists. Since patient prognosis
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was not observed in this study, it is necessary to observe their prognosis after medical
interventions. We need to be careful in interpreting the results of this study.

There were 18 (22.0%) cases in the stroke group with unknown causes in the analysis
target, and four of them were suspected of being cardioembolic stroke by the neurologist,
but definitive clinical findings were unclear. It seems necessary to evaluate the comorbidity
of AF with an implantable electrocardiograph.

In this analysis, TEE with the Valsalva maneuver technique was performed for PFO
detection; therefore, PFO detection in this study was highly credible. However, it is said
that there are detection limits of this method; hence, it seems that there is a possibility of
wrongly classifying other strokes into the cryptogenic stroke group.

In addition, even in the group diagnosed with cryptogenic stroke, the detection rate
of thrombus in LA/LAA may have decreased, because at the time of TEE, antiplatelet
therapy or anticoagulant therapy had already been performed. In this study, after stroke,
anticoagulant therapy was administered to three patients, and antiplatelet therapy was
administered to one patient in the PFO-related stroke group. In the AF-related stroke
group, anticoagulant therapy was administered to all patients. Of these, anticoagulation
therapy alone was administered to 19 (90.5%) patients, and a combination of antiplatelet
therapy and anticoagulant therapy was administered to two (9.5%) patients. Therefore, it
is necessary to observe the secondary preventive effect on the recurrence rate in the future.

5. Conclusions

Compared with AF-related stroke patients, stroke severity, the comorbidity of hyper-
tension rate, and the value of HbA1c were low in PFO-related stroke patients.
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Abstract: Previous clinical studies have suggested that commensal microbiota play an important
role in atherosclerotic cardiovascular disease; however, a synthetic analysis of coronary heart disease
(CHD) has yet to be performed. Therefore, we aimed to investigate the specific types of commensal
microbiota associated with CHD by performing a systematic review of prospective observational stud-
ies that have assessed associations between commensal microbiota and CHD. Of the 544 published
articles identified in the initial search, 16 publications with data from 16 cohort studies (2210 patients)
were included in the analysis. The combined data showed that Bacteroides and Prevotella were
commonly identified among nine articles (n = 13) in the fecal samples of patients with CHD, while
seven articles commonly identified Firmicutes. Moreover, several types of commensal microbiota
were common to atherosclerotic plaque and blood or gut samples in 16 cohort studies. For example,
Veillonella, Proteobacteria, and Streptococcus were identified among the plaque and fecal samples,
whereas Clostridium was commonly identified among blood and fecal samples of patients with CHD.
Collectively, our findings suggest that several types of commensal microbiota are associated with
CHD, and their presence may correlate with disease markers of CHD.

Keywords: commensal microbiota; coronary heart disease; systematic review

1. Introduction

In recent years, coronary heart disease (CHD) has remained the leading cause of
death worldwide, while statins and other pharmacological agents for coronary secondary
prevention have failed to completely protect people against CHD, despite their widespread
use [1–3]. Given the unmet need for effective therapies, there has been increasing interest
in targeting novel pathways that underlie the pathogenesis of CHD and in establishing
a precise system to track its development. Additionally, to observe the progression of
the disease, there is an increasingly important clinical value in discovering a predictive
biomarker for CHD. Although the molecular mechanisms responsible for the development
of CHD are not completely understood, recent studies have highlighted the critical role of
commensal microbiota in CHD [4–6], with alterations in the gut microbiota being linked
to CHD progression [4]. However, a synthetic analysis of the predictive value of specific
types of commensal microbes in CHD patients has not yet been performed. In particular, a
cross-site comparison of the types of microbes in the blood, gut, and atherosclerotic plaques
of these patient is essential, given the high level of variability observed in the microbiota
between different subjects and studies [7–11]. Therefore, in this analysis, we aimed to
combine the results from published clinical trials to compare the types, proportions, and
sources of commensal microbes in CHD. Our findings revealed several types of commensal
microbes common to the atherosclerotic plaques, blood, or gut samples in patients with
CHD, and the expression of some specific types of commensal microbes could be used as
predictive or disease biomarkers of CHD in the future.
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2. Materials and Methods

2.1. Search Strategy

We searched several electronic databases (PubMed, Embase, Web of Science, Cochrane
Library, and ClinicalTrials.gov) up until 8 March 2020 for prospective, observational clinical
studies that have investigated commensal microbes in patients with CHD. We used broad
search terms (Additional File 1) describing aspects of ‘Gastrointestinal Microbiome’ and
‘Coronary Disease’. These terms were used in combination with “AND” or “OR”. This liter-
ature review was performed independently by two investigators, with a third resolving any
disputes as needed. The detailed search strategy of PubMed: used: (“Coronary Disease”)
or (Coronary Diseases) or (Disease, Coronary) or (Diseases, Coronary) or (Coronary Heart
Disease) or (Coronary Heart Diseases) or (Disease, Coronary Heart) or (Diseases, Coronary
Heart) or (Heart Disease, Coronary) or (Heart Diseases, Coronary) and (“Gastrointestinal
Microbiome”) or (Gastrointestinal Microbiomes) or (Microbiome, Gastrointestinal) or (Gut
Microbiome) or (Gut Microbiomes) or (Microbiome, Gut) or (Gut Microflora) or (Microflora,
Gut) or (Gut Microbiota) or (Gut Microbiotas) or (Microbiota, Gut) or (Gastrointestinal
Flora) or (Flora, Gastrointestinal) or (Gut Flora) or (Flora, Gut) or (Gastrointestinal Micro-
biota) or (Gastrointestinal Microbiotas) or (Microbiota, Gastrointestinal) or (Gastrointestinal
Microbial Community) or (Gastrointestinal Microbial Communities) or (Microbial Com-
munity, Gastrointestinal) or (Gastrointestinal Microflora) or (Microflora, Gastrointestinal)
or (Gastric Microbiome) or (Gastric Microbiomes) or (Microbiome, Gastric) or (Intestinal
Microbiome) or (Intestinal Microbiomes) or (Microbiome, Intestinal) or (Intestinal Micro-
biota) or (Intestinal Microbiotas) or (Microbiota, Intestinal) or (Intestinal Microflora) or
(Microflora, Intestinal) or (Intestinal Flora) or (Flora, Intestinal) or (Enteric Bacteria) or
(Bacteria, Enteric) and (risk*[Title/Abstract] or risk*[MeSH:noexp] or risk *[MeSH:noexp]
or cohort studies[MeSH Terms] or group*[Text Word]). We then used a similar approach
with Embase, Web of Science, Cochrane Library, and ClinicalTrials.gov. Following the
PICOS (Participants, Interventions, Comparisons, Outcomes and Study design) principle,
the key search terms included (P) patients with CHD; (I) detection of the gene of microbiota;
(C/O) compare the types of commensal microbiota between the CHD group and the control
group; (S) case-control studies or cohort study.

2.2. Study Selection

Prospective, observational, controlled studies that assessed changes in populations of
commensal microbes were included if they conducted baseline measurements in a popula-
tion with CHD, including those with atherosclerosis or acute coronary syndrome (ACS) or
chronic CHD (defined as a history of myocardial infarction (MI), percutaneous coronary
intervention (PCI), coronary artery bypass grafting (CABG), or a diagnosis confirmed
through coronary angiography). Publications without detailed data were excluded from
this study. When multiple publications were based on the same source study, we included
the publication that had the larger sample size or more relative data.

2.3. Data Extraction

The following data from each study were extracted: the first author’s name, publica-
tion year, country of the conducted study, sample size, population, source of commensal
microbes (atherosclerotic plaque or blood or fecal samples), region from which the genetic
expression was quantified, and the specific types of commensal microbes demonstrating
statistically significant changes in expression, whether increased or decreased, in CHD.

2.4. Data Synthesis and Analysis

The commensal microbes demonstrating statistically significant changes in expres-
sion in fecal, blood, or atherosclerotic plaque samples from the 16 included studies were
sorted and classified according to the degree to which the populations were increased
or decreased. Subsequently, an overall comparison of the gut, blood, and atherosclerotic
plaque microbiota was performed, and any microbiota demonstrating a change among
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at least two publications for each of the three sample types was recorded. Furthermore,
interstudy comparisons of atherosclerotic plaque, blood, and gut microbiota were also
performed, and the microbiota that were common to at least two body sites were recorded.

3. Results

3.1. Study Selection

The search process and study selection (presented in Figure 1) identified 544 records
of interest. Among these, 163 were excluded for being repetitive, and 353 additional articles
were excluded from the analysis because they were review articles, published protocols,
lab studies, animal studies, or articles deemed not to be of relevance based on their titles
and abstracts. The full texts of the 28 remaining articles were obtained. Several studies
were subsequently excluded because they did not meet the predefined inclusion criteria,
including those with no relevant outcome data (three articles) and those reporting on
unrelated topics (two articles). Four studies were excluded due to insufficient information
pertaining to the inclusion criteria, and a second article by the same authors was found to
be a repetitive report based on a partial dataset. In total, 16 publications, reporting on 16
cohort studies, were selected for inclusion in the analysis [11–26].

Figure 1. Flow diagram of the study selection.
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3.2. Characteristics of Included Studies

Ultimately, 16 cohort studies, published from 2011 to 2020, were included in the
analysis. These studies reported on the characterization of commensal microbe profiles in
CHD patients and analyzed changes in commensal microbe populations in fecal, blood, or
atherosclerotic plaque samples. These studies are summarized in Table 1.

Table 1. Characteristics of included studies.

Study
Country of

Origin
Population Sample Size Type of Sample

Region of Gene
Quantification

Fecal Samples Plaque Samples Blood Samples

Tuomisto S, 2019 [13] Finland CHD 67
√ √

DNA
Liu HH, 2019 [14] China CAD 201

√
V3-V4 of 16S rRNA

Emoto T, 2016 [15] Japan CAD 119
√

16S rDNA
Cui L, 2017 [16] China CHD 64

√
V3-V5 of 16S rRNA

Yoshida N, 2018 [17] Japan CAD 60
√

V3-V4 of 16S rRNA
Amar J, 2019 [18] France MI 201

√
V3-V4 of 16S rDNA

Emoto T, 2017 [19] Japan CAD 69
√

16S rDNA

Toya T, 2020 [20] USA Advanced
CAD 106

√
V3-V5 of 16S rDNA

Zhu Q, 2018 [21] China CAD 168
√

V4 of 16S rRNA
Gao J, 2020 [22] China ACS 90

√
V4 of 16S rDNA

Zheng YY, 2020 [23] China CAD 309
√

V3-V4 of 16S rRNA
Koren O, 2011 [11] USA Atherosclerosis 30

√
V1-V2 of 16S rRNA

Alhmoud T, 2019 [24] USA ACS 38
√

V3-V4 of 16S rRNA
Jie Z, 2017 [25] China ACVD 405

√
DNA

Li CW, 2016 [26] China CAD 206
√

16S rRNA
Pisano E, 2019 [27] Italy CAD 77

√ √
16S rRNA

ACS, acute coronary syndrome; ACVD, atherosclerotic cardiovascular disease; CAD, coronary artery disease; CHD, coronary heart disease;
MI, myocardial infarction.

In total, this systematic review included data collected from 2210 participants. Three of
the studies were conducted in the United States of America, three in Japan, one in Finland,
one in France, one in Italy, and seven in China. Three studies reported on patients with ACS,
12 included patients with chronic CHD, and one included patients with atherosclerosis.
Thirteen studies analyzed changes in commensal microbes in fecal samples, two of which
also analyzed changes in plaque samples, one study reported on changes in the microbiota
of plaque alone, while two reported on changes in blood alone (Table 1).

3.3. Overall Comparison of the Gut, Blood, and Atherosclerotic Plaque Microbiota

We surveyed changes in the atherosclerotic plaque, blood, and gut (feces) bacterial
communities to look for commonalities among the studies. The microbiota commonly
identified by three publications in patients’ plaque samples were classified as Streptococcus,
whereas the microbiota commonly identified among nine papers in patient fecal samples
were classified as Bacteroides and Prevotela, regardless of the direction of change (increased
or decreased) (Tables 2 and 3). After taking the trend of change into consideration, we found
that Streptococcus was increased in five studies, whereas Lachnospiraceae was decreased
in four studies in the fecal samples of patients (Table 4). Unfortunately, we did not observe
any similarities in microbiota between two papers in patient blood samples, which may
have been due to only two contributing to the comparisons of bacterial populations in the
blood (Table 5). Collectively, these results support the notion that several common types of
commensal microbiota that exist in the atherosclerotic plaque, blood, and gut (feces) are
associated with CHD.
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Table 2. Microbiota commonly identified by at least two publications in the atherosclerotic plaque
samples of those with coronary heart disease.

Microbiota in Plaque Samples No. of Publications (n = 3)

Veillonella; Staphylococcus; Burkholderia;
Propionibacterium; Corynebacterium; Proteobacteria 2

Streptococcus 3
The column on the right indicates the number of publications for which the microbiota were identified in
plaque samples.

Table 3. Microbiota commonly identified by at least two publications in the fecal samples of those with coronary
heart disease.

Microbiota in Fecal Samples No. of Publications (n = 13)

Enterococcus; Catenisphaera; Coriobacteriaceae; Akkermansla; Veillonella;
Erysipelotrichaceae bacterium 2

Proteobacteria; Fusobacteria; Escherichia 3
Lachnospiraceae; Ruminococcaceae; Roseburia; Faecalibacterium 4

Streptococcus 5
Enterobacteriaceae; Lactobacillales 6

Firmicutes 7
Bacteroides; Prevotela 9

The column on the right indicates the number of publications for which the microbiota were identified in fecal samples.

Table 4. Changes in microbiota populations in fecal samples of CHD patients.

Microbiota in Fecal Samples Increase Decrease No. of Publications (n = 13)

Catenisphaera;
Coriobacteriaceae

√
2

Fusobacteria; Escherichia
√

3
Lachnospiraceae

√
4

Streptococcus
√

5
The columns in the middle and on the right indicate the direction of change in the expression of microbiota
populations in the feces of patients with coronary heart disease (CHD), and the number of publications reporting
the change.

Table 5. Microbiota commonly identified in blood samples.

The Change of Microbiota

Increase
Sphingobacteria, hymenobacter, virgisporangium,

micromonosporaceae, bauldia, rhizobiales,
Pseudomonadaceae, Rahnella, Serratia, Pseudomonas

Decrease
Caulobacteraceae, Clostridiales, Microbacteriaceae,
Neisseriaceae, Brevundimonas, Chryseobacterium,

Gordonia, Microbacterium
The columns at the right indicate the microbiota that were found in blood samples from two papers.

3.4. Comparisons of Atherosclerotic Plaque, Blood, and Gut Microbiotas between Studies

One of the main purposes of this study was to search for microbial communities that
were commonly observed between gut and atherosclerotic plaque samples, or between
gut and blood samples of those with CHD. Although all three sites typically express
distinct microbial communities, the comparison of the overall bacterial community compo-
sitions revealed commonalities in the microbiota between the atherosclerotic plaque and
fecal samples, and between the blood and fecal samples. However, no specific microbial
communities were present in all three sample types. Table 6 summarizes the microbial
communities that were identified in fecal samples and at least one other sample type in
at least two studies. Clostridiales populations were observed in both the blood and fecal
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samples of patients, whereas Veillonella, Proteobacteria, and Streptococcus communities
were identified in atherosclerotic plaque and gut samples in at least two studies. Interest-
ingly, only Streptococcus was reported to have increased in all eight studies. Collectively,
these results indicate that several specific types of commensal microbiota coexist in the
atherosclerotic plaque and gut or in the blood and gut of patients with CHD.

Table 6. Microbiota populations common to at least two body sites.

Microbiota Plaque + Fecal Blood + Fecal

Veillonella
√

Proteobacteria
√

Streptococcus
√

Clostridiales
√

The columns in the middle and on the right indicate the types of microbiota that were found in both the plaque
and fecal samples or in the blood and fecal samples of those with coronary heart disease.

4. Discussion

In this study, we compared the bacterial compositions of the microbiota of the blood,
gut, and atherosclerotic plaque from 16 relevant studies of patients with CHD. This ap-
proach allowed us to generate a relatively comprehensive description of the microbial
communities associated with CHD. This comparison of blood, gut, and atherosclerotic
plaque samples was necessary to identify members of the normal microbiome that may
translocate from one body habitat to another where they may contribute to disease. We
specifically identified several common types of commensal microbiota that existed or coex-
isted in atherosclerotic plaques, blood, and gut that were associated with CHD. However,
we did not observe any similarities between the microbiota populations in the blood and
plaque, or between the blood, plaque, and gut of the patients assessed by the 16 included
studies, which may have been due to the paucity of relevant studies meeting the inclusion
criteria. Our findings suggest that specific types of commensal microbiota, such as Strepto-
coccus, Lachnospiraceae, and Clostridiales, may have a stronger predictive value in CHD.
Moreover, the atherosclerotic plaque and blood microbiota may, at least in part, be derived
from those present in the gut.

In this study, we found that the expression of Streptococcus was increased in the gut
but was also present in atherosclerotic plaque samples; this may represent a previously
unappreciated core member of the atherosclerotic plaque communities. This organism is
known to be implicated in endocarditis [27]; however, the role of Streptococcus in CHD has
not yet been reported. Its increased expression in the gut and its presence in atherosclerotic
plaques suggests that it may directly affect the pathogenesis of atherosclerosis. Recently,
some studies have revealed that the gut microbiome directly affects immune responses
that regulate chronic inflammatory diseases, such as atherosclerosis [4,5], and it is be-
coming clear that microbiota-derived bioactive compounds can signal to distant organs,
contributing to the development of cardiovascular disease states [28]. In addition, the
molecular mechanism involving the “molecular mimicry” of microbial antigens has also
been found to be associated with atherosclerosis [29]. For example, Binder et al. showed
that pneumococcal vaccination decreases the formation of atherosclerotic lesions through
a molecular mimicry mechanism between Streptococcus pneumoniae and oxidized low-
density lipoprotein (LDL) [30], while our previous clinical research revealed that many
autoantibodies that differ from those found in chronic autoimmune diseases are associated
with atherosclerosis [31]. In parallel with these findings, a recent study reported that au-
toantibodies produced by B lymphocytes are present in plaques and may cross-react with
the outer membrane proteins of bacteria, as well as with a cytoskeletal protein involved
in atherogenesis [32]. Moreover, Saita et al. also demonstrated that B cells present in both
the coronary and carotid plaques of patients with cardiovascular diseases locally produce
antibodies that are capable of reacting in response to antigens of the gut microbiota and
that they may cross-react with self-antigens. Furthermore, immunoglobulin G1 (IgG1) is
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secreted in human coronary atherosclerotic lesions and recognizes the outer membrane pro-
teins of Enterobacteriaceae [33]. These findings demonstrate that in human atherosclerotic
plaques, a local cross-reactive immune response may occur, wherein antibodies cross-react
with a bacterial antigen and a self-protein. In addition, antibodies and B lymphocytes could
play an important role in these disease processes [31,32].

Besides being present in atherosclerotic plaques, Streptococcus expression was also
observed to be simultaneously increased in the gut. Recent studies have found that low
levels of microbiota can also enter the bloodstream to systemically induce chronic, low-
grade inflammation [3,34]. Generally, the intestinal mucosal barrier plays a critical role
in preventing the translocation of bacterial components. This barrier is efficient when
the microbiome is complex and stable; however, under certain conditions, such as those
induced by diets high in fat and cholesterol or in certain diseases, major alterations to the
composition of the host microbiota can occur, which have in turn been associated with
increased intestinal permeability [35–38]. When the intestinal mucosal barrier becomes
compromised, commensal microbes or commensal microbe-derived molecules can readily
enter the bloodstream and exert systemic effects, which include the induction of infection
or chronic low-grade inflammation and immunoreactivity, affecting multiple immune
cell populations; this phenomenon has been found to be prevalent in atherosclerosis [39].
However, the presence of Streptococcus in the blood was not identified in at least two of the
relevant studies included in our analysis. Recently, another mechanism has been identified
through which bacteria could reach the atherosclerotic plaque, which involves phagocytosis
by macrophages at epithelial linings (e.g., of the gut and lung). Upon phagocytosis,
macrophages become activated; once they reach the activated endothelium of the atheroma,
they leave the bloodstream to enter the atheroma and transform into cholesterol-laden
foam cells [40]. In support of this mechanism, patients with cardiovascular disease exhibit
a two-fold increase in the number of C. pneumonia-infected peripheral blood mononuclear
cells compared with that of controls [11]. Furthermore, the bacteria have been shown
to only be present in atheromas and not in healthy aortic tissues in mice [41], and they
have been identified in human atherosclerotic plaques [42]. Thus, infected macrophages
may specifically target bacteria in atheromas. It remains a possibility that Streptococcus
can reach atherosclerotic plaques via the systemic circulation and directly promote local
inflammatory cascades or elicit a specific immune response, such as molecular mimicry,
thereby indirectly influencing host metabolism and systemic inflammation; however, the
specific mechanisms by which Streptococcus regulates the development of atherosclerosis
remain unknown and require further investigation.

Study Strengths and Limitations
Although some studies investigating the relationship between commensal microbiota

and CHD have been conducted previously [6], our synthetic analysis is the first to investi-
gate the types of commensal microbiota that are commonly associated with CHD. Moreover,
our findings revealed several specific types of commensal microbiota that commonly exist
or coexist in the atherosclerotic plaque, blood, or feces of patients with CHD. This could be
valuable knowledge for future studies investigating this association, as it reveals that the
microbiota of the atherosclerotic plaque may, at least in part, be derived from the gut and
that these specific types of commensal microbiota may have predictive value for CHD.

A limitation of this study was that only 16 relevant publications met the criteria for
inclusion, with only three contributing to a comparison of bacterial populations in the
atherosclerotic plaque and with only two studies contributing to that in the blood. This
limited our ability to generate a precise descriptive summary of the ‘real-world’ changes in
relative commensal microbiota populations. Furthermore, there were several differences
in the methodology of these studies, such as the region of genetic quantification, which
could have influenced the results or may even have been significant sources of potential
inaccuracy. In addition, the types and proportions of commensal microbiota could also
have been influenced by several patient characteristics, such as diet (including regional
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differences) [43]. The addition of new evidence to the field will significantly reduce the
effects of these limitations in future analyses.

Further studies should investigate specific types of commensal microbiota, as well as
factors that modulate or inhibit their activity. In addition, more information is required to
verify the predictive value and mechanisms of commensal microbiota in CHD patients.

5. Conclusions

In summary, this study revealed key types of bacteria associated with CHD, as well as
several types that were simultaneously present in the atherosclerotic plaque, blood, or gut.
In addition, the atherosclerotic plaques and blood samples of patients contained numerous
bacteria from different phyla. Our findings strongly support the hypothesis that the gut
can be a source of atherosclerotic plaque- and blood-associated bacteria. Although our
findings are based on the data from a limited number of studies, they clearly suggest that
several specific types of commensal microbiota have a predictive value for CHD. More
prospective studies are needed to further evaluate this relationship and to identify the
mechanisms that drive it.
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Abstract: The association between blood pressure measured at home and handgrip strength in
patients with diabetes has not been investigated. Therefore, in this study, we aimed to assess this
association among patients with type 2 diabetes. In this cross-sectional study, 157 patients with
type 2 diabetes underwent muscle tests and morning and evening blood-pressure measurements at
home in triplicate for 14 consecutive days throughout the study period. Univariate and multivariate
regression analyses were conducted to analyze the relationship between home blood-pressure param-
eters and handgrip strength. The average age and hemoglobin A1c of the patients were 70.5 years
and 7.1%, respectively. Morning diastolic blood pressure of [β (95% confidence interval; CI): 0.20
(0.03, 0.37)] was associated with handgrip strength in men, while morning systolic blood pressure of
[−0.09 (−0.15, −0.04)], morning pulse pressure of [−0.14 (−0.21, −0.08)], and evening pulse pressure
of [−0.12 (−0.19, −0.04)] were associated with handgrip strength in women. Home-measured blood
pressure was associated with handgrip strength. Sex differences were found in the relationship
between home blood-pressure parameters and handgrip strength.
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1. Introduction

Hypertension is the most common risk factor for cardiovascular diseases (CVDs),
and it remains highly prevalent worldwide [1]. Observational data suggest that the treat-
ment of hypertension reduces the risk of diabetic nephropathy and CVD in patients with
type 2 diabetes [2]. Home-measured blood pressure (HBP), considered as an important
therapeutic parameter, has a strong predictive power for mortality compared with office-
measured blood pressure (BP) [3]. Moreover, increased pulse pressure (PP) measured at
home is significantly associated with the development of microvascular and macrovascular
complications in patients with type 2 diabetes [4]. Patients with type 2 diabetes often suffer
from reduced muscle mass and strength [5]. Recent studies have reported that high muscle
strength is associated with a lower risk of future CVD events [6]. Moreover, it was reported
that increased handgrip strength was associated with lower SBP [7–9] and higher DBP [10].
However, no studies have investigated the relationship between HBP parameters and
handgrip strength in patients with diabetes. Thus, we aimed to evaluate this association
among patients with type 2 diabetes.

2. Materials and Methods

2.1. Study Design

This study was a cross-sectional study, and baseline data from patients participating
in both the type 2 diabetes HBP cohort study (KAMOGAWA-HBP study [3]) and the cohort
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study on muscle test [11] were used in the present study. Both cohorts included patients
who regularly attended the diabetes outpatient clinic at the Kyoto Prefectural University of
Medicine Hospital. We evaluated the association of HBP and PP with handgrip strength in
patients with type 2 diabetes [11]. All procedures used in this study were approved by the
local research ethics committee and were conducted in accordance with the Declaration of
Helsinki. Written informed consent was obtained from each patient.

2.2. Patients

In this cross-sectional study, 903 and 274 patients with type 2 diabetes underwent
blood-pressure measurement at home and a muscle test, respectively, between 2008 and
2017. We included 164 patients who underwent both HBP measurement and handgrip
strength measurement. Among them, 2 and 5 patients were excluded because of insufficient
data on HBP and unavailability of handgrip strength data, respectively. The study popula-
tion finally comprised 157 patients (94 men, 63 women, Figure 1). The diagnosis of type
2 diabetes was based on the criteria published by the American Diabetes Association [12].

Figure 1. Flow diagram for the KAMOGAWA-HBP cohort.

2.3. BP Measurements

The BP of each patient was measured using the HEM-70801C automated BP monitor
(Omron Healthcare Co., Ltd., Kyoto, Japan). Morning and evening BP measurements
were performed in triplicate for 14 consecutive days. Morning BP was measured within
1 h of waking, before eating breakfast or taking any drugs, while the patient was seated,
and had rested for at least 5 min. Evening BP measurement was performed immediately
before going to bed. The cuff was placed over the bare upper arm and was positioned at
the heart level [13]. We calculated the mean values of the three morning and evening BP
measurements. PP was calculated as systolic BP (SBP) minus diastolic BP (DBP).

2.4. Measurements of Grip Strength

Handgrip strength was measured twice in the outpatient examination room using a
dynamometer (Smedley, Takei Scientific Instruments Co., Ltd., Niigata, Japan) with each
hand in a standing position with elbows fully extended. The values were checked by the
attending physician, and the maximum value among them was used in this study.

2.5. Data Collection

Venous blood was collected after an overnight fast, for biochemical measurements.
Hemoglobin A1c (HbA1c) was measured using high-performance liquid chromatography,
and results were expressed as a national glycohemoglobin standardization program unit.
Body mass index was defined as body weight (kg) divided by the square of the height (m).
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Patient information, such as age, smoking status (no smoking/current or past smoking), ex-
ercise (without exercise habits/with exercise habits), and antihypertensive medication use
(without antihypertensive medication/with antihypertensive medication), was collected
using a standardized questionnaire at the time of study entry.

2.6. Statistical Analysis

Statistical analysis was performed using JMP software version 10.0.2 (SAS Institute
Inc., Cary, NC, USA). A p value of <0.05 was considered statistically significant. Continuous
variables are presented as mean ± standard deviation. Pearson’s correlation analysis was
used to investigate the relationship between values of handgrip strength measurement
and SBP, DBP, and PP. Univariate and multivariate regression analyses were performed to
analyze the relationship between HBP and PP, and handgrip strength. β coefficients were
calculated to compare the relationship between HBP and PP, and handgrip strength. To
adjust the effects of various factors on handgrip strength, the following known risk factors
for handgrip strength were considered as covariates: age, smoking status, exercise, BMI,
HbA1c, and antihypertensive medication use [14–17]. Missing data were excluded from
the statistical analyses.

3. Results

Clinical characteristics of the study participants are presented in Table 1.

Table 1. Clinical characteristics of study participants.

All Men Women p

N 157 94 63 -
Age (year) 70.5 (8.5) 69.8 (8.9) 71.5 (7.8) 0.201

BMI (kg/m2) 23.7 (3.8) 24.0 (3.1) 23.2 (4.4) 0.263
Handgrip strength (kg) 27.0 (9.2) 32.4 (7.4) 18.8 (4.1) <0.0001

Smoking (never/past or current) 52/105 14/80 38/25 <0.0001
Regular exercise (yes/no) 102/53 47/45 55/8 <0.0001

Antihypertensive drug use (yes/no) 88/69 59/35 29/34 0.539
HbA1c (%) 7.1 (0.8) 7.1 (0.8) 7.1 (0.8) 0.572

Average of morning SBP (mmHg) 133.6 (19.9) 133.4 (18.2) 133.8 (22.4) 0.914
Average of morning DBP (mmHg) 75.4 (11.0) 76.8 (10.9) 73.2 (10.8) 0.043
Average of morning PP (mmHg) 58.2 (15.0) 56.6 (13.6) 60.6 (16.7) 0.107
Average of evening SBP (mmHg) 129.2 (17.9) 128.1 (16.5) 130.8 (19.8) 0.342
Average of evening DBP (mmHg) 70.3 (9.8) 70.7 (10.1) 69.7 (9.4) 0.548
Average of evening PP (mmHg) 58.9 (14.0) 57.4 (12.9) 61.1 (15.4) 0.104

For categorical variables, the number is presented. For continuous variables, the average (standard deviation) is
presented. HbA1c, hemoglobin A1c; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; PP, pulse pressure.

The average (standard deviation) age and HbA1c value were 70.5 (8.5) years and
7.1 (0.8)%, respectively. Eighty-eight patients (56.1%) were treated with antihyperten-
sive drugs. The average values of morning SBP, morning DBP, and morning PP were
133.6 (19.9) mmHg, 75.4 (11.0) mmHg, and 58.2 (15.0) mmHg, respectively. The mean
handgrip strength value was 32.4 (7.4) kg in men and 18.8 (4.1) kg in women. In the
univariate analysis, morning DBP of [β (95% confidence interval; CI): 0.21 (0.08, 0.34)] and
evening DBP of [0.19 (0.04, 0.34)] were associated with handgrip strength in men, while
morning SBP of [−0.08 (−0.12, −0.03)], morning PP of [−0.13 (−0.19, −0.08)], evening
SBP of [−0.07 (−0.12, −0.02)], and evening PP of [−0.13 (−0.19, −0.07)] were associ-
ated with handgrip strength in women (Table 2). In the multivariate analysis, morning
DBP of [0.20 (0.03, 0.37)] was associated with handgrip strength in men, while morning
SBP of [−0.09 (−0.15, −0.04)], morning PP of [−0.14 (−0.21, −0.08)], and evening PP of
[−0.12 (−0.19, −0.04)] were associated with handgrip strength in women (Table 2).
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Table 2. Unadjusted and adjusted regression analyses on handgrip strength.

Men Women

Unadjusted Adjusted † Unadjusted Adjusted †

Morning systolic blood pressure 0.04 (−0.05, 0.12) 0.09 (−0.01, 0.19) −0.08 (−0.12, −0.03) −0.09 (−0.15, −0.04)
Morning diastolic blood pressure 0.21 (0.08, 0.34) 0.20 (0.03, 0.37) −0.01 (−0.11, 0.09) −0.04 (−0.15, 0.08)

Morning pulse pressure −0.07 (−0.18, 0.04) 0.02 (−0.10, 0.19) −0.13 (−0.19, −0.08) −0.14 (−0.21, −0.08)
Evening systolic blood pressure 0.02 (−0.08, 0.11) 0.04 (−0.06, 0.14) −0.07 (−0.12, −0.02) −0.06 (−0.12, −0.002)
Evening diastolic blood pressure 0.19 (0.04, 0.34) 0.10 (−0.08, 0.28) 0.04 (−0.07, 0.16) 0.04 (−0.09, 0.17)

Evening pulse pressure −0.09 (−0.21, 0.03) 0.01 (−0.13, 0.15) −0.13 (−0.19, −0.07) −0.12 (−0.19, −0.04)

Data are β coefficients (95% confidence interval). † Adjusted for age, smoking, exercise, body mass index, hemoglobin A1c, and use of
antihypertensive medications.

4. Discussion

4.1. Principal Findings

We assessed, for the first time, the association between HBP parameters and handgrip
strength among patients with type 2 diabetes. The main findings of this study were the
association of HBP parameters with handgrip strength and the sex differences in the
relationship between HBP parameters and handgrip strength. Morning DBP was associated
with handgrip strength in men, while morning SBP, morning PP, and evening PP were
associated with handgrip strength in women.

4.2. Interpretations

In addition to an age-related decrease in activity level and changes in nutrient intake,
molecular mechanisms, such as insulin resistance, oxidative stress, chronic inflammation,
and changes in sex hormones, have been postulated to contribute to muscle weakness [18].
Type 2 diabetes and hypertension have the same background factors as those mentioned
above and are likely to complicate each other. Thus, muscle weakness and BP may be
associated in patients with type 2 diabetes. A correlation exists between increased PP
and flow-mediated dilatation [19]. The decline in endothelial function is accelerated by
aging, hypertension, diabetes mellitus, and dyslipidemia, and it has been shown to affect
atherosclerosis development. Higashi, et al. [20] proposed that nitric oxide release may
underlie the association between muscle strength and BP. Moreover, age-related loss of
nitric oxide synthase in the skeletal muscle was reported to cause reductions in calpain
S-nitrosylation, which leads to age-related loss of muscle mass [21].

In this study, the association between HBP and grip strength was stronger in women
than in men. This result is consistent with previous reports in which arterial stiffness,
measured using cardio-ankle vascular index, was significantly associated with handgrip
strength in Japanese non-hypertensive women but not in men [22]. The similarities between
the two studies, in which women were older and had higher SBP and lower DBP than
men, may have influenced the results. In women, the production levels of estradiol and
progesterone declines during menopause [23], and these hormonal changes may also
enhance age-related atherosclerosis and muscle weakness [24]. Moreover, a meta-analysis
of nearly 10,000 post-menopausal women showed that hormone therapy beneficially affects
muscle strength [25]. Estrogen protects skeletal muscle against apoptosis through its effects
on heat shock protein and mitochondria [26]. In addition, abnormal inflammatory and
satellite cell responses during estrogen deficiency contribute to the loss of muscle strength
in women [27].

In the present study, SBP and PP were negatively associated with handgrip strength
in women. On the contrary, Taekema et al. [28] found that higher SBP and PP levels were
associated with higher handgrip strength in the oldest participants (all 85 years). This is
contrary to the results of our study, due to the differences in the patients’ backgrounds. The
increase in vascular resistance with aging was speculated to require greater pressure as a
mechanism to maintain tissue perfusion, to prevent further damage to ischemic peripheral
organs such as skeletal muscles [28].
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In this study, DBP was positively associated with handgrip strength in men. Lower
levels of DBP were reported to be associated with an increased risk of CVD and death [29].
This may reflect an association between lower DBP levels and more serious comorbidities,
including arteriosclerotic vascular disease [30]. Moreover, the absolute values of the β

coefficient for morning DBP were higher in men. In the present study, the average of
morning DBP was higher in men than in women, which might suggest that men are less
likely to have advanced atherosclerosis. Therefore, it is possible that the impact of lower
DBP on handgrip strength was stronger in men.

This study has several limitations. First, a cross-sectional design was adopted, which
did not show the precise determination of the cause–effect relationship between HBP
parameters and handgrip strength. Prospective studies are required to evaluate their
association. Second, the small sample size could have influenced the results obtained.
Therefore, further studies on bigger groups are needed to fully understand the relationship
between HBP and handgrip strength in patients with type 2 diabetes. Third, detailed data
on the intake of protein and total energy, which might affect muscle strength, were not
available. Fourth, there is no quality control of HBP measurements to ensure that the
recommendations given to patients are systematically followed. Fifth, this study included
patients with a relatively high capacity for self-care, who were able to self-monitor their
HBP. Because of this selection bias, the results of this study may not be applicable to all
patients with diabetes. Finally, the mechanism underlying the association between HBP
parameters and handgrip strength could not be elucidated because of missing data on
inflammatory or oxidative stress markers.

5. Conclusions

Our study showed the association between HBP and handgrip strength, particularly
in female patients with type 2 diabetes.

Author Contributions: Collection, analysis and interpretation of research data, and manuscript
drafting and revision, T.K.; collection, analysis, and interpretation of data, and manuscript revision,
E.U., Y.H., N.N., M.H., M.A., M.Y. and M.F. All authors have read and agreed to the published version
of the manuscript.

Funding: Emi Ushigome has received grants from the Astellas Foundation for Research on Metabolic
Disorders (Grant number: 4024) and the Japanese Study Group for Physiology and Management of
Blood Pressure. The Donated Fund Laboratory of Diabetes therapeutics is an endowment department,
supported with an unrestricted grant from Ono Pharmaceutical Co., Ltd.

Institutional Review Board Statement: The protocol for this research project has been approved
by a suitably constituted Ethics Committee of the institution and it conforms to the provisions of
the Declaration of Helsinki. Committee of the institutional review board of the Kyoto Prefectural
University of Medicine hospital, approval no. RBMR-E-349 and RBMR-E-466.

Informed Consent Statement: Written informed consent was obtained from all the patients.

Data Availability Statement: All materials are available for use from the corresponding author.

Acknowledgments: The authors would like to thank Naoko Higo, Terumi Kaneko and Machiko
Hasegawa at the Kyoto Prefectural University of Medicine for teaching the patients how to measure
their BP, and Sayoko Tanaka and Fumie Takenaka at the Kyoto Prefectural University of Medicine for
their secretarial assistance.

Conflicts of Interest: Emi Ushigome has received personal fees from Astellas Pharma Inc., Daiichi
Sankyo Co., AstraZeneca plc, Ltd., Kowa Pharmaceutical Co., Ltd., Kyowa Hakko Kirin Company
Ltd., MSD K.K., Mitsubishi Tanabe Pharma Corp., Novo Nordisk Pharma Ltd., Taisho Toyama
Pharmaceutical Co., Ltd., Takeda Pharmaceutical Co., Ltd., Nippon Boehringer Ingelheim Co. and
Sumitomo Dainippon Pharma Co., Ltd., outside the submitted work. Yoshitaka Hashimoto has
received grants from Asahi Kasei Pharma, personal fees from Daiichi Sankyo Co., Ltd., Mitsubishi
Tanabe Pharma Corp., Sanofi K.K. and Novo Nordisk Pharma Ltd., outside the submitted work.
Masahide Hamaguchi has received grants from Mitsubishi Tanabe Pharma Corp., Daiichi Sankyo Co.,

23



J. Clin. Med. 2021, 10, 1913

Ltd., Asahi Kasei Pharma, Nippon Boehringer Ingelheim Co., Ltd., Takeda Pharmaceutical Company
Limited, Astellas Pharma Inc., Sanofi K.K., Sumitomo Dainippon Pharma Co., Ltd., Novo Nordisk
Pharma Ltd., Kyowa Kirin Co., Ltd., and Eli Lilly Japan K.K., outside the submitted work. Mai
Asano has received personal fees from Abbott Japan Co., Ltd., Novo Nordisk Pharma Ltd., Kowa
Pharmaceutical Co., Takeda Pharmaceutical Co., Ltd., AstraZeneca plc, Ltd., and Ono Pharmaceutical
Co., Ltd., outside the submitted work. Masahiro Yamazaki reports personal fees from Kowa Company,
Ltd., AstraZeneca PLC, MSD K.K., Sumitomo Dainippon Pharma Co., Ltd., Kyowa Hakko Kirin Co.,
Ltd., Kowa Pharmaceutical Co., Ltd., Daiichi Sankyo Co., Ltd., Takeda Pharmaceutical Company
Limited, and Ono Pharma Co., Ltd., outside the submitted work. Michiaki Fukui has received grants
from Kissei Pharma Co., Ltd., Daiichi Sankyo Co., Ltd., Takeda Pharma Co., Ltd., Sanofi K.K., Astellas
Pharma Inc., MSD K.K., Ltd., Nippon Boehringer Ingelheim Co., Ltd., Kyowa Hakko Kirin Co.,
Kowa Pharmaceutical Co., Ltd., Mitsubishi Tanabe Pharma Co., Sanwa Kagaku Kenkyusho Co., Ltd.
Novo Nordisk Pharma Ltd., Ono Pharma Co., Ltd., Eli Lilly Japan K.K., Taisho Pharma Co., Ltd.,
Terumo Co., Sumitomo Dainippon Pharma Co., Ltd., Abbott Japan Co., Ltd., Johnson & Johnson K.K.
Medical Co., Teijin Pharma Ltd., and Nippon Chemiphar Co., Ltd. and has received personal fees
from Nippon Boehringer Ingelheim Co., Ltd., Mitsubishi Tanabe Pharma Corp., Kissei Pharma Co.,
Sanofi K.K., Takeda Pharma Co., Ltd., Daiichi Sankyo Co., Ltd., MSD K.K., Kyowa Kirin Co., Ltd.,
Kowa Pharma Co., Ltd., Novo Nordisk Pharma Ltd., Astellas Pharma Inc., Sumitomo Dainippon
Pharma Co., Ltd., Ono Pharma Co., Ltd., Eli Lilly Japan K.K., Arkley Inc., Taisho Pharma Co., Ltd.,
Bayer Yakuhin, Ltd., AstraZeneca K.K., Abbott Japan Co., Ltd., Medtronic Japan Co., Ltd., Sanwa
Kagaku Kenkyusho Co., Ltd., Mochida Pharma Co., Ltd., Teijin Pharma Ltd. and Nipro Cor., outside
the submitted work.

References

1. Kearney, P.M.; Whelton, M.; Reynolds, K.; Muntner, P.; Whelton, P.K.; He, J. Global burden of hypertension: Analysis of worldwide
data. Lancet 2005, 365, 217–223. [CrossRef]

2. Ismail-Beigi, F.; Craven, T.; Banerji, M.A.; Basile, J.; Calles, J.; Cohen, R.M.; Cuddihy, R.; Cushman, W.C.; Genuth, S.; Grimm, R.;
et al. Effect of intensive treatment of hyperglycaemia on microvascular outcomes in type 2 diabetes: An analysis of the accord
randomised trial. Lancet 2010, 376, 419–430. [CrossRef]

3. Ushigome, E.; Oyabu, C.; Tanaka, T.; Hasegawa, G.; Ohnishi, M.; Tsunoda, S.; Ushigome, H.; Yokota, I.; Nakamura, N.; Oda, Y.;
et al. Impact of masked hypertension on diabetic nephropathy in patients with type II diabetes: A KAMOGAWA-HBP study. J.
Am. Soc. Hypertens. 2018, 12, 364–371.e1. [CrossRef] [PubMed]

4. Knudsen, S.T.; Poulsen, P.L.; Hansen, K.W.; Ebbehøj, E.; Bek, T.; Mogensen, C.E. Pulse pressure and diurnal blood pressure
variation: Association with micro- and macrovascular complications in type 2 diabetes. Am. J. Hypertens. 2002, 15, 244–250.
[CrossRef]

5. Martone, A.M.; Bianchi, L.; Abete, P.; Bellelli, G.; Bo, M.; Cherubini, A.; Corica, F.; Di Bari, M.; Maggio, M.; Manca, G.M.; et al. The
incidence of sarcopenia among hospitalized older patients: Results from the Glisten study. J. Cachexia Sarcopenia Muscle 2017, 8,
907–914. [CrossRef]

6. Timpka, S.; Petersson, I.F.; Zhou, C.; Englund, M. Muscle strength in adolescent men and risk of cardiovascular disease events
and mortality in middle age: A prospective cohort study. BMC Med. 2014, 12, 62. [CrossRef]

7. Hess, N.C.; Carlson, D.J.; Inder, J.D.; Jesulola, E.; McFarlane, J.R.; Smart, N.A. Clinically meaningful blood pressure reductions
with low intensity isometric handgrip exercise. A randomized trial. Physiol. Res. 2016, 65, 461–468. [CrossRef]

8. Carlson, D.J.; Inder, J.; Palanisamy, S.K.; McFarlane, J.R.; Dieberg, G.; Smart, N.A. The efficacy of isometric resistance training
utilizing handgrip exercise for blood pressure management: A randomized trial. Medicine 2016, 95, e5791. [CrossRef]

9. Sayer, A.A.; Syddall, H.E.; Dennison, E.M.; Martin, H.J.; Phillips, D.I.; Cooper, C.; Byrne, C.D. Grip strength and the metabolic
syndrome: Findings from the Hertfordshire cohort study. QJM 2007, 100, 707–713. [CrossRef]

10. Ji, C.; Zheng, L.; Zhang, R.; Wu, Q.; Zhao, Y. Handgrip strength is positively related to blood pressure and hypertension risk:
Results from the national health and nutrition examination survey. Lipids Health Dis. 2018, 17, 86. [CrossRef]

11. Hashimoto, Y.; Kaji, A.; Sakai, R.; Hamaguchi, M.; Okada, H.; Ushigome, E.; Asano, M.; Yamazaki, M.; Fukui, M. Sarcopenia is
associated with blood pressure variability in older patients with type 2 diabetes: A cross-sectional study of the KAMOGAWA-DM
cohort study. Geriatr. Gerontol. Int. 2018, 18, 1345–1349. [CrossRef] [PubMed]

12. Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. Report of the expert committee on the diagnosis and
classification of diabetes mellitus. Diabetes Care 2003, 26, 5–20. [CrossRef]

13. Imai, Y.; Otsuka, K.; Kawano, Y.; Shimada, K.; Hayashi, H.; Tochikubo, O.; Miyakawa, M.; Fukiyama, K. Japanese society of
hypertension (JSH) guidelines for self-monitoring of blood pressure at home. Hypertens. Res. 2003, 26, 771–782. [CrossRef]
[PubMed]

14. Chilima, D.M.; Ismail, S.J. Nutrition and handgrip strength of older adults in rural Malawi. Public Health Nutr. 2001, 4, 11–17.
[CrossRef]

24



J. Clin. Med. 2021, 10, 1913

15. Kallman, D.A.; Plato, C.C.; Tobin, J.D. The role of muscle loss in the age-related decline of grip strength: Cross-sectional and
longitudinal perspectives. J. Gerontol. 1990, 45, 82–88. [CrossRef]

16. Steffl, M.; Bohannon, R.W.; Petr, M.; Kohlikova, E.; Holmerova, I. Relation between cigarette smoking and sarcopenia: Meta-
analysis. Physiol. Res. 2015, 64, 419–426. [CrossRef]

17. Srikanthan, P.; Hevener, A.L.; Karlamangla, A.S. Sarcopenia exacerbates obesity-associated insulin resistance and dysglycemia:
Findings from the national health and nutrition examination survey III. PLoS ONE 2010, 5, e10805. [CrossRef] [PubMed]

18. Kohara, K. Sarcopenic obesity in aging population: Current status and future directions for research. Endocrine 2014, 45, 15–25.
[CrossRef]

19. Chamoit-Clerc, P.; Renaud, J.F.; Safar, M.E. Pulse pressure, aortic reactivity, and endothelium dysfunction in old hypertensive rats.
Hypertension 2001, 37, 313–321. [CrossRef]

20. Higashi, Y.; Sasaki, S.; Kurisu, S.; Yoshimizu, A.; Sasaki, N.; Matsuura, H.; Kajiyama, G.; Oshima, T. Regular aerobic exercise
augments endothelium-dependent vascular relaxation in normotensive as well as hypertensive subjects: Role of endothelium-
derived nitric oxide. Circulation 1999, 100, 1194–1202. [CrossRef]

21. Samengo, G.; Avik, A.; Fedor, B.; Whittaker, D.; Myung, K.H.; Wehling-Henricks, M.; Tidball, J.G. Age-related loss of nitric oxide
synthase in skeletal muscle causes reductions in calpain S-nitrosylation that increase myofibril degradation and sarcopenia. Aging
Cell 2012, 11, 1036–1045. [CrossRef]

22. Yamanashi, H.; Kulkarni, B.; Edwards, T.; Kinra, S.; Koyamatsu, J.; Nagayoshi, M.; Shimizu, Y.; Maeda, T.; Cox, S.E. Association
between atherosclerosis and handgrip strength in non-hypertensive populations in India and Japan. Geriatr. Gerontol. Int. 2018,
18, 1071–1078. [CrossRef] [PubMed]

23. Baber, R.J.; Panay, N.; Fenton, A.; Baber, R.J.; Panay, N.; Fenton, A.; Pérez López, F.R.; Storch, E.; Villaseca, P.; Llaneza, P. 2016 IMS
recommendations on women’s midlife health and menopause hormone therapy. Climacteric 2016, 19, 109–150. [CrossRef]

24. Valenti, G. Adrenopause: An imbalance between dehydroepiandrosterone (DHEA) and cortisol secretion. J. Endocrinol. Invest.
2002, 25, 29–35. [PubMed]

25. Greising, S.M.; Baltgalvis, K.A.; Lowe, D.A.; Warren, G.L. Hormone therapy and skeletal muscle strength: A meta-analysis. J.
Gerontol. A Biol. Sci. Med. Sci. 2009, 64, 1071–1081. [CrossRef] [PubMed]

26. Lee, C.E.; McArdle, A.; Griffiths, R.D. The role of hormones, cytokines and heat shock proteins during age-related muscle loss.
Clin. Nutr. 2007, 26, 524–534. [CrossRef] [PubMed]

27. Collins, B.C.; Laakkonen, E.K.; Lowe, D.A. Aging of the musculoskeletal system: How the loss of estrogen impacts muscle
strength. Bone 2019, 123, 137–144. [CrossRef]

28. Taekema, D.G.; Maier, A.B.; Westendorp, R.G.J.; de Craen, A.J.M. Higher blood pressure is associated with higher handgrip
strength in the oldest old. Am. J. Hypertens. 2011, 24, 83–89. [CrossRef]

29. Carpenter, M.A.; John, A.; Weir, M.R.; Smith, S.R.; Hunsicker, L.; Kasiske, B.L.; Kusek, J.W.; Bostom, A.; Ivanova, A.; Levey, A.S.;
et al. Cardiovascular disease, and death in the folic acid for vascular outcome reduction in transplantation trial. J. Am. Soc.
Nephrol. 2014, 25, 1554–1562. [CrossRef]

30. Franklin, S.S.; Larson, M.G.; Khan, S.A.; Wong, N.D.; Leip, E.P.; Kannel, W.B.; Levy, D. Does the relation of blood pressure to
coronary heart disease risk change with aging? The framingham heart study. Circulation 2001, 103, 1245–1249. [CrossRef]

25





Journal of

Clinical Medicine

Article

Impact of Isolated High Home Systolic Blood Pressure and
Diabetic Nephropathy in Patients with Type 2 Diabetes
Mellitus: A 5-Year Prospective Cohort Study

Nobuko Kitagawa 1,†, Noriyuki Kitagawa 1,2,†, Emi Ushigome 1,*, Hidetaka Ushigome 3, Isao Yokota 4,

Naoko Nakanishi 1, Masahide Hamaguchi 1, Mai Asano 1, Masahiro Yamazaki 1 and Michiaki Fukui 1

Citation: Kitagawa, N.; Kitagawa,

N.; Ushigome, E.; Ushigome, H.;

Yokota, I.; Nakanishi, N.; Hamaguchi,

M.; Asano, M.; Yamazaki, M.; Fukui,

M. Impact of Isolated High Home

Systolic Blood Pressure and Diabetic

Nephropathy in Patients with Type 2

Diabetes Mellitus: A 5-Year

Prospective Cohort Study. J. Clin.

Med. 2021, 10, 1929. https://

doi.org/10.3390/jcm10091929

Academic Editor: Tomoaki Ishigami

Received: 16 March 2021

Accepted: 26 April 2021

Published: 29 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Endocrinology and Metabolism, Graduate School of Medical Science, Kyoto Prefectural
University of Medicine, Kyoto 602-8566, Japan; nobuko-s@koto.kpu-m.ac.jp (N.K.);
nori-kgw@koto.kpu-m.ac.jp (N.K.); naoko-n@koto.kpu-m.ac.jp (N.N.); mhama@koto.kpu-m.ac.jp (M.H.);
maias@koto.kpu-m.ac.jp (M.A.); masahiro@koto.kpu-m.ac.jp (M.Y.); michiaki@koto.kpu-m.ac.jp (M.F.)

2 Department of Endocrinology and Metabolism, Kameoka Municipal Hospital, Kyoto 621-8585, Japan
3 Department of Organ Transplantation and General Surgery, Graduate School of Medical Science,

Kyoto Prefectural University of Medicine, Kyoto 602-8566, Japan; ushi@koto.kpu-m.ac.jp
4 Department of Biostatistics, Graduate School of Medicine, Hokkaido University, Hokkaido 060-8638, Japan;

yokotai@pop.med.hokudai.ac.jp
* Correspondence: emis@koto.kpu-m.ac.jp; Tel.: +81-75-251-5505
† Address: 465, Kajii cho, Kamigyo-ku, Kyoto-city, Kyoto 602-8566, Japan.

Abstract: Background: A previous 2-year cohort study has shown that isolated high home systolic
blood pressure (IH-HSBP) may increase the risk of diabetic nephropathy, using normal HBP as a
reference. However, this association has not been previously assessed in the medium to long term.
Methods: This prospective 5-year cohort study of 424 patients, with normal or mildly increased
albuminuria, investigated the effect of IH-HSBP on the risk of diabetic nephropathy in patients with
type 2 diabetes mellitus. Diabetic nephropathy was defined as an advancement from normal or mildly
increased albuminuira to moderate or severely increased albuminuria. Results: Among 424 patients,
75 developed diabetic nephropathy during the study period. The adjusted odds ratio for developing
diabetic nephropathy given IH-HSBP was 2.39 (95% confidence interval, 1.15–4.96, p = 0.02). The
odds ratio for developing nephropathy in patients with IH-HSBP younger than 65 years was higher
than that in patients with IH-HSBP older than 65 years. Conclusion: IH-HSBP was associated with an
increased risk of diabetic nephropathy among type 2 diabetes mellitus patients with normal or mildly
increased albuminuria in the medium to long term. The results support and strengthen previous
reports. These findings suggest that IH-HSBP might be a useful marker in disease prognostication.

Keywords: albuminuria; diabetes mellitus; isolated high home systolic blood pressure; diabetic
nephropathy

1. Introduction

Home blood pressure (HBP) control is paramount to diabetic nephropathy preven-
tion [1]. Several important factors of HBP, including day-to-day variability [2] or pulse
pressure [3], have been reported as relevant to the risk of diabetic nephropathy.

Isolated systolic hypertension (ISH) is diagnosed when systolic blood pressure (SBP)
is hypertensive, while diastolic blood pressure (DBP) is normotensive [4]. ISH has been
shown to increase the risk of premature mortality in patients with cardiovascular disease;
it is a common form of hypertension [5–7].

ISH expressed as HBP (home ISH) has also been shown to affect the risk of diabetic
nephropathy. In fact, our group has previously shown that isolated high home systolic
blood pressure (IH-HSBP) might be a useful marker in the prognostication of diabetic
nephropathy, based on data from a 2-year cohort study [8]. Nevertheless, the follow-up
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period in that study was relatively short, likely limiting its statistical power. To address this
limitation, we performed a follow-up study with patients diagnosed with type 2 diabetes
mellitus (DM), aiming to provide a valid assessment of the impact of ISH on the risk of
diabetic nephropathy in this patient group over the medium to long term.

2. Design and Methods

We used the same resources in our previous study, which is based on data from the
HBP cohort of patients with type 2 diabetes mellitus who had regularly attended the
diabetes outpatient clinic at the Kyoto Prefectural University of Medicine Hospital or other
general hospitals located in Japan (KAMOGAWA-HBP study) [1].

The present study included patients with type 2 DM; the impact of HBP on the risk of
diabetic nephropathy was evaluated. Nephropathy was graded as follows: normal or mild
albuminuria, defined as urinary albumin/creatinine ratio (UACR) < 30 mg per gram of
creatinine (mg/g Cr); moderately increased albuminuria (microalbuminuria), defined as
UACR 30–300 mg/g Cr; or severely increased albuminuria (macroalbuminuria), defined
as UACR > 300 mg/g Cr [9–14]. The development of diabetic nephropathy was defined
as an advancement from normal or mild albuminuira to moderately or severely increased
albuminuria within 5 years. The study protocol was approved by the local Research Ethics
Committee, RBMR-E-349; the study adhered to the principles of the Declaration of Helsinki,
and informed consent was obtained from all patients prior to enrollment.

2.1. Data Collection

Blood samples for biochemical measurements were taken in the morning. Serum
lipid profile (including levels of triglycerides, low-density lipoprotein cholesterol, and
high-density lipoprotein cholesterol) and levels of creatinine and hemoglobin A1C (HbA1c),
and of other biochemical markers, were assessed by standard laboratory methods. The
data collection of urinary samples was performed simultaneously with the beginning
of HBP measurements. An immunoturbidimetric assay was used to measure UACR;
the mean value of three consecutive urinary measurements was equivalent to UACR.
Levels of HbA1c were classified and reported according to the National Glycohemoglobin
Standardization Program guidelines, as recommended by the Japan Diabetes Society [15].
Data on patient demographic and clinical characteristics, including sex, age, duration of
DM, smoking status, and those who consumed alcohol or antihypertensive medication
were collected at the same time as HBP measurements began. To measure brachial–ankle
pulse wave velocity (baPWV), the volume plethysmographic method was used, which
was also the method utilized in our previous cohort study [16]. Diagnosis of diabetic
nephropathy was based on the Diagnostic Nephropathy Study Group criteria [17]. Alcohol
drinking status (never, social, or everyday) and smoking status (never, past, or current)
were checked by interview. Type 2 DM was diagnosed when a fasting plasma glucose
level was more than 126 mg/dl (7.0 mmol/L), or a random plasma glucose was more than
200 mg/dl (11.1 mmol/L), based on the American Diabetes Association criteria [18].

2.2. HBP Measurements

Patients were instructed to measure their BP 3 times each morning and evening for
14 consecutive days, and the 14-day average of the 3 morning and 3 evening mean values
were calculated for each. Patients were instructed to measure their morning BP within
1 h of waking up, before breakfast, before taking medication, having sat, and having
rested for at least 5 min [19]. Similar instructions applied to evening BP measurements,
which were obtained before bedtime. Eating was prohibited for over one hour before
measurement before going to bed. Moreover, patients were instructed that the cuff of the
measuring device should be placed around the contralateral side of the dominant arm, with
its position maintained at the level of the heart. HBP measurements were performed with
an automated device—HEM-70801C (Omron Healthcare Co. Ltd., Kyoto, Japan)—which
used a digital display to present values of SBP/DBP and heart rate, measured using the

28



J. Clin. Med. 2021, 10, 1929

cuff-oscillometric method. HEM-70801C uses the same components and BP-determining
algorithm as those of another device, HEM-705IT, which was previously validated and
satisfied the criteria of the British Hypertension Society protocol [20].

In the Japanese Society of Hypertension Guidelines for the Management of Hyperten-
sion (JSH 2019) [21], the target level of HBP control is under 125/75 mmHg in hypertensive
patients with DM. Patients were classified into 4 groups based on HBP levels: normal
HBP (morning SBP < 125 mmHg and morning DBP < 75 mmHg), isolated high IH-HSBP
(morning SBP > 125 mmHg and morning DBP < 75 mmHg), isolated high home DBP
(IH-HDBP) (morning SBP < 125 mmHg and morning DBP > 75 mmHg), and high HBP
(morning SBP > 125 mmHg and morning DBP > 75 mmHg) [21,22].

2.3. Statistical Analysis

Participant baseline characteristics were reported as median, with interquartile range
or count, as suitable. Logistic regression analysis was used to assess the relationship
between IH-HSBP, IH-HDBP, and high HBP, and the risk of diabetic nephropathy, with
“normal HBP” set as a reference. The following factors were included as covariates in the
adjusted models: sex, body mass index (BMI), duration of diabetes, levels of HbA1c, of
total cholesterol, of creatinine, and use of antihypertensive medication (Model 2). Separate
adjustments were made for the use of renin–angiotensin–aldosterone system inhibitors
instead of other antihypertensive medications (Model 3).

In addition, subgroup analyses were performed for age (≥65 years vs. <65 years)
and SBP control (≥135 mmHg vs. <135 mmHg). JSH2019 [21] adopted 135/85 mmHg as
the diagnostic criterion for hypertension based on HBP. p-values < 0.05 were considered
indicative of statistically significant findings. Statistical analyses were performed using
JMP version 13.2 software (SAS Institute Inc., Cary, NC, USA).

3. Results

A total of 1372 consecutive patients with type 2 DM, aged 20–90 years, were recruited
for this study. In all, 64 and 422 patients were excluded due to insufficient HBP and
UACR data, respectively. In addition, there were 148 patients who were newly prescribed
angiotensin II receptor blocker (ARB) or angiotensin-converting-enzyme inhibitor (ACE-I),
or who stopped using them during follow-up. Another 263 patients who had moderately
or severely increased albuminuria were also excluded.

The final sample included 424 patients with normal or mild albuminuria (Figure 1).
Among them, during 5-year follow-up period, 74 patients developed moderately increased
albuminuria and 1 patient developed severely increased albuminuria.

Patient baseline demographic and clinical characteristics are presented in Tables 1 and 2.
Median (interquartile range) age, duration of diabetes, BMI, and levels of total cholesterol
and those of HbA1C were 64.0 (59.0–70.0) years, 9.0 (4.8–15.0) years, 23.0 (21.4–25.3) kg/m2,
191 (170–212) mg/dL, and 6.6% (6.2%–7.3%), respectively. The patients in the IH-HSBP
group were older than those in the high HBP group (69.6 vs. 60.6 years, p < 0.001). The
unadjusted odds ratio (OR) with 95% confidence interval (CI) of developing diabetic
nephropathy, given IH-HSBP, IH-HDBP, and high HBP, was 2.68 (1.36–5.30), 0.78 (0.21–2.81),
and 1.63 (0.87–3.04), respectively (Table 3), using normal HBP as a reference. In multivariate
analyses, adjusted OR (95% CI) of developing diabetic nephropathy, given IH-HSBP, was
2.36% (1.14%–4.89%, p = 0.02) in Model 2 and 2.39% (1.15%–4.96%, p = 0.02) in Model 3
(Table 3).
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Figure 1. Study flow diagram for the registration of patients.

Table 1. Characteristics of patients.

Sex

Male 228 (53.8)
Female 196 (46.2)
Age (y) 64.0 (59.0–70.0)

Duration of diabetes (y) 9.0 (4.8–15.0)
Body mass index (kg/m2) 23.0 (21.4–25.3)

Mean morning systolic blood pressure (mmHg) 128.1 (117.4–138.2)
Mean morning diastolic blood pressure (mmHg) 73.2 (66.5–79.9)
Mean evening systolic blood pressure (mmHg) 123.4 (115.0–133.1)
Mean evening diastolic blood pressure (mmHg) 67.7 (61.9–74.2)

Clinic systolic blood pressure (mmHg) 136.0 (123.0–146.0)
Clinic diastolic blood pressure (mmHg) 76.7 (70.0–80.3)

Hemoglobin A1c (mmol/mol) 52.0 (48.6–59.5)
Total cholesterol (mg/dL) 191 (170–212)

Creatinine (mg/dL) 0.70 (0.58–0.83)
eGFR (ml/min/1.732) 75.0 (63.1–89.0)

baPWV 1762 (1501–2002)
Smoking status
Current smoker 63 (18.1)

Past smoker 109 (31.3)
Alcohol drinking

everyday 99 (28.6)
social 71 (20.5)

Diabetic complications
Retinopathy 84 (23.5)
Neuropathy 118 (31.8)
Neuropathy 118 (31.8)

Macrovascular disease 101 (27.0)
Use of antihypertensive medication 192 (45.2)

RAS (−/+) 267/156
For categorical variables, n (%) is presented. For continuous variables, median (interquartile range) is presented.
eGFR, estimated glemerular filtration rate; baPWV, brachial–ankle pulse wave velocity; RAS, renin–angiotensin–
aldosterone system.
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Table 2. Characteristics of patients according to the 4 groups based on HBP levels.

Hypertension
Status (n)

Normal HBP
Group (152)

Isolated High HSBP
Group (83)

Isolated High HDBP
Group (30)

High HBP Group (159)

Male/female 74/78 40/43 19/11 95/64
Age (y) 64 (58–70) 69 (63–75) 60 (45–65) 63 (58–70)

Body mass index
(kg/m2) 22.1 (20.9–24.1) 22.5 (21.2–24.7) 23.8 (21.7–26.1) 24.0 (21.8–26.4)

Mean morning systolic
blood pressure

(mmHg)
115.5 (107.7–119.0 133.3 (128.8–139.6) 120.0 (116.9–122.2) 139.0 (132.2–146.1)

Mean morning
diastolic blood pressure

(mmHg)
66.3 (62.6–69.0) 69.4 (64.8–72.1) 77.2 (76.4–81.6) 81.6 (77.9–86.7)

Mean evening systolic
blood pressure

(mmHg)
112.9 (107.6–119.3) 129.6 (123.6–136.3) 118.4 (114.7–123.5) 131.1 (123.7–140.1)

Mean evening diastolic
blood pressure

(mmHg)
62.9 (58.7–67.2) 63.5 (60.0–67.6) 74.3 (70.9–77.6) 75.1 (70.4–80.6)

Clinic systolic blood
pressure (mmHg) 124.1 (114.5–134.8) 141.3 (134.8–151.2) 126.8 (119.0–143.3) 140.7 (130.6–153.0)

Clinic diastolic blood
pressure (mmHg) 71.7 (65.8–76.0) 71.7 (65.6–77.7) 82.3 (78.3–92.0) 83.0 (78.7–86.7)

Hemoglobin A1c (%) 6.5 (6.2–7.1) 6.8 (6.2–7.5) 6.4 (6.0–6.8) 6.7 (6.2–7.3)
Total cholesterol

(mg/dL) 188.5 (164.8–211.5) 192 (170.5–206) 189 (167–209) 191 (175–216)

Creatinine (mg/dL) 0.67 (0.55–0.80) 0.69 (0.55–0.85) 0.70 (0.62–0.78) 0.70 (0.58–0.83)
eGFR (ml/min/1.732) 77.8 (64.0–95.0) 71.1 (58.0–85.0) 84.5 (76.0–96.8) 75.0 (64.3–86.0)

baPWV (cm/sec) 1584 (1411–1858) 1844 (1645–2059) 1491 (1281–2150) 1726 (1509–1995)
Smoking status

(never/past/current) 89/42/20 45/16/21 19/7/4 85/42/27

Alcohol drinking
(never/social/everyday) 97/34/20 53/9/20 16/8/6 69/35/49

Retinopathy
(NDR/SDR/PDR) 120/13/13 52/18/10 24/4/1 124/19/8

Neuropathy (−/+) 111/41 57/25 28/1 120/37
Macrovascular

complication (−/+) 131/21 68/15 29/1 139/20

Antihypertensive
medication (−/+) 103/49 39/44 22/8 68/91

RAS (−/+) 116/36 43/40 23/7 85/73

HBP, home blood pressure; HSBP, home systolic blood pressure; HDBP, home diastolic blood pressure; eGFR, estimated glemerular filtration
rate; baPWV, brachial–ankle pulse wave velocity; NDR, no diabetic retinopathy; SDR, simple diabetic retinopathy; PDR, proliferative
diabetic retinopathy; −, without; +, with. For categorical variables, n is presented. For continuous variables, median (interquartile range) is
presented.

In subgroup analyses, an adjusted OR (95% CI) for developing nephropathy, given IH-
HSBP, was 1.68 (0.66–4.27) among age > 65 years (Table 4); meanwhile, in age < 65 years, an
adjusted OR (95% CI) was 3.06% (0.63%–15.0%) (Table 4), using normal HBP as a reference.

In subgroup analysis of SBP control, in patients with equal to or more than 135 mmHg,
the adjusted odds ratio (95% CI) of IH-HSBP, using normal HBP as a reference group for
the development of diabetic nephropathy, was 5.39% (1.92–18.6%) (Table 5). In patients
with <135 mmHg, the adjusted odds ratio (95% CI) of IH-HSBP was 0.71% (0.32–1.35%)
(Table 5). The odds of each adjusting factor for the development of diabetic nephropathy
are presented in Table 6.
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Table 3. Unadjusted and adjusted odds ratios for the development of diabetic nephropathy.

Hypertension Status (n) Model 1 * Model 2 * Model 3

Unadjusted
OR (95%CI)

p Value
Adjusted OR

(95%CI)
p Value

Adjusted OR
(95%CI)

p Value

Normal HBP group (152) 1 1 1
Isolated high HSBP group (83) 2.68 (1.36–5.30) 0.004 2.36 (1.14–4.89) 0.020 2.39 (1.15–4.96) 0.019
Isolated high HDBP group (30) 0.78 (0.21–2.81) 0.701 0.54 (0.12–2.53) 0.438 0.54 (0.12–52.5) 0.434

High HBP group (159) 1.63 (0.87–3.04) 0.126 1.57 (0.79–3.12) 0.193 1.60 (0.81–3.17) 0.173

HBP, home blood pressure; HSBP, home systolic blood pressure; normal HBP (morning SBP < 125 mmHg and morning DBP < 75 mmHg);
isolated high HSBP (morning SBP > 125 mmHg and morning DBP < 75 mmHg); isolated high HDBP (morning SBP < 125 mmHg and
morning DBP > 75 mmHg); and high HBP (morning SBP > 125 mmHg and morning DBP > 75 mmHg). * Model 2: Odds ratios were adjusted
for sex, age, duration of diabetes mellitus, body mass index, hemoglobin A1C, total cholesterol, creatinine, and the use of antihypertensive
medications. * Model 3: Odds ratios were adjusted for variables in Model 2 and additional adjustment for the use of renin–angiotensin
system inhibitors instead of the use of antihypertensive medications.

Table 4. Unadjusted and adjusted odds ratios for the development of diabetic nephropathy in patients equal to or more
than 65 years old and less than 65 years old.

Hypertension Status Model 1 * Model 2 * Model 3

Unadjusted
OR (95%CI)

p Value
Adjusted OR

(95%CI)
p Value

Adjusted OR
(95%CI)

p Value

≥65 years old

Normal HBP group 1 1 1
Isolated high HSBP group 1.90 (0.85–4.23) 0.116 1.70 (0.67–4.33) 0.263 1.68 (0.66–4.27) 0.275

<65 years old

Normal HBP group 1 1 1
Isolated high HSBP group 3.08 (0.76–12.5) 0.116 3.07 (0.62–15.1) 0.167 3.06 (0.63–15.0) 0.167

HBP, home blood pressure; HSBP, home systolic blood pressure; * Model 2: Odds ratios were adjusted for sex, age, duration of diabetes
mellitus, body mass index, hemoglobin A1C, total cholesterol, creatinine, and the use of antihypertensive medications. * Model 3: Odds
ratios were adjusted for variables in Model 2 and additional adjustment for the use of renin–angiotensin system inhibitors instead of the
use of antihypertensive medications.

Table 5. Unadjusted and adjusted odds ratios for the development of diabetic nephropathy in patients according to systolic
blood pressure.

Hypertension Status Model 1 * Model 2 * Model 3

Unadjusted
OR (95%CI)

p Value
Adjusted OR

(95%CI)
p Value

Adjusted OR
(95%CI)

p Value

≥135 mmHg

Normal HBP group 1 1 1
Isolated high HSBP group 4.21 (1.73–12.6) 0.0009 5.59 (2.02–19.1) 0.0005 5.39 (1.92–18.6) 0.0008

<135 mmHg

Normal HBP group 1 1 1
Isolated high HSBP group 1.31 (0.63–2.52) 0.452 0.75 (0.33–1.57) 0.449 0.71 (0.32–1.35) 0.384

HBP, home blood pressure; HSBP, home systolic blood pressure; * Model 2: Odds ratios were adjusted for sex, age, duration of diabetes
mellitus, body mass index, hemoglobin A1C, total cholesterol, creatinine, and the use of antihypertensive medications. * Model 3: Odds
ratios were adjusted for variables in Model 2 and additional adjustment for the use of renin–angiotensin system inhibitors instead of use of
antihypertensive medications.
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Table 6. The odds of each adjusting factor for the development of diabetic nephropathy according to
systolic blood pressure.

SBP Control ≥ 135 mmHg SBP Control < 135 mmHg

Sex 0.86 (0.36–1.98) 0.69 (0.36–1.29)
Duration of diabetes 0.99 (0.95–1.04) 0.98 (0.95–1.01)

Body mass index 1.08 (0.97–1.22) 0.93 (0.86–1.01)
Hemoglobin A1c 1.12 (0.73–1.80) 0.73 (0.52–1.03)
Total cholesterol 1.00 (0.99–1.02) 0.99 (0.98–1.003)

Creatinine 1.13 (0.51–6.26) 0.74 (0.13–4.56)
Use of antihypertensive

medication 0.90 (0.38–2.06) 0.69 (0.37–1.32)

Use of RAS 1.00 (0.43–2.29) 0.78 (0.40–1.56)
SBP, systolic blood pressure; RAS, renin–angiotensin–aldosterone system.

4. Discussion

In the present study, IH-HSBP was associated with an increased risk of transition to
moderate or severe albuminuria in patients with type 2 DM during a 5-year follow-up
period.

The results are in line with the previous 2-year cohort study [8]. The mechanism
likely to account for the association between IH-HSBP and diabetic nephropathy risk has
been described elsewhere [23–29]. Increased arterial stiffness has been associated with the
development of ISH [30]. Further arterial aging might result in additional increase of IH-
HSBP, which is a risk factor for target organ dysfunction [31] and diabetic nephropathy [32].
The association between proteinuria and high BP is strictly related to very high risk of
cardiovascular disease in type 2 diabetes [33,34]. In advanced type 2 diabetic nephropathy,
appropriate management is of great importance [35]. So, we should adequately man-age
home SBP. In HBP management, especially, we should clarify the association be-tween
albuminuria and isolated high HSBP.

In the present study, IH-HSBP was associated with an increased risk of diabetic
nephropathy; however, high HBP was not. The patients in the IH-HSBP group were older
than those in the high HBP group. When arterial stiffness was compared between the
IH-HSBP and High-HBP groups using baPWV measurements, there appeared to be higher
arterial stiffness among patients in the IH-HSBP group than in those in the High-HBP
group (Table S1) [16,36]. Arterial aging in IH-HSBP may be associated with increased odds
for the development of diabetic nephropathy. Similarly, the isolated high HDBP group was
not associated with an increased risk of diabetic nephropathy development. Those in the
isolated HDBP group were younger, had a short duration of diabetes, lower baPWV, and
also lower HSBP than the isolated high HSBP group (Table S2). For these reasons, only the
isolated HSBP was associated with an increased risk of diabetic nephropathy development
in this study.

The effect of IH-HSBP on the development of diabetic nephropathy, defined using
estimated glomerular filtration rate (eGFR), is very important. Then, we analyzed the
association between IH-HSBP and the development of diabetic nephropathy, defined
using eGFR, and found that there was no relationship between them. We examined the
association between changes in eGFR and the factors which were associated with IH-HSBP,
including duration of diabetes or baPWV, and found no association. We assume that
development of diabetic nephropathy, defined using ACR but not eGFR, was associated
with pathophysiology of IH-HSBP in this study, although the precise mechanism is not
unclear. Moreover, in this study, the mean (standard deviation) change in eGFR over
5 years was −0.37 (7.92) mL/min/1.732, which might be too small to properly analyze the
development of diabetic nephropathy.

Initiation or discontinuation of anti-diabetic medications such as sodium glucose
co-transporter (SGLT2) inhibitors may affect intra-glomerular pressure and the progression
of diabetic nephropathy. However, SGLT2 inhibitors were not used at the start or during
the initial 2-year follow-up period of this study. Among 424 patients with type 2 DM in
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the present cohort, 24 patients were newly prescribed SGLT2 inhibitors during the study
period. Nevertheless, use of SGLT2 inhibitors did not affect the risk of diabetic nephropathy
associated with IH-HSBP. Most present study patients were prescribed these agents for less
than one year, which might have reduced their impact on outcomes of interest. Further
studies are needed to examine this effect.

ISH among young-to-middle-aged Japanese people is associated with premature mor-
tality due to cardiovascular disease [37]. In the present study, age-stratified subgroup
analysis revealed that the adjusted OR was higher among patients aged <65 years than
in those aged ≥65 years. These findings were consistent with those of our previous
study [8], in that the association between IH-HSBP and diabetic nephropathy was weak-
ened in patients ≥ 65. Among the patients with IH-HSBP ≥ 65, the progression of diabetic
nephropathy was observed in 9.4% (2-year) and 9.5% (5-year). The progression of diabetic
nephropathy did not increase over 3 years among the patients with IH-HSBP ≥ 65. There-
fore, the association between IH-HSBP and diabetic nephropathy was weakened in patients
aged ≥65. Meanwhile, subgroup analyses stratified by SBP status revealed that IH-HSBP
increased the risk of diabetic nephropathy only in patients with SBP ≥ 135 mmHg. Patients
with IH-HSBP may be at a lower risk if their SBP measurements meet the hypertension
diagnostic criteria of less than 135 mmHg [21]. It should be noted that patients in this
group were older and more likely to take antihypertensive medications than patients with
SBP < 135 mmHg (Table S3). Patients with SBP ≥ 135 mmHg had remarkable ISH, which
would be associated with arterial damage and diabetic nephropathy.

To the best of our knowledge, this is the first study to evaluate the impact of IH-HSBP
on the risk of diabetic nephropathy in patients with type 2 DM over the medium to long
term. The results support and strengthen previous reports. In addition, the risk of younger
patients with ISH was elucidated through the 5-year follow-up period.

Nevertheless, this study has several limitations, which should be considered when
interpreting its findings. First, we did not have data on salt intake, protein intake, or
levels of exercise, which would be associated with the development of diabetic nephropa-
thy [27,38–41]. In this regard, we could not clearly identify the prognostic significance of
HBP for the development of diabetic nephropathy, even in a longer study. Second, only
Japanese men and women were included in the study population. Therefore, these findings
might not be generalized to other ethnic groups. Third, only single baseline measurements
of BP were performed. This may be potential bias. However, the association of target organ
damage was confirmed by BP at baseline or during follow-up [21]. Single BP assessments
would be reliable when the addition of subsequent values does not significantly alter
the results. Fourth, another important issue is the ultrasound findings on kidneys in the
baseline, particularly the size of kidneys, which should be hypertrophic or enlarged before
a moderately increased albuminuria development. However, these were not the ultrasound
findings on kidneys. Fifth, the risk of ISH, defined by home BP on developing albuminuria
in diabetic patients, was similar after the follow-up period and was prolonged for 3 years.
The results were essentially similar to previous findings, and thus could not add new
information for clinical science. We should at least prolong the follow-up period up to
10 years or more. Finally, a non-albuminuric phenotype has for years been reported in
diabetic kidney disease (DKD) of type 2 DM [42]. Therefore, many patients with type 2 DM,
despite being normoalbuminuric if they have a GRF of <60 mil/min/1.73m2, still have
DKD. In the present study, we did not include patients with a GFR of <60 mil/min/1.73m2.
Thus, we were not able to evaluate the decline in renal function in the definition of DKD in
this study. Further studies will be conducted in the future.

5. Conclusions

In conclusion, IH-HSBP in patients with type 2 diabetes mellitus was a prognostic
factor for the development of diabetic nephropathy in a prospective 5-year cohort study.
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Abstract: The present study aimed to investigate the associations between high-density lipoprotein
(HDL) functionality and major adverse cardiovascular events (MACE) in patients who have under-
gone coronary computed tomography angiography (CCTA). We performed a prospective cohort
study and enrolled 151 patients who underwent CCTA and had a follow-up of up to 5 years. We
measured cholesterol efflux capacity (CEC), caspase-3/7 activity and monocyte chemoattractant
protein-1 (MCP-1) secretion as bioassays of HDL functionality. The patients were divided into
MACE(−) (n = 138) and MACE(+) (n = 13) groups. While there was no significant difference in
%CEC, caspase-3/7 activity or MCP-1 secretion between the MACE(−) and MACE(+) groups, total
CEC and HDL cholesterol (HDL-C) in the MACE(+) group were significantly lower than those in the
MACE(−) group. Total CEC was correlated with HDL-C. A receiver-operating characteristic curve
analysis showed that there was no significant difference between the areas under the curves for total
CEC and HDL-C. In conclusion, total CEC in addition to HDL-C, but not %CEC, was associated with
the presence of MACE. On the other hand, HDL functionality with regard to anti-inflammatory and
anti-apoptosis effects was not associated with MACE.

Keywords: high-density lipoprotein; cholesterol efflux capacity; major adverse cardiovascular events

1. Introduction

In patients who are treated for atherosclerotic cardiovascular disease (ASCVD), there
is a possibility of some residual risks even when the low-density lipoprotein cholesterol
(LDL-C) level has been significantly reduced [1,2]. Such residual risks include high levels
of the triglyceride (TG), a low level of high-density lipoprotein cholesterol (HDL-C) and
other uncontrolled risk factors [1–6]. A recent study in a Japanese cohort indicated that
extremely high HDL-C (≥90 mg/dL) had an adverse effect on ASCVD mortality [7]. HDL
mainly enhances reverse cholesterol transport, such as the cholesterol efflux capacity (CEC),
as well as having anti-oxidative, anti-inflammatory and anti-apoptosis functions [8–10].
Recently, it has been considered that both HDL quality and HDL quantity are important
for preventing CVD. Prospective studies revealed that CEC was inversely correlated with
the incidence of CV events [11]. We also reported that the restenosis rates after coronary
stent implantation were associated with CEC [12]. Thus, HDL functionality is a critical
residual risk factor for ASCVD.
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Coronary computed tomography angiography (CCTA) has become more widely
available in many general hospitals and enables the accurate non-invasive assessment of
coronary artery stenosis for screening of coronary artery disease (CAD). In our previous
cross-sectional study, high levels of HDL-C at the time of CCTA were associated with
a reduced presence and severity of CAD [13]. In addition, total CEC and HDL-C were
associated with the presence of CAD, while %CEC was not [14]. However, that study did
not analyze the associations between various HDL functionalities, including CEC and the
prognosis. Therefore, we determined the associations in this study.

2. Materials and Methods

In our previous study, 204 consecutive subjects who underwent CCTA for screening of
CAD and were either clinically suspected to have CAD or had at least one cardiovascular
risk factor were enrolled, and CEC was measured [14]. In this study, we excluded 53 of
those patients due to the absence of follow-up (n = 8) and an insufficient volume of blood
samples for further analysis of HDL functionality (n = 45), and finally analyzed HDL
functionality in 151 patients.

We followed the patients for up to 5 years (average, 3.7 ± 0.7 years) and divided
them into those with ((+) group, n = 13) and without ((−) group, n = 138) a major adverse
cardiovascular event (MACE), where MACE was defined as all-cause deaths, acute my-
ocardial infarction, coronary revascularization and ischemic stroke as a composite primary
endpoint. When the patients had significant coronary stenosis as assessed by CCTA and
received coronary intervention immediately after CCTA, the intervention was not included
in MACE as coronary revascularization. We measured HDL functionality including CEC,
caspase 3/7 activity associated with apoptosis and the secretion of monocyte chemotactic
protein-1 (MCP-1) associated with inflammation. The protocol in this study was approved
by the ethics committee of the Fukuoka University Hospital (# 09-10-02). All subjects gave
their written informed consent to participate.

2.1. Evaluation of Coronary Stenosis Using CCTA

We assessed coronary stenosis using CCTA [13,14]. All patients were scanned by
64-multidetector row CT on an Aquilion 64 (TOSHIBA, Tokyo, Japan). The region of
interest was placed within the ascending aorta. The scan was started when the CT density
reached 100 Hounsfield Units higher than the baseline density. The scan was performed
between the tracheal bifurcation and the diaphragm. All segments were evaluated ac-
cording to the 15-segment American Heart Association coronary artery model. Fifteen
segments of coronary arteries were evaluated. CAD was defined as any narrowing of the
normal contrast-enhanced lumen to more than 50% in at least one major coronary artery
that could be identified in multi-planar reconstructions or cross-sectional images. The
number of significantly stenosed coronary vessels (0, 1, 2 and 3VD) was determined. In
addition, the atherosclerotic severity of coronary artery disease was assessed in terms of
the Gensini score.

2.2. Evaluation of CAD Risk Factors and Left Ventricular Ejection Fraction (LVEF)

Age, gender, body mass index (BMI), systolic blood pressure (SBP), diastolic BP
(DBP), smoking status (current vs. nonsmoker), family history (myocardial infarction (MI),
angina pectoris or sudden death) and chronic kidney disease (CKD) were collected as risk
factors for CAD. Data of serum levels of LDL-C, HDL-C, triglycerides (TG), hemoglobin
A1c (HbA1c) and fasting blood glucose (FBG) were also collected. LVEF was assessed
by transthoracic echocardiography. BMI was calculated as weight (kg)/height (m2). BP
was determined as the mean of two measurements obtained in an office setting by the
conventional cuff method using a mercury sphygmomanometer after at least 5 min of rest.
The presence of dyslipidemia (DL), hypertension (HTN), diabetes mellitus (DM) and use
of medication were obtained from medical records. Patients who had SBP ≥ 140 mmHg
and/or DBP ≥ 90 mmHg at present or who were taking antihypertensive treatment were
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considered to have HTN. Patients with LDL-C ≥ 140 mg/dL, TG ≥ 150 mg/dL and/or
HDL-C < 40 mg/dL or who were taking lipid-lowering treatment were considered to have
DL. Patients with FBG ≥ 126 mg/dL, HbA1c ≥6.5% or who were receiving a glucose-
lowering drug were considered to have DM. We calculated the estimated glomerular
filtration rate (eGFR) from the data of serum creatinine, age, body size and gender. We
defined CKD as when eGFR was less than 60 mL per minute per 1.73 m2 body surface area.

2.3. Measurement of HDL CEC

We examined HDL CEC with an ex vivo system that used J774 macrophages and
HDL isolated from plasma of the study patients by ultracentrifugation [14]. Briefly, J774
macrophages were cultured and radiolabeled with 2 μCi/mL of 3H-cholesterol for 24 h.
The day after labeling, the cells were washed and incubated with 8-Br-cAMP to upregulate
ATP-binding cassette A1 transporter. Efflux medium containing isolated HDL (15 μg) was
added for 4 h. Radiolabeled cholesterol counts were analyzed for the cell compartment and
media. Percentage (%) of CEC was calculated as follows: (radioactivity in the medium/total
radioactivity (radioactivity in medium + cells extracted with NaOH/NaCl)) × 100-CEC in
sample-free medium. Total CEC was also calculated as the percentage of cholesterol efflux
capacity/100 × HDL-C level.

2.4. Measurement of Secretion of Monocyte Chemotactic Protein 1 (MCP-1)

We evaluated the HDL-induced secretion of MCP-1 with an ex vivo system using
human coronary endothelial cells (HCECs, Clonetics, San Diego, CA, USA) [15] and apo-B-
depleted plasma from the study participants as samples. HCECs were cultured and grown
in media. In the experiments, HCECs were washed with medium. The cells were incubated
with 5 μg/mL of samples under the same conditions for 24 h. After 24 h, the secretion of
MCP-1 in the medium from HCECs was measured by a Human CCL2/MCP-1 Quantikine
ELISA Kit (R & D Systems, Minneapolis, MN, USA). The relative secretion of MCP-1 in
each sample was calculated by the ratio of the secretion in each sample to the secretion in
standard HDL (EMD Millipore Corp., Billerica, MA, USA). The relative total secretion of
MCP-1 was also calculated as the relative secretion of the MCP-1/100 × HDL-C level.

2.5. Measurement of Caspase 3/7 Activity

We analyzed the HDL-suppressed caspase 3/7 activity with an ex vivo system that
used the H9C2 cell line of embryonic rat cardiomyoblasts (ATCC®, CRL-1446T, Manas-
sas, VA, USA) and apo-B-depleted plasma from the study participants as samples. We
used cardiomyoblasts to analyze anti-apoptosis by HDL because HDL may prevent the
progression of cardiac dysfunction related to apoptosis. H9C2 cells were cultured and
grown in media. In the experiments, H9C2 cells were grown under serum-free conditions
for 2 h. After 2 h, the cells were incubated with 5 μg/mL of samples for an additional
6 h. The caspase 3/7 activities in the H9C2 cells were measured by the Caspase-Glo®

3/7Assay System (Promega Corp., Madison, WI, USA). Relative caspase 3/7 activity in
each sample was calculated by the ratio of the activity in each sample to the activity in
standard HDL. Relative total caspase 3/7 activity was also calculated as the relative caspase
3/7 activity/100 × HDL-C level.

2.6. Statistical Analysis

The statistical analysis was performed using IBM SPSS statistics software, version
22 (SPSS Inc., Chicago, IL, USA) and EZR, which is used in R (The R Foundation for
Statistical Computing, Vienna, Austria). More precisely, it is a modified version of R
Commander designed to add statistical functions frequently used in biostatistics [16].
Continuous variables are shown as mean ± standard deviation. Continuous and categorical
variables were compared between the groups by the t test and a Chi-square analysis,
respectively. We performed a Wilcoxon rank-sum test when continuous variables did
not show a normal distribution expressed as a median value and interquartile range.
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The Spearman rank correlation coefficient was used to evaluate associations between the
groups. A receiver-operating characteristic (ROC) curve analysis was used to determine the
cut-off of the total CEC or HDL-C to distinguish between with and without MACE at the
highest possible sensitivity and specificity levels. Area under the curve (AUC) values were
compared between total CEC and HDL-C by a Chi-square analysis. A value of p < 0.05 was
considered significant.

3. Results

3.1. Patient Characteristics in All Patients and in the MACE(+) and MACE(−) Groups

Table 1 shows the patient characteristics in all patients and in the MACE(+) and
MACE(−) groups. The mean age was 65 (58–71) years and BMI was 23 ± 3 kg/m2 in all
patients. The frequencies of HTN, DL and DM in all patients were 78%, 71% and 23%,
respectively. The MACE(+) group showed a higher level of %smoking and a lower level of
HDL-C than the MACE(−) group. There were no significant differences in other factors,
including %CAD, the number of VD, Gensini score, left ventricular ejection fraction (LVEF),
%CKD, eGFR and medications between the MACE(+) and MACE(−) groups.

Table 1. Patient characteristics in all patients, the MACE(+) group and the MACE(−) group.

All Patients (n = 151) MACE(+) Group (n = 13) MACE(−) Group (n = 138)

Age (years) 65 (58–71) 67 (58–70) 64 (58–71)
Male (%) 62 62 57
BMI (kg/m2) 23 ± 3 23 ± 4 23 ± 3
Smoking (%) 39 62 * 34
HTN (%) 78 77 71

SBP (mmHg) 134 (123–146) 136 (123–146) 133 (123–146)
DBP (mmHg) 76 ± 12 79 ± 19 76 ± 11

DL (%) 71 77 64
LDL-C (mg/dL) 108 ± 28 94 ± 28 109 ± 28
HDL-C (mg/dL) 50 (43–61) 46 (33–50) * 51 (44–62)
TG (mg/dL) 114 (79–159) 113 (76–187) 114 (79–156)

DM (%) 23 23 21
HbA1c (%) 5.6 (5.3–6.2) 5.8 (5.4–6.6) 5.6 (5.3–6.2)
FBG (mg/dL) 101 (93–114) 101 (93–124) 101 (93–114)

CKD (%) 5 8 6
eGFR (mL/min/1.73 m2) 66 ± 14 67 ± 10 68 ± 14

LVEF (%) 68 ± 9 67 ± 12 68 ± 5
CAD (%) 48 61 47

The number of VD 0.92 ± 1.10 1.38 ± 1.32 0.88 ± 1.07
Gensini score 12 ± 15 16 ± 15 11 ± 14

Medications
ARB/ACE-I (%) 44 46 41
CCB (%) 35 31 33
β-blocker (%) 17 0 17
Diuretic (%) 13 15 12
Statin (%) 34 46 35
EPA (%) 2 8 2
Insulin (%) 10 8 6
Sulfonylurea (%) 13 23 12
Biguanide (%) 10 23 9
DPP4-I (%) 10 15 9

MACE: major adverse cardiovascular events, BMI: body mass index, HTN: hypertension, SBP: systolic blood pressure, DBP: diastolic
BP, DL: dyslipidemia, LDL-C: low-density lipoprotein cholesterol, HDL-C: high-density lipoprotein cholesterol, TG: triglyceride, DM:
diabetes mellitus, HbA1c hemoglobin A1c, FBG: fasting blood glucose, CKD: chronic kidney disease, eGFR: estimated glomerular filtration rate,
LVEF: left ventricular ejection fraction, CAD: coronary artery disease, the number of VD: the number of significant stenosed coronary vessels,
ARB/ACE-I: angiotensin II receptor blocker/angiotensin converting enzyme inhibitor, CCB: calcium channel blocker, EPA: eicosapentaenoic
acid, DPP4-I: dipeptidyl peptidase-4-inhibitor. * p < 0.05 vs. MACE(−) group.
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3.2. %CEC, Total CEC and HDL-C in the MACE(+) and MACE(−) Groups

As shown in Figure 1A–C, the MACE(+) group showed significantly lower total CEC
(p = 0.030) and HDL-C levels (p = 0.014) than the MACE(−) group, while there was no
difference in %CEC between the groups.

Figure 1. (A) %CEC, (B) total CEC and (C) HDL-C in the MACE(+) and MACE(−) groups. A.U: arbitrary unit.

3.3. Relative Caspase 3/7 Activity, Relative Total Caspase 3/7 Activity, Relative Secretion of
MCP-1 and Relative Total Secretion of MCP-1 in the MACE(+) and MACE(−) Groups

Figure 2 shows caspase 3/7 activity and the secretion of MCP-1. There were no
differences in relative caspase 3/7 activity (p = 0.819), relative total caspase 3/7 activity
(p = 0.745), the relative secretion of MCP-1 (p = 0.235) or relative total secretion of MCP-1
(p = 0.307) between the groups.

Figure 2. (A) Relative caspase 3/7 activity, (B) relative total caspase 3/7 activity, (C) relative secretion of MCP-1 and
(D) relative total secretion of MCP-1 in the MACE(+) and MACE(−) groups. A.U: arbitrary unit.
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3.4. Correlations between %CEC, Total CEC and HDL-C in All Patients

Total CEC was positively correlated with HDL-C in all patients (r = 0.793, p < 0.001),
whereas %CEC showed no correlation (r = 0.024, p = 0.769) (Figure 3A,B).

Figure 3. Correlations between (A) %CEC, (B) total CEC and HDL-C in all patients. A.U: arbitrary unit.

3.5. Cut-Off Values of Total CEC or HDL-C Levels for the Diagnosis of MACE in All Patients

A ROC curve analysis showed that the AUC for total CEC and HDL-C were 0.682
and 0.696, respectively, in all patients (Figure 4A,B). The cut-off levels of total CEC and
HDL-C that gave the greatest sensitivity and specificity for the presence of CAD were
12.4 (sensitivity 0.572, specificity 0.692) and 47 mg/dL (sensitivity 0.659, specificity 0.692),
respectively. There was no significant difference between the AUC for total CEC and
HDL-C (p = 0.656), which indicated that these two factors contributed to MACE to a
similar extent.

Figure 4. Cut-off values of (A) total CEC or (B) HDL-C levels for the diagnosis of MACE in all patients.
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4. Discussion

In this study, we hypothesized that HDL functionality, CEC in particular, was associ-
ated with MACE. The main finding was that total CEC and HDL-C in the MACE(+) group
were significantly lower than those in the MACE(−) group. In addition, total CEC was
correlated with HDL-C. These two factors contributed to MACE to a similar extent. On the
other hand, HDL functionality with regard to anti-inflammatory and anti-apoptosis effects
was not associated with MACE.

We showed that total CEC and HDL-C in the MACE(+) group were significantly
lower than those in the MACE(−) group. We measured %CEC using isolated HDL by
ultracentrifugation to eliminate the effects of other lipoproteins as much as possible, since
several studies have reported that other lipoproteins might influence cholesterol efflux
capacity [17,18]. By this method, we could estimate the efflux capacity for a fixed amount
of isolated HDL. This reflects the effect of the per unit capacity of HDL, but not total CEC
in the bloodstream. Therefore, %CEC was normalized to total CEC in blood by the HDL-C
concentration. Although we used HDL without the effects of other lipoproteins to measure
pure CEC, %CEC values alone could not predict the occurrence of MACE. The involvement
of other lipoproteins, other than Apo-AI, was also considered. Since the MACE (+) group
had significantly lower HDL levels and the total CEC, which is the cholesterol uptake rate
multiplied by the HDL-C value, was associated with MACE, the HDL-C value itself was at
least related to MACE. In addition, since the correlation coefficient between HDL-C and
total CEC was 0.793, which is a relatively strong correlation, it may be possible to predict
MACE from the HDL-C value without measuring total CEC. However, the HDL-C value is
20–30% of the weight of HDL, and it is not clear whether the HDL-C value alone directly
reflects the functionality of HDL itself. In any case, these results show that both HDL
quality and quantity are important. In this study, the cut-off levels of total CEC and HDL-C
for the presence of MACE according to a ROC curve analysis were 12.4 and 47 mg/dL,
respectively. To the best of our knowledge, only our previous report has addressed the
cut-off levels of the total CEC for the diagnosis of CAD [14]. In that study, the total CEC
in the presence of CAD was 12.2, which is similar to the value observed here. Next, the
cut-off level of HDL-C for the presence of MACE was 47 mg/dL, which is neither high
nor low compared to values in the literature [6,19]. The cut-off level of HDL-C for the
diagnosis of CAD was 48 mg/dL [14], which is similar to the cut-off for the presence of
MACE. In addition, after adjusting for demographics, co-morbidities, lipid profile, statin
use and date of procedure, our model demonstrated a U-shaped association between
HDL-C and overall mortality, with HDL-C levels of 30–50 mg/dL associated with the most
favorable outcomes, and HDL-C levels <30 mg/dL or >50 mg/dL associated with worse
outcomes [20]. Decreased HDL-C levels were associated with a significantly increased risk
of CV events in women (<49 mg/dL in women) but not in men (<42 mg/dL in men) [21].
According to the Japan Atherosclerosis Society Guidelines for Prevention of Atherosclerotic
Cardiovascular Diseases 2017, serum HDL-C levels should be maintained ≥40 mg/dL
for the primary and secondary prevention of CVD [6]. Thus, the cut-off level of HDL-C
at 47 mg/dL, while relatively low, seems to be reasonable. On the other hand, higher
levels of HDL-C have not been found to be associated with atheroprotection [7,22–24]. In
NIPPON DATA90, high HDL-C (60–79 mg/dL) was associated with a significantly reduced
risk of CAD, whereas very high HDL-C (≥80 mg/dL) was not [24]. Recently, extremely
high levels of HDL-C (≥90 mg/dL) were significantly associated with an increased risk of
ASCVD mortality, an increased risk of CAD and ischemic stroke in a pooled analysis of
Japanese cohorts (EPOCH-JAPAN) [7]. In any case, our results suggest that when patients
show a total CEC less than around 12.4 and/or HDL-C less than around 47 mg/dL at the
time of CCTA, they might develop MACE in the future.

HDL functionality with regard to anti-inflammation and anti-apoptosis was not asso-
ciated with MACE in this study. Many studies have shown that vascular inflammation is
associated with adverse events and C-reactive protein is a critical biomarker of CVD [25–30].
HDL mainly acts as a scavenger, removing deposited cholesterol from macrophages. It
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also provides anti-inflammation and anti-apoptosis effects. Inflammation and apoptosis
are associated with not only HDL function, but also with many other inflammation factors
(MCP-1 [30], interleukin-6 and -8 [31], etc.) and apoptosis factors (tumor necrosis factor-a,
B-cell lymphoma 2 [32], etc.). Thus, anti-inflammation and anti-apoptosis by HDL were
not associated with MACE.

This study has several important limitations. First, although the sample size was
relatively small, which limited our ability to determine significance, such as in the ROC
analysis, including the cut-off levels of total CEC and HDL-C, which may be affected by
gender-specific differences, we found that total CEC clearly had a significant correlation
with MACE. Second, the population was only selected from Japan and the findings may not
be applicable to other populations. Third, the CEC assay itself has several limitations be-
cause cell-based assays are labor-intensive. We did not analyze the anti-oxidative function
of HDL. Fourth, we divided patients according to the presence of MACE and the duration
of follow-up was only up to five years. A large-scale survey with a longer follow-up and
further analysis will be needed.

5. Conclusions

Total CEC was correlated with HDL-C. Total CEC in addition to HDL-C, but not
%CEC, was associated with the presence of MACE. These two factors contributed to MACE
to a similar extent. On the other hand, HDL functionality with regard to anti-inflammatory
and anti-apoptosis effects was not associated with MACE.
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Abstract: Many studies have revealed numerous potential biomarkers for atherosclerosis, but tissue-
specific biomarkers are still needed. Recent lineage-tracing studies revealed that smooth muscle
cells (SMCs) contribute substantially to plaque formation, and the loss of SMCs causes plaque
vulnerability. We investigated the association of SMC-specific myosin heavy chain 11 (myosin-11)
with atherosclerosis. Forty-five patients with atherosclerosis and 34 control subjects were recruited
into our study. In the atherosclerosis patients, 35 patients had either coronary artery disease (CAD)
or peripheral artery disease (PAD), and 10 had both CAD and PAD. Coronary arteries isolated from
five patients were subjected to histological study. Circulating myosin-11 levels were higher in the
CAD or PAD group than in controls. The area under the receiver operating characteristic curve of
myosin-11 was 0.954. Circulating myosin-11 levels in the CAD and PAD group were higher than
in the CAD or PAD group, while high-sensitivity C-reactive protein concentrations did not differ
between these groups. Multinomial logistic regression analyses showed a significant association of
myosin-11 levels with the presence of multiple atherosclerotic regions. Myosin-11 was expressed in
the medial layer of human atherosclerotic lesions where apoptosis elevated. Circulating myosin-11
levels may be useful for detecting spatial expansion of atherosclerotic regions.

Keywords: atherosclerosis; immunohistochemistry; biomarkers; smooth muscle cells; myosin
heavy chain

1. Introduction

Atherosclerosis is the main pathological process underlying myocardial infarction,
heart failure, peripheral artery disease (PAD), stroke, and cerebral infarction, and it has
been the leading cause of morbidity and mortality globally [1]. Atherosclerotic plaque for-
mation develops over long periods with chronic inflammation based on complex processes,
including the oxidation of accumulated cholesterol-carrying low-density lipoprotein (LDL),
immune cell infiltration, production of inflammatory mediators, endothelial dysfunctions,
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and vascular smooth muscle cell (VSMC) proliferation and migration [2,3]. Plaque instabil-
ity, in which the activation of proteases for extracellular matrices and the loss of VSMCs
are involved, increases the risk of cardiovascular events [4]. Because these pathological
changes in the vascular wall are mostly asymptomatic, the detection of atherosclerotic le-
sions by serological biomarkers before critical clinical features emerge has been extensively
investigated [5–9].

In atherosclerotic plaques, differentiated VSMCs that are derived from the tunica
media undergo phenotypic switching to proliferative synthetic cells that produce extracel-
lular matrices (ECMs) and contribute to plaque stabilization [10]. In vulnerable plaques,
previous studies indicated a high proportion of infiltrated monocytes/macrophages and
extracellular lipids rather than VSMCs [4]. Thus, VSMCs have been thought to play rel-
atively minor roles in the progression to rupture-prone atherosclerosis [1,4,10]. Over the
past decade, however, studies that used fate-mapping and lineage-tracing revealed that
VSMCs account for up to 70% of all plaque cells in murine models of atherosclerosis and
that VSMCs contribute to multiple plaque cell phenotypes, i.e., macrophage-like cells, foam
cells, osteochondrogenic cells, and mesenchymal stem cells alongside ECM-producing
α-smooth muscle actin (αSMA)-positive cells [11–15], which highlight the importance of
VSMCs. Thus, VSMCs are a major cell type in plaque formation and play a greater role in
atherosclerosis than previously recognized [1].

Loss of VSMCs through cell death, including apoptosis and secondary necrosis, was
shown to occur during the progression of atherosclerosis [16,17]. In studies using animal
models, relatively acute VSMC apoptosis induced features of plaque vulnerability, such
as fibrous cap thinning [18], and chronic apoptosis of VSMCs accelerated plaque growth
necrotic core enlargement, plaque calcification, medial expansion and degeneration, elastin
breaks, and failure of outward remodeling [19]. In humans, a decrease in the VSMC cell
number was correlated with plaque instability [4]. On the basis of these findings, we
hypothesized that SMC-specific proteins leak into the circulation from dying cells with the
development and spread of atherosclerotic regions.

Some of myosin superfamily members were expressed in a cell-type-specific man-
ner [20] and were reported to be increased in the blood of patients with several diseases,
including autoimmune diseases [21], myocardial cell damages [22,23], and skeletal muscle
injuries [24]. Myosin heavy chain 11 (myosin-11) is exclusively enriched in VSMCs [25]. A
recent report demonstrated that patients with a non-ruptured abdominal aortic aneurysm
(AAA), in which VSMCs undergo apoptosis, had significantly higher levels of circulating
myosin-11 than normal controls, and its levels were correlated with the maximum aortic
diameter [26]. These data indicated that circulating myosin-11 levels are associated with
the loss of VSMCs in the vascular wall. We investigated the association of plasma levels of
myosin-11 and atherosclerosis to identify a new tissue-specific serological biomarker for
atherosclerosis.

2. Materials and Methods

2.1. Study Subjects

Forty-five patients with atherosclerosis were recruited from June in 2013 to January
in 2015 at Yokohama City University Hospital. Atherosclerosis patients consisted of
two groups: 35 patients with either coronary artery disease (CAD) or PAD (the CAD or
PAD group) and 10 patients with both CAD and PAD (the CAD + PAD group). Plasma
samples were taken within 1 week before the patients received percutaneous coronary
artery intervention or endovascular treatment. Plasma samples from 34 control subjects
were collected from age- and sex-ratio-matched healthy volunteers at Maebashi Hirosegawa
Clinic who did not have a history of CAD, PAD, cerebrovascular disease, aortic aneurysm,
diabetes mellitus, or renal insufficiency. Medical interviews were performed when the
subjects were recruited into this study, and their systolic and diastolic blood pressure
and body mass index (BMI) were recorded at that time. Plasma samples were stored at
−80 ◦C until analysis. The proximal segments of the left coronary arteries from five patients
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(2–5 segments per patient) were collected at autopsies in 2020 at Tokyo Medical University
Hospital. Tissues were fixed in 4% paraformaldehyde for histological analysis.

2.2. Clinical and Biochemical Analysis

Plasma levels of myosin-11 were quantified in a specific sandwich enzyme-linked
immunosorbent assay (ELISA) (Cusabio Biotech, College Park, MD, USA) in accordance
with the manufacturer’s instructions. Although the information on antibody-binding sites
was not disclosed by the company, the ELISA was reacted to human recombinant coiled-coil
domain of myosin-11 (data not shown). High-sensitivity C-reactive protein (hsCRP) was
measured by SRL, Inc. (Tokyo, Japan).

2.3. Tissue Staining and Immunohistochemistry

Paraffin-embedded blocks containing the coronary artery tissues were cut into 4 μm–thick
sections. Elastica van Gieson staining and Masson’s trichrome staining were performed for
morphological analysis. We used anti-CD68 (1:200 dilution, M0876, Dako, Carpinteria, CA,
USA) to detect macrophages in immunohistochemical staining.

The 5′ and 3′ end of Myh11 (myosin-11 gene) are alternatively spliced to gener-
ate COOH-terminal isoforms (SM1 and SM2) and NH2-terminal isoforms (SM-A and
SM-B) [27]. Among all combinations of the four isoforms (SM1A, SM1B, SM2A, and SM2B)
identified in humans [28], the artery expressed exclusively SM1A and SM2A [27]. We,
therefore, used anti-SM1 (1:500 dilution, 7600, Yamasa, Chuo-ku, Tokyo, Japan), and anti-
SM2 (1:200 dilution, 7601, Yamasa, Chuo-ku, Tokyo, Japan) antibodies to detect myosin-11
isoforms. Biotinylated horse anti-mouse IgG (Vectastain Elite ABC IgG kit, Vector Labs,
Burlingame, CA, USA) was used as a secondary antibody. Negative staining of immuno-
histochemistry was confirmed by the omission of primary antibodies. TdT-mediated
dUTP Nick End Labeling (TUNEL) (G7130, Promega Corporation, Madison, WI, USA) was
performed to evaluate apoptotic cells.

2.4. Statistical Analysis

In Table 1, the data that are shown as values were statistically analyzed by using the
Kruskal-Wallis test, and the data shown as ratios were analyzed by using the chi-square
test. Both of these tests were followed by Fisher’s least significant difference post hoc
test, the Mann-Whitney U-test, or Fisher’s exact test, as appropriate. In Table 2, the data
that are shown as values were statistically analyzed by using the Mann-Whitney U-test,
and the data shown as ratios were analyzed by Fisher’s exact test. The data in Figure 1a,b
and Figure 2a,b were statistically analyzed by using the Kruskal-Wallis test, followed
by Fisher’s least-significant-difference post hoc test and the Mann-Whitney U-test. The
Mann-Whitney U-test was used in Figure 1c,d. Spearman’s correlation analysis was used
in Figure 1e. Data were analyzed by using Prism software (version 5.0; GraphPad, San
Diego, CA, USA). Receiver-operating characteristic (ROC) analysis was performed by
using a binary analysis of factors to evaluate the diagnostic performance. Multinomial
logistic regression analyses were used to assess the difference of hsCRP (Model 1) and
myosin-11 (Model 2) values within the three groups, after adjusting the Brinkman index
(per 100), hypertension (dichotomous), and dyslipidemia status (dichotomous). Before the
analysis, both myosin-11 and hsCRP values were transformed into the standardized score
(z-score) for comparability. ROC analysis was examined by using SPSS (version 26; IBM
Corp., Armonk, NY, USA), and multinomial logistic regression analyses were performed
by using Stata (version 15; Stata Corp., College Station, TX, USA). The p-values < 0.05 were
considered to be statistically significant.
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Table 1. Clinical baseline characteristics of patients with atherosclerosis and controls.

Variables

A B C p-Value

Controls
(n = 34)

CAD or PAD
(n = 35)

CAD + PAD
(n = 10)

A vs. B vs. C A vs. B A vs. C B vs. C

Age, years 71.2 ± 3.7 69.9 ± 7.4 72 ± 8.5 0.348
Male gender, n (%) 28 (82.4) 30 (85.7) 8 (80.0) 0.923
Body mass index 23.3 ± 1.2 22.8 ± 3.2 21.7 ± 3.0 0.383

Systolic BP, mmHg 132 ± 12 131 ± 19 138 ± 22 0.477
Diastolic BP, mmHg 80 ± 8 66 ± 14 71 ± 13 <0.001 * <0.001 * 0.047 * 0.262

HDL-cholesterol, mg/dL 58 ± 16 52 ± 14 44 ± 12 0.042 * 0.073 0.024 * 0.262
LDL-cholesterol, mg/dL 118 ± 19 83 ± 23 96 ± 27 <0.001 * <0.001* 0.018 * 0.105

Triglyceride, mg/dL 101 ± 43 118 ± 67 125 ± 68 0.575
HbA1c, % 5.5 ± 0.4 6.3 ± 0.9 6.0 ± 0.7 <0.001 * <0.001 * 0.047 * 0.358

Creatinine, mg/dL 0.7 ± 0.2 3.8 ± 4.7 6.6 ± 5.8 <0.001 * <0.001 * <0.001 * 0.25
eGFR, mL/min/1.73 m2 78 ± 17 45 ± 32 30 ± 33 <0.001 * <0.001* <0.001 * 0.198

Hemodialysis, n (%) 0 (0) 11 (31.4) 6 (60.0) <0.001 * <0.001 * <0.001 * 0.179
Hypertension, n (%) 15 (44.1) 28 (80.0) 9 (90.0) 0.001 * 0.002 * 0.013 * 0.661
Dyslipidemia, n (%) 14 (41.2) 28 (80.0) 6 (60.0) 0.004 * 0.001 * 0.472 0.228

Brinkman index 356 ± 423 710 ± 511 948 ± 681 0.006 * 0.008 * 0.014 * 0.286
Diabetes mellitus, n (%) 0 (0) 19 (54.3) 6 (60.0) <0.001 * <0.001 * <0.001 * >0.999

Statins, n (%) 1 (2.9) 28 (80.0) 3 (30.0) <0.001 * <0.001 * 0.032 * 0.005 *
ACE inhibitor or ARB,

n (%) 4 (11.8) 20 (57.1) 7 (70.0) <0.001 * <0.001 * 0.001* 0.716

β-blocker, n (%) 2 (5.9) 21 (60.0) 3 (30.0) <0.001 * <0.001 * 0.069 0.151
Acetylsalicylic acid, n (%) 0 (0) 30 (85.7) 9 (90.0) <0.001 * <0.001 * <0.001 * >0.999

Continuous variables are shown as the mean ± SD and categorical variables are expressed as the number (%). * p < 0.05; n, number of
subjects; CAD, coronary artery disease; PAD, peripheral artery disease; BP, blood pressure; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; Hb, hemoglobin; eGFR, estimated glomerular filtration rate; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor
blocker; SD, standard deviation.

Table 2. Clinical baseline characteristics of patients with CAD or PAD.

Variables

A B p-Value

CAD
(n = 24)

PAD
(n = 11)

A vs. B

Age, years 70 ± 8.2 70 ± 5.3 0.587
Male gender, n (%) 21 (87.5) 9 (81.8) 0.656
Body mass index 22.4 ± 2.9 23.8 ± 3.6 0.238

Systolic BP, mmHg 127 ± 19 139 ± 17 0.085
Diastolic BP, mmHg 65 ± 12 67 ± 18 0.687

HDL-cholesterol, mg/dL 50 ± 12 56 ± 17 0.494
LDL-cholesterol, mg/dL 86 ± 22 78 ± 26 0.163

Triglyceride, mg/dL 113 ± 67 126 ± 69 0.472
HbA1c, % 6.3 ± 0.9 6.5 ± 0.8 0.18

Creatinine, mg/dL 2.7 ± 4.0 6.1 ± 5.7 0.252
eGFR, mL/min/1.73 m2 49 ± 28 37 ± 39 0.43

Hemodialysis, n (%) 6 (25.0) 5 (45.5) 0.115
Hypertension, n (%) 19 (79.2) 9 (81.8) 0.856
Dyslipidemia, n (%) 20 (83.3) 8 (72.7) 0.466

Brinkman index 724 ± 561 679 ± 402 0.847
Diabetes mellitus, n (%) 10 (41.7) 9 (81.8) 0.027 *

Statins, n (%) 20 (83.3) 8 (72.7) 0.466
ACE inhibitor or ARB, n (%) 16 (66.7) 4 (36.4) 0.093

β-blocker, n (%) 16 (66.7) 5 (45.5) 0.234
Acetylsalicylic acid, n (%) 24 (100) 6 (54.5) <0.001 *

Continuous variables are shown as the mean ± SD, and categorical variables are expressed as the number (%).
* p < 0.05; n, number of subjects; CAD, coronary artery disease; PAD, peripheral artery disease; BP, blood pressure;
HDL, high-density lipoprotein; LDL, low-density lipoprotein; Hb, hemoglobin; eGFR, estimated glomerular
filtration rate; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; SD, standard deviation.
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Figure 1. Plasma myosin-11 (myosin heavy chain 11) levels in patients with atherosclerosis. (a,b) Myosin-11 and hsCRP
(high-sensitivity C-reactive protein) concentrations in plasma samples of control subjects (Controls, n = 34), patients with
CAD (coronary artery disease) or PAD (peripheral artery disease) (CAD or PAD, n = 35), and patients with both CAD
and PAD (CAD + PAD, n = 11). Data are shown as the median with interquartile ranges. (c,d) Myosin-11 and hsCRP
concentrations in plasma samples from CAD (n = 24) and PAD (n = 11) patients. Data are shown as the median with
interquartile ranges. (e) Correlation between plasma concentrations of myosin-11 and hsCRP in all patients and controls
(n = 80).

Figure 2. Plasma myosin-11 (myosin heavy chain 11) levels in subjects without renal insufficiency. (a,b) Myosin-11 and
hsCRP (high-sensitivity C-reactive protein) concentrations in plasma samples of control subjects (Controls, n = 29), patients
with CAD (coronary artery disease) or PAD (peripheral artery disease) (CAD or PAD, n = 14), and patients with both CAD
and PAD (CAD + PAD, n = 3). Data are shown as the median with interquartile ranges.
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3. Results

3.1. Characteristics of Patients with Atherosclerosis

Clinical baseline characteristics of patients with atherosclerosis (n = 45) and control
subjects (n = 34) are shown in Table 1. Patients with atherosclerosis were divided into two
groups: the CAD or PAD group (n = 35), in which patients had either CAD or PAD, and
the CAD + PAD group (n = 10), in which patients had both CAD and PAD. There were
no significant differences in age, frequencies of male gender, or BMI between the three
groups. Both the CAD or PAD group and the CAD + PAD group had a higher frequency
of hypertension, dyslipidemia, smokers, renal dysfunction, and diabetes mellitus than
the control group, and there were no differences in the frequencies of these populations
between the CAD or PAD and the CAD + PAD groups. Use of statins, angiotensin-
converting enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), β-blockers, and
acetylsalicylic acid was also more common among patients with atherosclerosis compared
to control subjects. With the exception of statins, there were no differences in the usage of
these medications between the CAD or PAD and the CAD + PAD groups.

3.2. Myosin-11 Plasma Levels Were Upregulated in Patients with Atherosclerosis

We measured plasma myosin-11 concentrations in patients with atherosclerosis pa-
tients and control subjects using an ELISA that was specific for myosin-11. Plasma
myosin-11 levels were higher in the CAD or PAD group (median (25th–75th percentiles):
139.2 (89.3–200.0) pg/mL) and the CAD + PAD group (median (25th–75th percentiles):
252.1 (208.6–386.3) pg/mL) than in control subjects (median (25th–75th percentiles): 30.0
(13.1–53.6) pg/mL) (Figure 1a). In addition, myosin-11 levels were significantly higher
in the CAD + PAD group than in the CAD or PAD group (Figure 1a). In this sample
set, we analyzed the plasma concentrations of hsCRP, which is the most extensively
studied potential biomarker for atherosclerosis [29,30]. Moreover, hsCRP plasma lev-
els were significantly higher in the CAD or PAD group (median (25th–75th percentiles):
0.44 (0.10–1.58) pg/mL) than in control subjects (median (25th–75th percentiles): 0.07
(0.03–0.16) pg/mL) (Figure 1b), while there was no difference in hsCRP between the CAD
or PAD group and the CAD + PAD group (median (25th–75th percentiles): 0.42 (0.17–0.85)
pg/mL) (Figure 1b).

3.3. Circulating Myosin-11 Levels in Patients with CAD or PAD

Next, we examined whether there was a difference in circulating myosin-11 lev-
els between patients with CAD and PAD. The patient information is shown in Table 2.
There were no differences in patient characteristics between CAD and PAD patients ex-
cept for the frequencies of diabetes mellitus and usage of acetylsalicylic acid. Plasma
levels of myosin-11 were similar between CAD patients (median (25th–75th percentiles:
153.5 (82.2–238.8 pg/mL) and PAD patients (median (25th–75th percentiles): 129.7
(96.1–200.0) pg/mL) (Figure 1c). Similar to myosin-11, there was no difference in hsCRP
between CAD (median (25th–75th percentiles): 0.52 (0.11–1.41] pg/mL) and PAD (median
(25th–75th percentiles): 0.35 (0.10–1.69) pg/mL) patients (Figure 1e). There was no positive
association of plasma myosin-11 levels with hsCRP (Figure 1e).

3.4. Circulating Myosin-11 Levels and Clinical Parameters

We analyzed the values of myosin-11 or hsCRP together with traditional clinical risk
factors. We performed multinomial logistic regression analyses by using hypertension,
dyslipidemia, and the Brinkman index as risk factors. Because we recruited control subjects
from among individuals who did not have a history of diabetes mellitus or renal insufficien-
cies, we did not include these factors in this analysis. The significant association between
increased circulating myosin-11 levels and the presence of either CAD or PAD compared to
control subjects persisted after adjustment for the risk factors (Table 3, Model 1). Similarly,
hsCRP levels had a significant association with the presence of either CAD or PAD (Model
2). When we set the CAD or PAD group as a reference, the significant association between
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circulating myoin-11 levels and the presence of multiple regions of atherosclerosis (CAD
and PAD) (Table 3, Model 1) remained after the adjustment. However, traditional risk
factors, i.e., smoking history, hypertension, and dyslipidemia, and plasma levels of hsCRP
were not associated with the presence of both CAD and PAD (Models 1 and 2).

Table 3. Association between standardized score of myosin-11/hsCRP and atherosclerosis.

Controls CAD or PAD CAD + PAD

AOR 95%CI p-Value (Reference) AOR 95%CI p-Value

Model 1
Myosin-111 0.01 0.01–0.03 0.002 * (1.00) 4.10 1.43–11.69 0.008 *

Brinkman index 2 0.71 0.49–1.03 0.065 (1.00) 1.07 0.92–1.24 0.070
Hypertension 0.03 0.01–0.90 0.044 * (1.00) 8.76 0.24–323.81 0.598
Dyslipidemia 0.12 0.01–3.52 0.219 (1.00) 0.31 0.05–1.91 0.276

Model 2
hsCRP 1 0.02 0.01–0.37 0.008 * (1.00) 0.58 0.23–1.42 0.232

Brinkman index 2 0.92 0.80–1.05 0.208 (1.00) 1.10 0.96–1.26 0.183
Hypertension 0.20 0.05–0.85 0.029 * (1.00) 2.12 0.21–21.37 0.523
Dyslipidemia 0.17 0.04–0.72 0.016 * (1.00) 0.29 0.05–1.49 0.136

* p < 0.05. 1 Values were transformed into a standardized score (z-score) before this analysis. 2 The AORs (adjusted odds ratio) were
calculated using a per-100 change to the index. Myosin-11, myosin heavy chain 11; hsCRP, high-sensitivity C-reactive protein; CAD,
coronary artery disease; PAD, peripheral artery disease; AOR, adjusted odds ratio; 95%CI, 95% confidence interval.

3.5. The Effects of Renal Function on Circulating Myosin-11 Levels

Although the differences in creatinine levels and estimated glomerular filtration
rate (eGFR) between the CAD or PAD group and the CAD + PAD group did not reach
significance, atherosclerosis patients had a higher frequency of renal insufficiency. We
subsequently investigated the plasma levels of myosin-11 in atherosclerosis patients and
control subjects who did not have a renal insufficiency, which was defined by less than
60 mL/min/1.73 m2 of eGFR. In accordance with the results that are presented in Figure 1,
plasma myosin-11 levels were significantly higher in the CAD or PAD group (median
(25th–75th percentiles): 84.6 (72.77–140.9) pg/mL) and the CAD + PAD group (median
(25th–75th percentiles): 170.9 (152.8–238.0) pg/mL) than in control subjects (median
(25th–75th percentiles): 27.5 (12.3–50.1) pg/mL) (Figure 2a). Circulating myosin-11 levels
were also higher in the CAD + PAD group than in the CAD or PAD group (Figure 2a). In
this dataset, plasma levels of hsCRP were significantly higher in the CAD or PAD group
(median (25th–75th percentiles): 0.17 (0.07–1.03) pg/mL) than in control subjects (median
(25th–75th percentiles): 0.07 (0.03–0.19) pg/mL) (Figure 2b), while hsCRP levels did not
differ between the CAD or PAD group and the CAD + PAD group (median (25th–75th
percentiles): 0.21 (0.09–1.38) pg/mL) (Figure 2b).

3.6. Efficacy of Myosin-11 for Diagnosis

We evaluated the diagnostic value using ROC analysis of myosin-11 to detect the
presence of either CAD or PAD. The area under the curve (AUC) of myosin-11 was 0.954
(95% confidence interval [CI]: 0.909–0.998, p < 0.001), with a specificity of 88% at a sensitivity
of 90% (Figure 3a), and the positive predictive value, negative predictive value, accuracy,
and cutoff value were 89%, 91%, 90%, and 72.5 pg/mL, respectively. The AUC of hsCRP
was 0.771 (95% CI: 0.657–0.884, p < 0.001), with a specificity of 29% at a sensitivity of 90%,
and the positive predictive value, negative predictive value, and accuracy were 56%, 71%,
and 59%, respectively. The AUC of myosin-11 was significantly greater than that of hsCRP
(p < 0.025) (Figure 3a).
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Figure 3. ROC (receiver-operating characteristic) analysis of myosin-11 (myosin heavy chain 11) and
hsCRP (high-sensitivity C-reactive protein). (a) ROC curves of myosin-11 and hsCRP in patients with
CAD (coronary artery disease) or PAD (peripheral artery disease) and control subjects. (b) Receiver-
operating characteristic curves of myosin-11 and hsCRP in patients with CAD + PAD and CAD or
PAD. AUC: the area under the curve.

To further investigate the efficacy of myosin-11 to detect the presence of multiple re-
gions of atherosclerosis, we compared circulating myosin-11 levels between the CAD
or PAD group and the CAD + PAD group. The AUC of myosin-11 was 0.814 (95%
CI: 0.691–0.938, p = 0.002), with a specificity of 63% at a sensitivity of 91% (Figure 3b),
and the positive predictive value, negative predictive value, accuracy, and cutoff value
were 43%, 96%, 70%, and 168.4 pg/mL, respectively. The AUC of hsCRP was 0.522 (95%
CI: 0.339–0.705, p = 0.827), with a specificity of 20% at a sensitivity of 91%. The positive
predictive value, negative predictive value, and accuracy were 26%, 88%, and 37%, re-
spectively. The AUC of myosin-11 was significantly greater than that of hsCRP (p = 0.007)
(Figure 3b). These results suggest that circulating myosin-11 levels were increased in pa-
tients with atherosclerosis, and its levels may reflect the spatial expansion of atherosclerotic
regions.

3.7. Expression of Myosin-11 Isoforms in the Coronary Arteries

Finally, we investigated myosin-11 expression and apoptosis during atherosclerosis
progression in humans. The patient information is shown in Table 4.

Table 4. Patient characteristics for histological analyses.

Age Gender Diagnosis Hypertension Dyslipidemia
Diabetes
Mellitus

Smoking
History

Atherosclerosis
Lesions

Patient 1 48 M HCC − − − − Type II, III
Patient 2 66 M Liver cirrhosis − − − + Type II, III
Patient 3 71 M Lung cancer + − + + Type III, IV, V
Patient 4 72 M HCC − − − + Type II, III
Patient 5 88 F CHF + − − + Type III, IV, V

HCC, hepatocellular carcinoma; CHF, chronic heart failure.

Proximal regions in human left coronary arteries were evaluated based on the Ameri-
can Heart Association (AHA)-recommended classification of atherosclerotic lesions [31].
Expression of SM1 and SM2 was greatly decreased for both in the intimal layer in Type II
through Type V lesions, except in the shoulder region of atheromatous plaque in Type IV
lesion and in intraplaque neovasculatures in Type V lesion defined as those in which major
parts of the fibromuscular cap represent replacement of tissue disrupted by accumulated
lipid and hematoma or organized thrombotic deposits (Figure 4). These findings were
consistent with a previous report [28]. Expression of both SM1 and SM2 was gradually de-
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creased in the medial layer as atherosclerosis progressed, while both expression levels were
relatively maintained in the medial layer compared to that in the intimal layer (Figure 4).

Figure 4. Histological analysis of human coronary arteries. Representative images of EVG (Elastica
van Gieson staining), MT (Masson’s trichrome staining), and immunohistochemistry for CD68
(a marker of macrophages), SM1 and SM2 (myosin heavy chain 11 isoforms), and TUNEL (TdT-
mediated dUTP Nick End Labeling) stain in Type II (patient 4), Type III (patient 1), Type IV (patient
3), and Type V (patient 3) atherosclerotic lesions. * Magnified images of black boxes in the intimal
layer. ** Magnified images of black boxes in the medial layer. Scale bars for EVG and MT: 200 μm.
Scale bars for immunohistochemistry and TUNEL stain: 50 μm.

TUNEL-positive apoptotic cells were present in the intimal layer in Type II lesion and
more advanced atherosclerotic lesions where macrophages were accumulated, as reported
previously [32]. In the medial layer, apoptosis was increased in Types III, IV, and V lesions,
in which moderate expression of both SM1 and SM2 proteins was observed (Figure 4).
These apoptotic cells seemed originate from SMCs, because CD68-positive cells were rarely
seen in these areas.
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4. Discussion

During the past decade, the importance of VSMCs in atherosclerosis pathology has
been re-evaluated [1]. Considerable efforts to identify subjects who are at a higher risk for
cardiovascular events have been made, and numerous biomarkers were proposed [5,9]. The
associated pathological processes are complex, and proteins related to lipid, inflammation,
oxidative stress, coagulation, neurohumoral activity, and myocardial damage have been
shown to be associated with the presence of atherosclerosis and vulnerability of atheroscle-
rotic plaques [33]. Although recent studies identified micro-RNA enriched in VSMCs as a
potential biomarker for atherosclerosis [5,34], vascular-tissue-specific circulating biomark-
ers are not currently available. In the present study, we focused on the VSMC-enriched
protein myosin-11 and demonstrated increased plasma levels of myosin-11 in patients with
CAD or PAD compared to control subjects. Plasma myosin-11 levels did not differ between
patients with CAD and PAD, and circulating myosin-11 levels were higher in the CAD +
PAD group than in the CAD or PAD group, suggesting that a higher level of circulating
myosin-11 is associated with the presence of multiple atherosclerotic regions.

Pathological intimal thickening, which is the first stage of atherosclerosis, progresses
to fibroatheromas, which are characterized by the formation of a fibrous cap and a necrotic
core [1]. Differentiated mature contractile VSMCs express contractile genes, such as αSMA
and myosin-11 [35], and VSMCs in the early stage fibrous cap, which protects against
plaque rupture, also express αSMA and myosin-11 [36]. Recent lineage-tracing studies
involving the use of Myh11 (myosin-11 gene)-CreERT2 have demonstrated that VSMC-
derived cells contributed substantially to the generation of a plaque core that is composed
of αSMA-positive cells, macrophage-like cells, osteochondrogenic cells, and mesenchymal
stem-cell-like cells [1,11,13–15]. Most αSMA-positive cells within the fibrous cap are
positive for the VSMC-lineage label [37–39]. In the late stage of atherosclerosis, apoptosis
is a hallmark of advanced atherosclerotic regions in humans [40]. It was reported that
VSMC uptake of oxidized LDL and VSMC-derived foam cell formation seemed to induce
VSMC apoptosis [17]. Induction of VSMC apoptosis using SM22α-hDTR/ApoE−/− mice
induced fibrous cap thinning, necrotic core enlargement, plaque calcification, and medial
degeneration, indicating that VSMC apoptosis accelerates atherosclerosis progression [19].
These data suggest that VSMCs proliferate during the early stage of atherosclerosis, and
their loss in the arteries promotes plaque instability. Because myosin-11 is the component
of smooth muscle myosin that is a major cytoskeletal/contractile protein of VSMCs and is
theoretically not secreted from cells, increased circulating myosin-11 levels were thought to
reflect dying VSMCs. In the present study, we measured plasma concentrations of myosin-
11 in patients with advanced atherosclerosis in the coronary and peripheral arteries, so
we do not know how early a stage of atherosclerosis we could possibly detect. The
histology data in the present study demonstrated that expression the of both SM1 and
SM2 was greatly decreased in the intimal layer, as reported previously [28], but were
relatively maintained in the medial layer of advanced atherosclerotic lesions of human
coronary arteries. Apoptosis in VSMCs seemed to be elevated in the medial layer of
Type III lesions. Although the immunohistochemistry did not demonstrate that apoptotic
SMCs in the medial layer are the source of circulating myosin-11, myosin-11 derived from
VSMCs in Type III, as well as in Types IV and V, lesions may possibly affect circulating
myosin-11 levels. Further study investigating the association of circulating myosin-11
levels with circulating apoptosis markers, such as cytokeratin-18 M30 antigen [41] and
nucleosomes [42], at an asymptomatic early stage in atherosclerosis patients would clarify
the timing at which circulating myosin-11 is elevated during atherosclerosis progression.

In a previous study, we conducted a secretome-based analysis of human AAA tissues
and found that myosin-11 was abundantly detected in the supernatants of an organ culture
of advanced AAA tissues [26]. In addition to the supernatants, circulating myosin-11
levels were increased in patients with AAA, and its levels were correlated with maximum
aortic diameter [26]. It is widely recognized that aortic aneurysms that are localized
at the abdominal region develop based on atherosclerotic pathological remodeling, and
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an advanced aneurysmal wall exhibits VSMC apoptosis and medial degeneration [43,44].
Another line of study also demonstrated that circulating myosin-11 levels were significantly
increased in the blood immediately after aortic dissection occurred [45,46]. Together with
the present study, these findings support the concept that elevated circulating myosin-11
levels seem to reflect the degree of VSMC loss.

An increasing amount of proteomic evidence has identified several circulating pro-
tein markers for atherosclerosis [9]. Although contractile genes are downregulated when
VSMCs undergo phenotypic switching during atherosclerosis progression [47], VSMC-
related cytoskeleton and contracting proteins were identified in tissue extracts and secre-
tome analyses of human atherosclerotic samples, such as carotid or coronary plaques [9].
To the best of our knowledge, however, molecular signatures of circulating myosin-11 in
blood derived from patients with atherosclerosis remain uncertain.

VSMCs in the tunica media arise from local progenitor cells, and multiple distinct cell
lineages are distributed across the arterial tree [48]. Coronary arteries are derived from
pro-epicardium (lateral plate mesoderm) [49]. The infrarenal abdominal aorta and its distal
peripheral arteries are derived from the splanchnic mesoderm [50]. A study using liquid
chromatography/tandem mass spectrometric analysis (LC–MS/MS) analyses of the human
AAA tunica media that is located in infra-renal regions demonstrated that the number of
segments in a coiled-coil domain was larger than that of a motor domain in human AAA
tissue secretion [26]. Because the infrarenal abdominal aorta and the peripheral arteries
share a similar cell lineage, a coiled-coil domain of myosin-11 may be elevated in the
blood of PAD patients. The present study, however, did not reveal molecular signatures of
myosin-11 detected in the blood of CAD and PAD, because the ELISA used in this study
could detect both fragments of myosin-11 containing a coiled-coil domain and full-length
myosin-11. Identification of circulating myosin-11 by using mass spectrometric analysis
and Western blotting in patients with atherosclerosis of each region, i.e., the coronary
and peripheral arteries, would clarify whether myosin-11 in the blood is fragmented or
full-length, and provide further information for atherosclerosis pathologies and developing
a detection system.

There are several limitations to the present study. The present work was conducted by
using a small number of samples, all with advanced atherosclerosis, and therefore, it lacks
clinical background variety. Myosin-11 is abundantly expressed in arterial smooth muscle
cells, but it is also found in the bladder, intestine, stomach, and uterus [27]. It is theoretically
possible that circulating myosin-11 levels are elevated in patients with diseases of these
organs. In addition to AAA and dissection of the aorta, circulating myosin-11 levels can
be elevated in other vascular diseases, such as aortitis. The effect of gender on circulating
myosin-11 levels remains unknown, because the number of female patients in this study
was too small for statistical analysis.

The present study involved a higher frequency of renal insufficiency in atheroscle-
rosis patients. A previous study reported that renal function did not increase circulating
myosin-11 levels [46], and an analysis involving subjects without renal insufficiency in
the present study demonstrated a similar tendency as that seen in the results using all
subjects (Figure 2a,b). However, the effect of renal function on circulating myosin-11 levels
should be considered, and the clearance of circulating myosin-11 needs to be examined in
future studies. Because the progression of atherosclerosis consists of multiple pathological
molecular processes, it is unlikely that a single molecule could be used to detect relatively
early phase asymptomatic atherosclerosis and to monitor plaque vulnerability.

5. Conclusions

In conclusion, together with other biomarkers, circulating levels of myosin-11, which
seem to reflect VSMC loss or damage, may help to detect the presence of atherosclerosis
and spatial expansion in atherosclerosis regions.
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Abstract: Background: The efficacy and bleeding complications of direct oral anticoagulant (DOAC)
therapy for isolated distal deep vein thrombosis (IDDVT) associated with cancer in routine clinical
practice remain unclear. Moreover, prior studies on prolonged therapy for IDDVT are limited. Meth-
ods: This retrospective study enrolled 1641 consecutive patients with acute venous thromboembolism
(VTE) who had received oral anticoagulant therapy, including warfarin or DOAC, between April
2014 and September 2018 in our institutions. In these patients, 200 patients with cancer-associated
IDDVT were evaluated. Results: Mean follow-up period was 780 ± 593 days. Major bleeding and
VTE recurrence were observed in 22 (11.0%) and 11 (5.5%) patients, respectively. In multivariate
analysis, statistically significant factors correlated with major bleeding were advanced cancer stage,
high performance status, stomach cancer, and gallbladder cancer; those correlated with all-cause
death were advanced cancer stage, high performance status, liver dysfunction, pancreatic cancer,
and major bleeding. Cumulative events of major bleeding and recurrence between patients with
prolonged DOAC therapy (≥90 days) and those with nonprolonged therapy were not significantly
different. Conclusions: Preventing major bleeding is important because it is a significant risk factor
for all-cause death. Major bleeding and recurrent events were comparable between prolonged and
nonprolonged therapy.

Keywords: direct oral anticoagulant; isolated distal deep vein thrombosis; cancer

1. Introduction

The application of anticoagulant therapy for isolated distal deep vein thrombosis
(IDDVT) associated with cancer remains controversial. Some previous studies reported
that the high recurrence risk of cancer-associated venous thromboembolism (VTE) and
effectiveness of anticoagulant therapy for IDDVT is correlated with active cancer [1,2].
According to these studies, in routine clinical practice, patients with IDDVT associated
with active cancer are sometimes prescribed a direct oral anticoagulant (DOAC), especially
in the preoperative period. However, in these studies, the examination for the presence
of pulmonary embolism (PE) using contrast-enhanced computed tomography (CT) or
ventilation–perfusion lung scintigraphy was not routinely performed. There is a paucity
of data on the efficacy and bleeding complications of DOAC therapy for “real” IDDVT
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associated with active cancer in routine clinical practice; moreover, the safety and effi-
cacy of prolonged DOAC therapy (≥90 days) for cancer-associated IDDVT has not been
fully elucidated.

This study evaluates bleeding and recurrent complication of patients with cancer-
associated IDDVT who received DOAC therapy, and validates the safety and efficacy of
prolonged DOAC therapy in routine clinical practice.

2. Materials and Methods

This physician-initiated retrospective study enrolled 1641 consecutive patients with
acute VTE who had received oral anticoagulant therapy, including warfarin or DOAC,
between April 2014 and September 2018 at Yokohama City University Hospital and Yoko-
hama City University Medical Center. Patient data, including age, sex, VTE etiology,
VTE symptomatology, and other VTE-related factors, were collected from hospital charts.
VTE diagnosis was based of symptoms and lower-limb findings on ultrasound, contrast-
enhanced computed tomography, and ventilation–perfusion lung scintigraphy. For asymp-
tomatic patients, physicians normally diagnose VTE based on the clinical course and
objective results on imaging, especially lower-limb ultrasound, which is routinely used in
clinical practice [3].

In the current study, IDDVT was defined as venous thrombosis of the calf veins,
including peroneal, posterior tibial, anterior tibial, and soleus muscle veins below the knee.
Major bleeding was defined using the International Society of Thrombosis and Hemostasis
criteria: reduction in hemoglobin level by at least 2 g/dL, transfusion of at least 2 units of
blood, or symptomatic bleeding in a critical area or organ [4]. In the present study, DOAC
withdrawal depended on the treating physician’s judgement. The timing of evaluation
for recurrent VTE also depended on the judgment of each physician in the presence of the
following symptoms: leg pain, leg swelling, and dyspnea. Regarding asymptomatic cases,
increased D-dimer levels were an indication for objective imaging examinations to search
for a new thrombus.

Patients with cancer-associated VTE included those receiving treatment for cancer,
such as chemotherapy or radiotherapy; those scheduled to undergo cancer surgery; those
with metastasis to other organs; and those with terminal cancer (expected life expectancy
of ≤6 months) at the time of diagnosis [5]. We confirmed the specific tumor types, per-
formance status (PS), cancer stage, and performance of chemotherapy at the time of VTE
diagnosis. Cancer stage was determined using the TNM classification. Cancers with distal
metastasis or the highest malignant grade were classified under stage 4. Liver dysfunction
was defined as the presence of a chronic hepatic disease (e.g., cirrhosis) or biochemical
evidence of significant hepatic derangement (e.g., bilirubin level of more than twice the
upper limit or aspartate aminotransferase/alanine aminotransferase/alkaline phosphatase
level of more than thrice the upper limit). This definition was derived from the HAS-
BLED score [6]. We evaluated the incidence and characteristics of VTE recurrence, major
bleeding, and all-cause death among patients with IDDVT associated with cancer who
had undergone DOAC therapy. In the present study, prolonged therapy was defined as
anticoagulant therapy with DOAC and/or initial intravenous anticoagulant over 3 months
(90 days) according to the guideline of Japanese Circulation Society [7]. We evaluated
the relationship between prolonged DOAC therapy, and events of major bleeding and
recurrent VTE respectively by conducting a quasi-RCT using the inverse probability of
treatment weighting (IPTW) technique [8].

This study was approved by the ethics committee of Yokohama City University
Hospital and was conducted in accordance with the Declaration of Helsinki. Written
informed consent was obtained from all patients.

Statistical Analysis

Continuous variables were reported as means ± SDs and categorical variables as
frequencies (percentages). Unpaired t-test was used to compare the continuous variables,
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and the chi-squared test was used to test the difference in the qualitative variables between
the groups. For all comparisons, p values of <0.05 were considered statistically significant.

In the factors that were significantly associated with major bleeding, recurrent VTE,
and all-cause death by using the unpaired t-test or chi-squared test, univariate Cox regres-
sion analysis was performed. Thereafter, factors with p values of <0.05 were validated in
multivariate Cox regression analysis.

For propensity score calculation, a logistic regression model was used. Multivari-
able models were adjusted using the IPTW method combined with logistic regression
modeling to control for potential confounders: age, sex, body mass index (BMI), the pri-
mary site of cancer, cancer stage, performance status, chemotherapy, D-dimer, hemoglobin
(Hb), estimated glomerular filtration ration (eGFR), blood platelet count, symptomatic
state, use of single drug therapy, use of intravenous anticoagulant, history of stroke, liver
dysfunction, diabetes mellitus, and hypertension. We conducted Cox hazards-models
analysis to consider survival time of major bleeding and recurrent VTE. Moreover, the
Kaplan–Meier method was used to evaluate the cumulative event rate of major bleeding
and recurrent VTE.

SPSS ver. 26 (IBM, Armonk, NY, USA) and R 3.3.2 (R Foundation for Statistical
Computing, Vienna, Austria) were used for the statistical analysis.

3. Results

Between April 2014 and September 2018, 1641 patients with acute VTE were treated
with oral anticoagulant therapy at our institutions. Among them, 1244 and 397 patients
were treated with DOAC and warfarin, respectively. In the DOAC group, there were
552 patients with cancer-associated VTE; 279 patients had PE and/or proximal DVT and
30 patients were not examined for the presence of PE. Nineteen patients could not be
followed-up, and 24 patients received underdose off-label prescription of DOAC. After the
exclusion of these patients, 200 patients with cancer-associated IDDVT remained and were
evaluated (Figure 1). The mean follow-up period was 780 ± 593 days.

Table 1 shows the characteristics of the 200 patients with cancer-associated IDDVT.
Regarding the primary site of cancer, digestive-organ cancers had the greatest number
of cases. The number of blood-cancer cases was as follows: malignant lymphoma (n = 8)
and multiple myeloma (n = 2). The number of head and neck cancer cases was as follows:
pharyngeal cancer (n = 2), oral-cavity cancer (n = 2), tongue (n = 1), and nasal-cavity
cancer (n = 1). Regarding treatment in the acute phase, single-drug therapy with 15 mg
rivaroxaban BID or 10 mg apixaban BID was used in 6 patients. Intravenous unfractionated
heparin was used in 10 patients.

Table 1. Baseline characteristics.

Baseline n = 200

Age (years) 73.2 ± 8.9
Female sex 104 (52.0%)

Body weight (kg) 53.6 ± 11.5
Body mass index 21.6 ± 4.0

Body mass index of ≥30 kg/m2 5 (2.5%)
Symptomatic DVT 49 (24.5%)

Primary site of cancer
Stomach 30 (15.0%)

Colorectum 50 (25.0%)
Pancreas 33 (16.5%)

Esophagus 5 (2.5%)
Bile duct 9 (4.5%)

Gallbladder 4 (2.0%)
Liver 2 (1.0%)
Lung 14 (7.0%)
Breast 5 (2.5%)
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Table 1. Cont.

Baseline n = 200

Uterus 6 (3.0%)
Ovary 10 (5.0%)

Prostate 3 (1.5%)
Urinary bladder 6 (3.0%)

Kidney 3 (1.5%)
Blood 10 (5.0%)

Head and neck 6 (3.0%)
Nerve 2 (1.0%)
Skin 2 (1.0%)
Stage
1 to 3 122 (61.0%)

4 78 (39.0%)
Performance status

0 112 (56.0%)
1 73 (36.5%)
2 14 (7.0%)

3 to 4 1 (0.5%)
Chemotherapy 115 (57.5%)
Hypertension 78 (39.0%)

Diabetes mellitus 30 (15.0%)
Previous stroke 6 (3.0%)

Liver dysfunction 16 (8.0%)
Laboratory results at diagnosis

D-dimer (μg/mL) 8.6 ± 14.6
eGFR (mL/min/1.73 m2) 70.2 ± 20.3

Hemoglobin (g/dL) 11.6 ± 1.80
Platelet (×104/dL) 23.6 ± 9.8

Treatment in the acute phase
Single-drug therapy 6 (3.0%)

Intravenous anticoagulant 10 (5.0%)
Drug at diagnosis

Antiplatelet agents 8 (4.0%)
Nonsteroidal anti-inflammatory drugs 29 (14.5%)

Corticosteroids 13 (6.5%)

DVT, deep vein thrombosis; eGFR, estimated glomerular filtration ration.

1641 patients with VTE treated with OAC  

397 patients treated  with warfarin 

1244 patients treated with DOAC 

552 patients with cancer-associated VTE treated with DOAC 

348 patients in the transient risk group 
344 patients in the unprovoked group 

19 patients who could not be followed up 
24 patients administered with off label 
under-dose DOAC 

200 patients with cancer associated IDDVT  treated by DOAC were evaluated 

279 patients with PE and/or proximal DVT  
30 patients who were not  examined for 
the presence of PE 

Figure 1. Flowchart of participant inclusion criteria. VTE, venous thromboembolism; OAC, oral anti-
coagulant; DOAC, direct oral anticoagulant; DVT, deep vein thrombosis; PE, pulmonary embolism;
IDDVT, isolated distal deep vein thrombosis.
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Figure 2 shows the Kaplan–Meier curve estimate of the rate of discontinuation of
anticoagulation. In the follow-up period, 187 patients discontinued DOAC; 68, 66, 26, 26,
and 1 patient discontinued DOAC because of difficulty of oral intake due to the progression
of cancer, physician’s judgement, confirmation of disappearance of thrombus, major and
minor bleeding complications, and emergent surgical operation, respectively. The physi-
cian’s judgement was that the duration of DOAC was sufficient for their patients without
confirmation of disappearance of thrombus. Almost all these patients underwent follow-
up lower-limb ultrasound to confirm the reduction of thrombus after discontinuation
of DOAC.
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Figure 2. Kaplan–Meier curve-estimated discontinuation of DOAC therapy.

In the follow-up period, 22 (11%) patients developed major bleeding, and 11 (5.5%)
patients developed recurrent VTE. A total of 11, 7, 1, 1, 1, and 1 patients had major bleeding
in the upper digestive tract, lower digestive tract, brain, biliary tract, intra-abdominal,
and aneurysm (rupture), respectively. Fatal bleeding complication under DOAC therapy
occurred in one patient (rupture of aneurysm). Among the patients with recurrent VTE,
5, 2, and 4 had nonmassive PE, proximal DVT, and distal DVT, respectively. No patients
with recurrent VTE died due to VTE. Table 2 shows the comparison between patients with
and without major bleeding. Table 3 shows the comparison between the patients with and
without recurrent VTE. Median duration of anticoagulant therapy between the recurrent
and nonrecurrent groups was not significant. Table 4 shows the comparison between the
patients who survived and those who died. In the present study, 110 patients died; 102,
3, 2, 1, 1, and 1 died from progression of cancer, natural death, aspiration pneumonitis,
cerebral infarction, rupture of aorta aneurysm, and unidentified death, respectively.
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Table 2. Comparison between patients with bleeding and without bleeding.

Bleeding (n = 22) No Bleeding (n = 178) p Value

Age (years) 74.5 ± 8.8 73.0 ± 8.9 0.47
Female sex 10 (45.5%) 94 (52.8%) 0.51

Body weight (kg) 49.5 ± 8.5 54.1 ± 11.7 0.079
Body mass index 20.6 ± 3.4 21.8 ± 4.0 0.18

Body mass index of ≥30 kg/m2 0 (0.0%) 5 (2.8%) 0.43
Symptomatic DVT 10 (45.5%) 39 (21.9%) 0.015

Primary site of cancer
Stomach 8 (36.4%) 22 (12.4%) 0.0029

Colorectum 4 (18.2%) 46 (25.8%) 0.43
Pancreas 4 (18.2%) 29 (16.3%) 0.82

Esophagus 0 (0.0%) 5 (2.8%) 0.43
Bile duct 0 (0.0%) 9 (5.1%) 0.28

Gallbladder 2 (9.1%) 2 (1.1%) 0.012
Liver 0 (0.0%) 2 (1.1%) 0.62
Lung 1 (4.5%) 13 (7.3%) 0.63
Breast 1 (4.5%) 4 (2.2%) 0.51
Uterus 0 (0.0%) 6 (3.4%) 0.38
Ovary 2 (9.1%) 8 (4.5%) 0.35

Prostate 0 (0.0%) 3 (1.7%) 0.54
Urinary bladder 0 (0.0%) 6 (3.4%) 0.38

Kidney 0 (0.0%) 3 (1.7%) 0.54
Blood 0 (0.0%) 10 (5.6%) 0.25

Head and neck 0 (0.0%) 6 (3.4%) 0.38
Nerve 0 (0.0%) 2 (1.1%) 0.62
Skin 0 (0.0%) 2 (1.1%) 0.62
Stage
1 to 3 8 (36.4%) 114 (64.0%)

4 14 (63.6%) 64 (36.0%) 0.012
Performance status

0 4 (18.2%) 108 (60.7%) <0.001
1 14 (63.6%) 59 (33.1%) 0.005

2 to 4 4 (18.2%) 11 (6.2%) 0.044
Chemotherapy 16 (72.3%) 99 (55.6%) 0.13
Hypertension 12 (54.5%) 66 (37.1%) 0.11

Diabetes mellitus 5 (22.7%) 25 (14.0%) 0.28
Previous stroke 1 (4.5%) 5 (2.8%) 0.65

Liver dysfunction 1 (4.5%) 15 (8.4%) 0.53
Laboratory results at diagnosis

D-dimer (μg/mL) 5.75 ± 5.2 8.96 ± 15.3 0.38
eGFR (mL/min/1.73 m2) 67.8 ± 26.3 70.5 ± 19.5 0.57

Hemoglobin (g/dL) 11.2 ± 2.1 11.6 ± 1.8 0.30
Platelet (×104/dL) 26.8 ± 9.3 23.2 ± 9.8 0.11

Treatment in the acute phase
Single-drug therapy 1 (4.5%) 5 (2.8%) 0.65

Intravenous anticoagulant 1 (4.5%) 9 (5.1%) 0.92
Drug at diagnosis

Antiplatelet agents 1 (4.5%) 7 (3.9%) 0.89
Nonsteroidal anti-inflammatory

drugs 3 (13.6%) 26 (14.6%) 0.90

Corticosteroids 0 (0.0%) 13 (7.3%) 0.19

DVT, deep vein thrombosis.
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Table 3. Comparison between patients with and without bleeding.

Recurrence (n = 11) No Recurrence (n = 189) p Value

Age (years) 69.5 ± 9.3 73.4 ± 8.9 0.16
Female sex 5 (45.5%) 99 (52.4%) 0.65

Body weight (kg) 56.3 ± 10.3 53.4 ± 11.6 0.42
Body mass index 22.3 ± 2.57 21.6 ± 4.0 0.56

Body mass index ≥ 30 kg/m2 0 (0.0%) 5 (2.6%) 0.58
Symptomatic DVT 4 (36.3%) 45 (23.8%) 0.35

Primary site of cancer
Stomach 2 (18.2%) 28 (14.8%) 0.76

Colorectum 4 (36.4%) 46 (24.3%) 0.37
Pancreas 1 (9.1%) 32 (16.9%) 0.50

Esophagus 0 (0.0%) 5 (2.6%) 0.58
Bile duct 0 (0.0%) 9 (4.8%) 0.46

Gallbladder 0 (0.0%) 4 (2.1%) 0.63
Liver 0 (0.0%) 2 (1.1%) 0.73
Lung 1 (9.1%) 13 (6.9%) 0.78
Breast 0 (0.0%) 5 (2.6%) 0.58
Uterus 0 (0.0%) 6 (3.2%) 0.55
Ovary 1 (9.1%) 9 (4.8%) 0.52

Prostate 0 (0.0%) 3 (1.6%) 0.67
Urinary bladder 1 (9.1%) 5 (2.6%) 0.22

Kidney 0 (0.0%) 3 (1.6%) 0.67
Blood 0 (0.0%) 10 (5.3%) 0.43

Head and neck 0 (0.0%) 6 (3.4%) 0.55
Nerve 1 (9.1%) 1 (0.53%) 0.006
Skin 0 (0.0%) 2 (1.1%) 0.73
Stage
1 to 3 8 (72.7%) 114 (60.3%)

4 3 (27.3%) 75 (39.7%) 0.41
Performance status

0 9 (81.8%) 103 (54.5%) 0.076
1 2 (18.2%) 71 (37.6%) 0.19

2 to 4 0 (0.0%) 15 (7.9%) 0.33
Chemotherapy 6 (54.5%) 109 (57.7%) 0.84
Hypertension 6 (54.5%) 72 (38.1%) 0.28

Diabetes mellitus 2 (18.2%) 28 (14.8%) 0.76
Previous stroke 1 (9.1%) 5 (2.6%) 0.22

Liver dysfunction 1 (9.1%) 15 (7.9%) 0.89
Laboratory results at

diagnosis
D-dimer (μg/mL) 4.7 ± 4.2 8.9 ± 15.1 0.36

eGFR (mL/min/1.73 m2) 70.5 ± 23.0 70.1 ± 20.1 0.96
Hemoglobin (g/dL) 12.5 ± 1.6 11.5 ± 1.8 0.071
Platelet (×104/dL) 24.9 ± 10.3 23.5 ± 9.8 0.64

Treatment in the acute phase
Single-drug therapy 0 (0.0%) 6 (3.4%) 0.55

Intravenous anticoagulant 0 (0.0%) 10 (5.3%) 0.43
Drug at diagnosis

Antiplatelet agents 1 (9.0%) 7 (3.7%) 0.38
Nonsteroidal

anti-inflammatory drugs 2 (18.2%) 27 (14.3%) 0.72

Corticosteroids 0 (0.0%) 13 (6.9%) 0.37
Median duration of
anticoagulant (days) 163 126 0.40

DVT, deep vein thrombosis.
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Table 4. Comparison between patients with and without death.

Death (n = 110) No Death (n = 90) p Value

Age (years) 73.0 ± 9.4 73.4 ± 8.3 0.73
Female sex 58 (52.7%) 46 (51.1%) 0.82

Body weight (kg) 52.8 ± 11.9 54.5 ± 10.9 0.31
Body mass index 21.2 ± 4.2 22.1 ± 3.4 0.13

Body mass index ≥ 30 kg/m2 1 (0.91%) 4 (4.4%) 0.11
Symptomatic DVT 26 (23.6%) 23 (25.6%) 0.75

Primary site of cancer
Stomach 18 (16.4%) 12 (13.3%) 0.55

Colorectum 24 (21.8%) 26 (28.9%) 0.25
Pancreas 27 (24.5%) 6 (6.7%) <0.001

Esophagus 4 (3.6%) 1 (1.1%) 0.26
Bile duct 4 (3.6%) 5 (5.6%) 0.51

Gallbladder 4 (3.6%) 0 (0.0%) 0.068
Liver 0 (0.0%) 2 (2.2%) 0.12
Lung 7 (6.4%) 7 (7.8%) 0.70
Breast 2 (1.8%) 3 (3.3%) 0.49
Uterus 2 (1.8%) 4 (4.4%) 0.28
Ovary 4 (3.6%) 6 (6.7%) 0.33

Prostate 2 (1.8%) 1 (1.1%) 0.68
Urinary bladder 2 (1.8%) 4 (4.4%) 0.28

Kidney 0 (0.0%) 3 (3.3%) 0.054
Blood 3 (2.7%) 7 (7.8%) 0.10

Head and neck 5 (4.5%) 1 (1.1%) 0.16
Nerve 0 (0.0%) 2 (2.2%) 0.12
Skin 2 (1.8%) 0 (0.0%) 0.20
Stage
1 to 3 39 (35.5%) 83 (92.2%)

4 71 (64.5%) 7 (7.8%) <0.001
Performance status

0 35 (31.8%) 77 (85.6%) <0.001
1 60 (54.5%) 13 (14.4%) <0.001

2 to 4 15 (13.6%) 0 (0.0%) <0.001
Chemotherapy 81 (73.6%) 34 (37.8%) <0.001
Hypertension 40 (36.3%) 38 (42.2%) 0.40

Diabetes mellitus 19 (17.3%) 11 (12.2%) 0.32
Previous stroke 4 (3.6%) 2 (2.2%) 0.56

Liver dysfunction 15 (16.7%) 1 (1.1%) 0.001
Laboratory results at

diagnosis
D-dimer (μg/mL) 10.8 ± 14.9 6.16 ± 14.1 0.034

eGFR (mL/min/1.73 m2) 72.6 ± 21.1 67.2 ± 18.9 0.063
Hemoglobin (g/dL) 11.1 ± 1.7 12.1 ± 1.8 <0.001
Platelet (×104/dL) 24.3 ± 9.6 22.7 ± 10.1 0.26

Treatment in the acute phase
Single-drug therapy 3 (2.7%) 3 (3.3%) 0.80

Intravenous anticoagulant 6 (5.5%) 4 (4.4%) 0.74
Drug at diagnosis

Antiplatelet agents 5 (4.5%) 3 (3.3%) 0.66
Nonsteroidal

anti-inflammatory drugs 15 (13.6%) 14 (15.6%) 0.70

Corticosteroids 6 (5.5%) 7 (7.8%) 0.51
Major bleeding 20 (18.2%) 2 (2.2%) <0.001
Recurrent VTE 4 (3.6%) 7 (7.8%) 0.20

DVT, deep vein thrombosis; VTE, venous thromboembolism.

Table 5 indicates the independent factors correlated with major bleeding, recurrent
VTE, and all-cause death after adjustments in Cox regression analysis. In multivariate
analysis, advanced cancer stage, high PS, stomach cancer, and gallbladder cancer were
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correlated with major bleeding. There was no factor correlated with recurrent VTE in this
study. Conversely, advanced cancer stage, high PS, pancreatic cancer, liver dysfunction,
and major bleeding were independently correlated with all-cause death.

Table 5. Factors correlated with major bleeding, recurrent VTE, and all-cause death.

Univariate HR (95%
CI)

p Value
Multivariate HR (95%

CI)
p-Value

Major bleeding
Symptomatic DVT 2.559 (1.105–5.924) 0.028 2.351 (0.988–5.597) 0.053

Stomach cancer 3.386 (1.417–8.091) 0.006 2.749 (1.050–7.202) 0.040
Gallbladder 15.33 (3.404–69.06) <0.001 11.86 (2.196–64.00) 0.004

Stage 4 4.854 (1.996–11.80) <0.001 2.686 (1.036–6.964) 0.042
Performance status 2.850 (1.797–4.518) <0.001 2.667 (1.528–4.656) 0.001

Recurrent VTE
Nerve 6.024 (0.765–47.46) 0.088

All-cause death
Pancreatic cancer 2.460 (1.587–3.811) <0.001 1.912 (1.182–3.093) 0.008

Stage 4 7.415 (4.901–11.22) <0.001 3.712 (2.289–6.021) <0.001
Performance status 2.359 (1.903–2.924) <0.001 1.860 (1.345–2.573) <0.001

Chemotherapy 2.771 (1.809–4.246) <0.001 1.222 (0.749–1.996) 0.422
Liver dysfunction 4.568 (2.623–7.956) <0.001 2.513 (1.207–5.236) 0.014

D-dimer 1.013 (1.004–1.022) 0.004 1.007 (0.993–1.022) 0.321
Hemoglobin level 0.823 (0.740–0.916) <0.001 0.893 (0.791–1.008) 0.066

Major bleeding 3.067 (1.867–5.040) <0.001 2.149 (1.200–3.851) 0.010

VTE, venous thromboembolism; DVT, deep vein thrombosis, HR, hazard ratio; CI, confidential interval.

In the current study, we compared the prolonged-therapy group (n = 125) with
nonprolonged-therapy group (n = 75). Table 6 shows the comparison between the pa-
tients with prolonged and nonprolonged therapy. A higher number of patients in the
prolonged-therapy group received chemotherapy, which is a significant risk factor for
VTE [9]. In the prolonged-therapy group, 44, 34, 23, 11 patients discontinued DOAC
because of the difficulty of oral intake due to progression of cancer, physician’s judgement,
confirmation of thrombus disappearance, and major and minor bleeding complication.
The 13 remaining patients in the prolonged-therapy group continued DOAC therapy in
the follow-up period. In the nonprolonged-therapy group, 32, 24, 15, 3, and 1 patients
discontinued DOAC because of physician’s judgement, difficulty of oral intake due to the
progression of cancer, major and minor bleeding complications, confirmation of thrombus
disappearance, and emergent surgical operation. Figure 3 indicates the Kaplan–Meier
curve-estimated outcome of major bleeding and recurrent VTE for patients who received
prolonged and nonprolonged therapy. The incidences of major bleeding and recurrent VTE
after diagnosis were not significantly different between the two groups. Table 7 indicates
that the hazard ratio and 95% confidence interval estimated for prolonged therapy corre-
lated with major bleeding, recurrent VTE, and all-cause death. In Cox regression analysis,
after propensity matching with IPTW methods, prolonged therapy was not a significant
risk factor for major bleeding, recurrent VTE, and all-cause death.
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A 
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Figure 3. Kaplan–Meier curves estimating incidence of major bleeding (A) and recurrent venous
thromboembolism (B) between patients who received prolonged and nonprolonged therapy.
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Table 6. Comparison between patients with prolonged and nonprolonged therapy.

Prolonged Therapy (n = 125) Nonprolonged Therapy (n = 75) p Value

Age (years) 73.4 ± 9.2 72.8 ± 8.4 0.62
Female sex 59 (47.2%) 45 (60%) 0.079

Body weight (kg) 55.0 ± 11.6 51.2 ± 11.0 0.028
Body mass index 22.1 ± 4.10. 20.9 ± 3.68 0.045

Body mass index ≥ 30 kg/m2 3 (2.4%) 2 (2.7%) 0.91
Symptomatic DVT 36 (28.8%) 13 (17.3%) 0.068

Primary site of cancer
Stomach 21 (16.8%) 9 (12.0%) 0.36

Colorectum 28 (22.4%) 22 (29.3%) 0.27
Pancreas 20 (16.0%) 13 (17.3%) 0.81

Esophagus 2 (1.6%) 3 (4.0%) 0.29
Bile duct 3 (2.4%) 6 (8.0%) 0.064

Gallbladder 1 (0.8%) 3 (4.0%) 0.12
Liver 1 (0.8%) 1 (1.3%) 0.71
Lung 10 (8.0%) 4 (5.3%) 0.47
Breast 4 (3.2%) 1 (1.3%) 0.41
Uterus 5 (4.0%) 1 (1.3%) 0.28
Ovary 8 (6.4%) 2 (2.7%) 0.24

Prostate 1 (0.8%) 2 (2.7%) 0.29
Urinary bladder 6 (4.8%) 0 (0.0%) 0.054

Kidney 3 (2.4%) 0 (0.0%) 0.18
Blood 6 (4.8%) 4 (5.3%) 0.87

Head and neck 5 (4.0%) 1 (1.3%) 0.28
Nerve 0 (0.0%) 2 (2.7%) 0.067
Skin 1 (0.8%) 1 (1.3%) 0.71
Stage
1 to 3 78 (62.4%) 44 (58.7%)

4 47 (37.6%) 31 (41.3%) 0.60
Performance status

0 73 (58.4%) 39 (52.0%) 0.38
1 46 (36.8%) 27 (36.0%) 0.91

2 to 4 6 (4.8%) 9 (12.0%) 0.061
Chemotherapy 80 (64.0%) 35 (46.7%) 0.016
Hypertension 50 (40.0%) 28 (37.3%) 0.71

Diabetes mellitus 21 (16.8%) 9 (12.0%) 0.36
Previous stroke 3 (2.4%) 3 (4.0%) 0.52

Liver dysfunction 6 (4.8%) 10 (13.3%) 0.031
Laboratory results at

diagnosis
D-dimer (μg/mL) 7.55 ± 13.5 10.5 ± 16.3 0.20

eGFR (mL/min/1.73 m2) 70.6 ± 18.4 69.5 ± 23.2 0.70
Hemoglobin (g/dL) 11.6 ± 1.70 11.4 ± 1.92 0.42
Platelet (×104/dL) 23.9 ± 10.0 23.2 ± 9.5 0.62

Treatment in the acute phase
Single-drug therapy 6 (4.8%) 0 (0.0%) 0.054

Intravenous anticoagulant 9 (7.2%) 1 (1.3%) 0.065
Drug at diagnosis

Antiplatelet agents 6 (4.8%) 2 (2.7%) 0.46
Nonsteroidal

anti-inflammatory drugs 18 (14.4%) 11 (14.7%) 0.96

Corticosteroids 9 (7.2%) 4 (5.3%) 0.60
Median duration of
anticoagulant (days) 281 35 <0.01

DVT, deep vein thrombosis.
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Table 7. Validation of prolonged therapy for major bleeding, recurrent VTE, and all-cause death after propensity matching
with IPTW method.

Hazard Ratio 95% CI p-Value

Major bleeding 0.62 0.207–1.884 0.40
Recurrent VTE 2.01 0.423–9.50 0.40
All-cause death 0.99 0.512–1.930 0.98

VTE, venous thromboembolism; IPTW, inverse probability of treatment weighting; CI, confidential interval.

4. Discussion

Prior studies revealed that IDDVT associated with active cancer had a high risk to
develop proximal DVT and PE [1,10]. In fact, the American College of Chest Physicians
(ACCP) guideline recommends that the management of patients with active cancer should
be the same as that for patients with acute proximal DVT [11]. However, due to the lack of
routine objective imaging to confirm the presence of PE in some cases, patients included
in these studies were not stratified on the basis of whether they had only IDDVT or had
both IDDVT and PE, especially asymptomatic PE. Nevertheless, one epidemiological study
reported that 29% of distal DVT had concomitant PE [12]. Moreover, in the Italian Master
registry, the presence of PE was frequently associated with IDDVT rather than proximal
DVT [13]. Our study evaluated the patients who had only IDDVT and were not screened
for presence of PE using contrast-enhanced CT or ventilation–perfusion lung scintigraphy.
To the best of our knowledge, studies similar to ours are rare.

SELECT-D, Hokusai-VTE cancer, and CARABAGGIO trials, which compared DOAC
with dalteparin for cancer-associated VTE, reported the rate of major bleeding of the
DOAC group, which ranged approximately from 4.0% to 7.0% [14–16]. These randomized
control trials (RCTs) included proximal DVT and/or PE and excluded IDDVT. In the
current study, even though only IDDVT was included, the rate of major bleeding was
higher compared with in these RCTs. In routine clinical practice in Japan, major bleeding
events may be higher compared with in Western countries. This may mainly be attributed
to the higher incidence of stomach cancer in the current study, as our previous study
reported [17]. Regarding stomach cancer, the International Society of Thrombosis suggests
LMWH therapy instead of DOACs in patients with gastrointestinal cancer because of their
high risk of bleeding [18]. However, LMWH is not permitted to use for the treatment
of VTE and is just approved for the prevention of VTE after surgery in Japan. For this
reason, in the current study, DOAC therapy was selected even though it was for patients
with gastrointestinal cancer. In addition, the low body weight of Japanese people who are
affected with cancer might be one reason for the higher rate of major bleeding. For example,
the average body weight in the current study was 53.6 kg, compared with 75.7–78.8 kg
reported in the Hokusai VTE cancer and CARAVAGGIO trials. Individuals with a higher
prevalence of stomach cancer and low body weight, such as Japanese people, should
use DOACs cautiously. In this study, gallbladder cancer was also a risk factor for major
bleeding. However, the number of gallbladder-cancer cases was too small to ascertain
their significance.

Regarding recurrent VTE, there was no fatal PE in the current study. IDDVT has a low
risk to develop proximal DVT and PE [19,20]. Even for cancer-associated IDDVT, there
is low risk of fatal recurrent VTE under DOAC therapy. Unfortunately, factors correlated
with recurrent VTE could not be determined in this study. Further validation on larger
numbers of patients is needed to estimate the factors correlated with recurrent VTE.

In Cox regression analysis, major bleeding was an independent risk factor for all-
cause death. Among patients with major bleeding, only one had fatal bleeding (rupture of
aneurysm). However, major bleeding was associated with prognosis. This might mainly be
because therapy for cancer such as chemotherapy or surgery was transiently stopped once
major bleeding had developed. The discontinuation of therapy for active cancer might be
correlated with shortening of life expectancy. We should pay more attention to avoiding
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bleeding complications during DOAC therapy for cancer-associated VTE by accordingly
adjusting the DOAC dose and the duration of DOAC therapy.

JCS guidelines recommend anticoagulant therapy for over 3 months (prolonged ther-
apy) for cancer-associated VTE, but prolonged therapy is not recommended for IDDVT [7].
Evidence on the efficacy and safety of prolonged DOAC therapy for IDDVT associated with
cancer is scarce, and as such, in routine clinical practice, the duration of DOAC therapy
for IDDVT associated with cancer is totally dependent on the judgement of the treating
physician. In the current study, physicians tended to select prolonged therapy for patients
who receive chemotherapy, which is significant risk factor for VTE. The Kaplan–Meier
curve demonstrated the same incidence for recurrent VTE between the prolonged- and
nonprolonged-therapy groups in the follow-up period. Patients who develop major bleed-
ing within 90 days stop the anticoagulant within 90 days, and all these patients were
included in the nonprolonged-therapy group. For this reason, in the Kaplan–Meier curve
estimating major bleeding, the number of major bleeding event within 90 days was larger
in the nonprolonged-therapy group compared with the prolonged-therapy group. How-
ever, cumulative major bleeding events in the follow-up period were comparable between
them. Moreover, prolonged therapy in quasi-RCT was not a significant risk factor for
either major bleeding or recurrent VTE in this study. Because the duration of anticoagulant
therapy individually varied in this study, the fact that the incidence of major bleeding and
recurrence were comparable may have changed in another study design. However, at
least in the routine clinical situation where each treating physician decided the duration
of DOAC therapy for IDDVT associated with cancer, the incidence of major bleeding and
recurrence were comparable by the Kaplan–Meier method in our analysis.

The application of anticoagulant therapy for IDDVT associated with cancer, especially
asymptomatic IDDVT, is still controversial. In fact, 151 out of 200 patients (75.5%) had
asymptomatic IDDVT in this study. As described in Section 1, previous studies reported
that the high recurrence risk of VTE and effectiveness of anticoagulant therapy for IDDVT
associated with active cancer, even though IDDVT was not symptomatic. Moreover, Ro
et al. estimated that thrombi propagate to the proximal vein from the soleus muscle vein
in autopsy cases with massive PE, and reported the importance of preventing soleus vein
thrombus [21]. In addition, the ACCP guideline recommends that the management of
patients with active cancer should be the same as that for patients with acute proximal
DVT. According to these studies and guideline, 200 patients with IDDVT associated with
active cancer in the current study were prescribed DOAC. Further prospective studies that
research the validity of DOAC therapy for IDDVT associated with cancer are needed.

This study had several limitations. First, both cancer itself, and daily lifestyle factors
such as the length of sitting time and drinking behavior affect the formation of IDDVT [22].
The data of lifestyle factors in the current study are limited because it is retrospective. PS,
cancer stage, and chemotherapy, which were included in our analysis, might help to to
partially predict the daily lifestyle of cancer patients. A prospective study that includes
the data of lifestyle factors is needed. Second, this was a retrospective observational study;
decisions regarding the validation of recurrent VTE and continuation of anticoagulant
therapy depended on the attending physician. This could mainly affect the incidence of
recurrent VTE. Third, given that this study only involved two Japanese centers, the number
of analyzed patients was relatively small, and most intended patients were Japanese.
Fourth, in this study, 158 patients were prescribed edoxaban, 26 rivaroxaban, and 16 were
apixaban. Because the numbers of those prescribed rivaroxaban and apixaban were small,
we could not evaluate the statistical deference between DOACs. Lastly, compliance to
medications was unclear.

5. Conclusions

Preventing major bleeding is important because it is a significant risk factor for all-
cause death. Major bleeding and recurrent events were comparable between prolonged
and nonprolonged therapy.
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Abstract: Atherosclerosis-caused cardiovascular diseases (CVD) are the leading cause of mortality in
type 2 diabetes mellitus (T2DM). Sodium-glucose cotransporter 2 (SGLT2) inhibitors are effective oral
drugs for the treatment of T2DM patients. Multiple pre-clinical and clinical studies have indicated
that SGLT2 inhibitors not only reduce blood glucose but also confer benefits with regard to body
weight, insulin resistance, lipid profiles and blood pressure. Recently, some cardiovascular outcome
trials have demonstrated the safety and cardiovascular benefits of SGLT2 inhibitors beyond glycemic
control. The SGLT2 inhibitors empagliflozin, canagliflozin, dapagliflozin and ertugliflozin reduce
the rates of major adverse cardiovascular events and of hospitalization for heart failure in T2DM
patients regardless of CVD. The potential mechanisms of SGLT2 inhibitors on cardioprotection may
be involved in improving the function of vascular endothelial cells, suppressing oxidative stress,
inhibiting inflammation and regulating autophagy, which further protect from the progression of
atherosclerosis. Here, we summarized the pre-clinical and clinical evidence of SGLT2 inhibitors on
cardioprotection and discussed the potential molecular mechanisms of SGLT2 inhibitors in preventing
the pathogenesis of atherosclerosis and CVD.

Keywords: SGLT2 inhibitors; atherosclerosis; cardiovascular disease; diabetes

1. Introduction

Atherosclerosis is a chronic progressive disease characterized by the accumulation
and deposition of lipids and fibrous elements in large arteries [1]. Generally, the formation
of atherosclerotic plaques is divided into four stages: fatty streaks, atheromatous plaques,
complicated atheromatous plaques and clinical complications [2]. Plaque rupture and
thromboembolism may lead to severe cardiovascular diseases (CVD), including acute
coronary syndrome (ACS), myocardial infarction (MI) or stroke [1,3]. CVD caused by
atherosclerosis is the main cause of mortality in metabolic-related diseases, especially in
type 2 diabetes mellitus (T2DM) [4–6]. Correspondingly, compared with non-diabetic
individuals, T2DM patients have a higher risk of atherosclerosis and CVD [7,8]. Over the
last decade, CVD globally affected approximately 32.2% of T2DM patients, accounting for
9.9% of deaths among them [9]. Therefore, in recent years, clinical trials of anti-diabetic
agents have not only focused on hypoglycemic benefits but on cardiovascular safety and
cardioprotective effects as well.

Sodium-glucose cotransporter 2 (SGLT2) is mainly localized in the proximal tubule,
which is responsible for reabsorbing 80–90% of filtered glucose under physiological con-
ditions [10,11]. The direct effect of SGLT2 inhibitors is to block glucose transportation
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in the kidney, which may depend on two distinct mechanisms: (1) by augmenting renal
glucose excretion and (2) by ameliorating glucotoxicity [10]. Multiple clinical trials have
demonstrated that SGLT2 inhibitors reduce blood glucose by inhibiting the reabsorption
of filtered glucose in the proximal tubules independent of insulin. SGLT2 inhibitors slow
the progression of macroalbuminuria, reduce the doubling of the serum creatinine level,
sustain 40% reduction in the estimated glomerular filtration rate (eGFR) and further protect
from inevitable renal replacement therapy or death from renal disease [12–16]. These
renoprotective benefits of SGLT2 inhibitors may be attributed to glycemic control, reducing
body weight, lipid profiles, blood pressure and uric acid and improving insulin resistance.
Moreover, due to the improvement of these cardiovascular risk factors, SGLT2 inhibitors
also present cardioprotective effects [10–19].

In this review, we summarized the clinical evidence of SGLT2 inhibitors on cardiopro-
tection and discussed the potential molecular mechanisms of SGLT2 inhibitors in preventing
the pathogenesis of atherosclerosis and CVD.

2. Pathophysiological and Pharmacologic Roles of SGLT2 Inhibition

The kidney is a crucial organ for maintaining glucose metabolism. In healthy individ-
uals, the human kidney filters more than 180 g of glucose per day. SGLT2 is a 75 kilodalton
(kDa) protein coded by the solute carrier family 5 (SLC5A2) gene in humans and is mainly
localized in the kidney proximal tubule [20]. A total of 80–90% of filtered glucose is reab-
sorbed by SGLT2 in the early proximal tubule, while the remaining 10–20% is absorbed
by SGLT1. The energy for the transport capacity of SGLT2 and SGLT1 is derived from the
Na+/K+ ATPase pump located in the basolateral membrane of the proximal tubule. There-
fore, the reabsorption of filtered glucose is also accompanied by Na+ reabsorption [10,18,21].
SGLT2 knockout mice had glucosuria and polyuria compared with wildtype mice [22].
In patients with T2DM, the reabsorption of filtered glucose in the proximal tubules is
significantly increased, contributing to elevated SGLT2 expression [23,24]. Meanwhile,
the elevated reabsorption of Na+ activates the local renin-angiotensin system, stimulat-
ing the constriction of the adjacent efferent arteriole and dilation of the afferent arteriole,
which leads to increases in intraglomerular pressure and glomerular filtration rate (GFR),
which ultimately results in glomerular damage [10]. This evidence indicates that the inhibi-
tion of SGLT2 is a potential target for glycemic control and conferring renoprotection in
treating T2DM.

The first natural SGLT inhibitor, called phlorizin, is derived from fruit trees. Phlorizin
functions as a competitive inhibitor of SGLT1/2 to block glucose absorption in the proximal
renal tubule and mucosa of the small intestine [25,26]. However, due to poor solubility
in water, poor oral bioavailability, the non-selective inhibition of both SGLT1 and SGLT2
and a short half-life, effective studies on the mechanisms of specific SGLT2 inhibition
by phlorizin are limited [25,27]. Subsequently, more novel selective SGLT2 inhibitors
have been identified. Compared with phlorizin, these SGLT2 inhibitors are structurally
improved. Dapagliflozin contains C-glucoside, while canagliflozin and empagliflozin
contain C-glycosylated diarylmethane pharmacophore. These structures are resistant to
hydrolysis by β-glucosidases to increase their half-life and specificity to SGLT2 [27,28].
To date, empagliflozin, canagliflozin, dapagliflozin and ertugliflozin have been approved
by the United States Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) for the treatment of T2DM [26]. Some other novel SGLT2 inhibitors, such as
ipragliflozin and luseogliflozin, have been approved in Japan and other countries [29,30].

3. Mechanisms of SGLT2 Inhibitors against Atherosclerosis

During the formation of atherosclerotic plaques, three types of cells, endothelial cells
(ECs), vascular smooth muscle cells (VSMCs) and monocytes/macrophages, play crucial
roles. At the first stage, due to endothelial dysfunction, excessive lipids and lipoproteins ac-
cumulate in the subendothelial matrix. This process is triggered by the accumulation of ox-
idized low-density lipoprotein (Ox-LDL), which stimulates the release of pro-inflammatory
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cytokines, including interleukin 8 (IL-8) and adhesion molecules such as intercellular cell
adhesion molecule-1 (ICAM-1), Vascular cell adhesion protein 1 (VCAM-1), monocyte
chemoattractant protein 1 (MCP-1) and macrophage colony-stimulating factor (M-CSF).
Then, circulating monocytes migrate to the intima, where they proliferate, differentiate into
macrophages and combine with lipoproteins to form foam cells. Monocytes/macrophages
express pro-inflammatory cytokines, including IL-1 and tumor necrosis factor α (TNFα).
VSMCs migrating from the medial layer can also secret pro-fibrosis molecules. With the
continuous migration of monocytes into the intima and the accumulation of lipids and
lipoproteins, foam cells and SMCs die to form necrotic cores. Platelets will recruit to form
thrombi and eventually develop atherosclerotic plaques. Vascular occlusion or plaque
rupture may result in acute cardiovascular and cerebrovascular events [1,3,31].

Some metabolic characteristics, including obesity, dyslipidemia, hyperglycemia and
hypertension, are independent risk factors for atherosclerosis [32]. These metabolic disor-
ders, which may lead to endothelial dysfunction, oxidative stress, inflammation and the
impairment of autophagy, participate in the formation of plaques and the pathogenesis of
atherosclerosis [33]. A series of basic studies have confirmed that SGLT2 inhibitors have
cardioprotective effects beyond glucose control in animal models of atherosclerosis [34–38].
The underlying mechanisms of SGLT2 inhibitors may be related to protecting endothe-
lial function, anti-oxidative stress, anti-inflammation and maintaining basal and adaptive
autophagy (Figure 1).

Figure 1. Mechanisms of SGLT2 inhibitors against atherosclerosis. Elevated metabolic characteristics
including glucose, TC, TG, FFA, BP and angiotensin II accelerate the progression of atherosclerosis via
the dysregulation of endothelial function, vasodilation and autophagy and activating oxidative stress
and inflammation. SGLT2 inhibitors attenuate the alterations caused by these metabolic changes. TC,
total cholesterol; TG, triglyceride; FFA, free fatty acid; BP, blood pressure; NADPH, nicotinamide
adenine dinucleotide phosphate; NO, nitric oxide; eNOS, endothelial nitric oxide synthase; ROS,
reactive oxygen species; NF-κB, nuclear factor kappa-B; NLRP3, nucleotide-binding oligomerization
domain-like receptor family pyrin domain containing 3; IL, interleukin; TNFα, tumor necrosis factor
α; MCP-1, monocyte chemoattractant protein 1; ICAM-1, intercellular cell adhesion molecule-1;
VCAM-1, vascular cell adhesion protein 1; AMPK, AMP-activated protein kinase; mTOR, mechanistic
target of rapamycin; ↑, increase; ↓, decrease.
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3.1. Maintaining Endothelial Function

Endogenous nitric oxide (NO) is a vasodilatory molecule produced by NO synthase
(NOS), which presents antiatherosclerotic effects [39]. SGLT2 inhibitors inhibit cardiac
Na+/K+ exchange to induce vasodilation [40]. Previous studies have shown that SGLT2
inhibitors can participate in the regulation of vasodilation by increasing the anabolism and
bioavailability of NO. Both empagliflozin and canagliflozin ameliorated aortic stiffness and
improved vasodilation via endothelial NOS (eNOS) phosphorylation in db/db mice and
non-diabetic rats [41,42]. Empagliflozin and dapagliflozin restored NO bioavailability by
suppressing reactive oxygen species (ROS) generation in TNFα-induced ECs [43].

3.2. Anti-Oxidative Stress

An imbalance between the production and scavenging of ROS results in oxidative
stress, which plays crucial roles in the progression of atherosclerosis [44]. Multiple risk fac-
tors of atherosclerosis, such as high glucose, elevated free fatty acids (FFA) and triglyceride
(TG), can increase ROS production via activating nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidases (NOX1-5, p22phox, p47phox), inhibiting NOS and suppressing
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) activity, and then by further ampli-
fying oxidative stress in macrophages, ECs and adipocytes and accelerating the formation
of atherosclerotic plaques [45–48].

Both in vitro and in vivo experiments have confirmed the anti-oxidative stress effects
of SGLT2 inhibitors. Angiotensin II can induce SGLT2 expression in ECs, which leads
to the activation of oxidative stress due to NADPH oxidase. Empagliflozin presented
anti-oxidant effects to protect against endothelial senescence and dysfunction via sup-
pressing the NADPH oxidase/SGLT2 pathway [49]. Canagliflozin reduced the expression
of NADPH oxidase, including NOX2, NOX4, p22phox and p47phox, and reduced the
urinary excretion of 8-hydroxy-2′ -deoxyguanosine (8-OHdG) in diabetic Apolipoprotein
E-deficient (ApoE−/−) mice [50]. Both empagliflozin and dapagliflozin inhibited the pro-
duction of ROS, ameliorated TNFα-induced oxidative stress and restored impaired NO
bioavailability in human umbilical vein endothelial cells (HUVECs) and human coronary
arterial endothelial cells (HCAECs) [43]. SGLT2 inhibitors, including canagliflozin, da-
pagliflozin and empagliflozin, protected from high-glucose-induced vasodilation disorders
via suppressing NAPDH oxidase/ROS signaling in cultured ECs [51].

3.3. Anti-Inflammation

Inflammatory cytokines and inflammatory cascade reactions throughout participate
in the formation, progression and rupture of atherosclerotic plaque [1,31]. Previous studies
have revealed that SGLT2 inhibitors, including dapagliflozin, empagliflozin, canagliflozin
and luseogliflozin, reduced a series of pro-inflammatory cytokines, including IL-1β, IL-
18 [34], IL-6 and TNFα [35], and adhesion molecules such as MCP-1 [35,38,52,53], ICAM-
1 [36,50] and VCAM-1 [50,52,53] in atherosclerosis animal models with or without diabetes.
In vitro studies have explored the potential mechanisms of the anti-inflammatory effects
of SGLT2 inhibitors. Dapagliflozin may inhibit high glucose-induced TNFα, MCP-1 and
VCAM-1 via suppressing the nuclear factor kappa-B (NF-κB) pathway in human vascular
endothelial cells [54]. Canagliflozin suppressed IL-1β-activated cytokine and chemokine,
such as IL-6 and MCP-1, partly via AMP-activated protein kinase (AMPK) activation [55].

In addition to inflammatory pathways, inflammasome-mediated inflammatory path-
ways are also involved in the pathogenesis of atherosclerosis [56–58]. Ox-LDL and high
glucose are responsible for the activation of the nucleotide-binding oligomerization domain-
like receptor family pyrin domain containing 3 (NLRP3) inflammasome [56,59]. NLRP3 is
essential for activating the precursors of IL-1β and IL-18 into their mature forms, which
recruit in vascular endothelial cells, leading to atherothrombosis [58]. NF-κB promotes the
transcription of NLRP3 and participates in cardiac inflammation [60], which links inflam-
masome and the inflammatory pathway. Moreover, TG and very low-density lipoprotein
(VLDL)-related arterial inflammation are closely related to the nucleotide-binding oligomer-
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ization domain-like receptor family pyrin domain containing 1 (NLRP1) inflammasome
activation in ECs [61]. Dapagliflozin inhibited IL-1β expression via NLRP3/caspase 1
signaling in streptozotocin (STZ)-induced diabetic ApoE−/− mice and T2DM rodent mod-
els [34,62,63]. Empagliflozin suppressed IL-17A-induced IL-1β and IL-18 secretions via
NLRP3/caspase1 signaling and further inhibited the cell proliferation and migration of
human aortic SMCs [64] and decreased the expression of IL-1β via suppressing NF-κB
phosphorylation/NLRP3 signaling in human macrophages [62].

3.4. Regulation of Autophagy

Autophagy plays a complex role in the pathogenesis of atherosclerosis. Basal and
mild adaptive autophagy to stress can maintain the endothelial functions of ECs, VSMCs
and macrophages and protect against the formation of atherosclerotic plaques, while
both deficient and excessive autophagy are related to inflammation, oxidative stress and
apoptosis, which may contribute to autophagy-dependent cell death, aggravate vascular
injury and lead to plaque instability or rupture [33,65,66]. Therefore, the precise regulation
of autophagy is essential to prevent the development of atherosclerosis.

The SGLT2 inhibitors empagliflozin and dapagliflozin have been identified to restore
autophagy deficiency in diabetic or obese rodent models, which mainly depends on the
activation of nutrient-sensing pathways, such as the AMPK/mTOR (mechanistic target of
rapamycin) signaling pathway [67,68]. In vitro studies have also identified several potential
mechanisms. Empagliflozin restored autophagic flux impairment via activating AMPK
and suppressing mTOR in H9c2 cells (rat cardiac myoblast) [69], RAW264.7 and THP-1
cells (macrophage cell lines) [70]. Our previous study also indicated that dapagliflozin
had similar effects on autophagy restoration via AMPK/mTOR signaling in high-glucose-
treated proximal tubular cells [71].

4. Improvements of Indicators Related to CVD by SGLT2 Inhibitor

Disorders of metabolic-related characteristics, including glucose, lipid profiles, blood
pressure, uric acid, etc., contribute to increased risks of developing atherosclerosis and
CVD [33]. Beyond the benefits from glycemic control, multiple clinical and rodent research
studies have demonstrated that the cardiovascular benefits of SGLT2 inhibitors are closely
related to the improvement of these metabolic-related characteristics.

4.1. Pre-Clinical Evidence

ApoE−/− mice and low density lipoprotein receptor knockout (Ldlr−/−) mice are
well-established and extensively used rodent models of atherosclerosis [72]. Multiple
studies have demonstrated that SGLT2 inhibitors, including dapagliflozin, empagliflozin,
canagliflozin, luseogliflzin and ipragliflozin, reduce metabolic indicators to protect from
the progression of atherosclerosis (Table 1). Dapagliflozin reduced fasting blood glucose
(FBG), total cholesterol (TC) and TG [34], body weight, and glycosylated hemoglobin
(HbA1c) [73] in STZ-induced diabetic ApoE−/− mice and STZ-induced diabetic Ldlr−/−
mice [37]. Empagliflozin ameliorated FBG, TC, heart rate, blood pressure (BP) [53], TG,
LDL [74], urinary microalbumin, body weight and fat mass [35,74] in high fat diet (HFD)-
fed ApoE−/− mice and reduced body weight and TG in STZ-induced diabetic ApoE−/−
mice [38]. Canagliflozin decreased glucose, TC, TG, LDL and heart rate in HFD-fed
diabetic ApoE−/− mice [52] and reduced TC and glucose in STZ-induced diabetic ApoE−/−
mice [50]. Luseogliflozin reduced body weight, TC, TG, BP and glucose in HFD-fed
mice [75] and nicotinamide in STZ-induced diabetic ApoE−/− mice [36]. Ipragliflozin
decreased body weight and glucose to inhibit vascular remodeling in HFD-fed mice [76]. All
these metabolic changes ameliorate vascular remodeling, reduce plaque size and increase
plaque stability to protect from the progression of atherosclerosis.
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Table 1. Benefits of SGLT2 inhibitors in atherosclerotic rodents.

SGLT2 Inhibitors Atherosclerotic Rodents Changes of Metabolic Characteristics References

Dapagliflozin STZ-induced diabetic ApoE−/− mice

FBG↓,
TC↓,

TG↓ body weight↓,
HbA1c↓

[34,73]

Dapagliflozin STZ-induced diabetic Ldlr−/− mice
FBG↓,
TC↓,

TG↓ body weight↓
[37]

Empagliflozin HFD-fed ApoE−/− mice

FBG↓,
TC↓, heart rate↓,

BP↓
TG↓,

LDL↓, urinary microalbumin↓, body weight↓

[35,53,74]

Empagliflozin STZ-induced diabetic ApoE−/− mice body weight↓,
TG↓ [38]

Canagliflozin HFD-fed diabetic ApoE−/− mice

glucose↓,
TC↓,
TG↓,

LDL↓, heart rate↓
[52]

Canagliflozin STZ-induced diabetic ApoE−/− mice TC↓, glucose↓ [50]

Luseogliflozin HFD-fed mice

body weight↓,
TC↓,
TG↓,

BP↓, glucose↓
[75]

Luseogliflozin STZ-induced diabetic ApoE−/− mice
body weight↓,

TC↓,
TG↓, BP↓, glucose↓

[36]

Ipragliflozin HFD-fed mice body weight↓, glucose↓ [76]

↓, decrease; STZ, streptozotocin; Apo E, Apolipoprotein E; Ldlr, low density lipoprotein receptor; HFD, high fat
diet; FBG, fasting blood glucose; TC, total cholesterol; TG, triglycerides; HbA1c, glycosylated hemoglobin; LDL,
low-density lipoprotein; BP, blood pressure.

In addition to these risk factors of CVD, T2DM patients treated with SGLT2 inhibitors
showed elevated plasma ketone levels [77]. SGLT2 inhibitors reduce plasma glucose
concentration by increasing renal glucose excretion. To meet the energy requirements
of cellules, lipid oxidation is activated, leading to the increasing of acetyl coenzyme A
(CoA). Acetyl CoA can enter the Krebs cycle to be converted to ketones (acetoacetate and
β-hydroxybutyrate). Moreover, enhanced lipolysis in the adipocyte leads to the increase of
plasma FFA, which can also be converted to acetyl CoA via β oxidation and subsequently
to ketones in the liver [10]. The elevated ketones may improve the energy metabolism of the
heart. Previous studies indicated that β-hydroxybutyrateas is a strong anti-inflammatory
factor. Empagliflozin can significantly increase serum β-hydroxybutyrateas to inhibit
NLRP3 inflammasome and reduce the expression of IL-1β levels, which benefit from
CVD [62] (Figure 2).

4.2. Clinical Evidence

SGLT2 inhibitors not only reduce high glucose independent of insulin but also improve
systolic blood pressure (SBP), body weight, lipid profile and uric acid, which are considered
high risk factors for CVD [10] (Figure 2). The improvement of these metabolic indicators
may play a crucial role in protecting against the pathogenesis of atherosclerosis and CVD.
Numerous clinical trials have confirmed that SGLT2 inhibitors can effectively reduce
body weight, which may be related to increases in fat utilization, reductions in adipose
tissue mass and browning in white adipose tissue, further attenuating obesity-induced
insulin resistance [78–82]. Treatment with empagliflozin [83–85], canagliflozin [82,86–88]
and ertugliflozin [89] reduced SBP in patients with T2DM and hypertension or patients
with T2DM and chronic kidney disease (CKD). This benefit may be related to minimal
natriuresis and urinary glucose excretion, which lead to weight loss, osmotic diuresis,
reduced plasma volume and arterial stiffness [90]. SGLT2 inhibitors also lead to a small
decrease in plasma TG, increases in high-density lipoprotein cholesterol (HDL-C) and a
small increase in LDL [82,91–93]. A potential mechanism of increased LDL and decreased
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TG with SGLT2 inhibition may be related to the reduction of LDL clearance, the greater
lipolysis of triglyceride-rich lipoproteins [94] and the effect of switching energy metabolism
from carbohydrate to lipid utilization [95]. Elevated circulating uric acid is associated
with the risk of hypertension and CVD. Multiple studies have demonstrated that SGLT2
inhibitors can reduce circulating uric acid via enhancing urinary uric acid excretion in
association with increased urinary glucose [96–98], which may benefit patients with CVD.

Figure 2. Improvements of some CVD-related clinical indicators by SGLT2 inhibitors. SGLT2
inhibitors not only reduce high glucose independent of insulin but also improve blood pressure,
body weight, lipid profile and ketones and uric acid to present cardioprotective effects; ↑, increase;
↓, decrease.

5. Clinical Evidence of SGLT2 Inhibitors against CVD

Since 2008, the FDA has required that cardiovascular outcome trials (CVOTs) be
carried out for new anti-diabetic drugs due to the significance of cardioprotection on
T2DM patients. All potential drugs should exclude the major adverse cardiovascular
events (MACE) defined in the FDA guidance, including non-fatal myocardial infarction,
non-fatal stroke and cardiovascular death [99,100]. Furthermore, the effect of SGLT2
inhibitors on cardiovascular outcomes, including hospitalization for heart failure, death
and CVD, compared to other glucose-lowering drugs, was also verified in a real clinical
practice [101,102].

5.1. Randomized Controlled Trials (RCTs)

A meta-analysis that summarized 6 regulatory submissions and 57 published trials
revealed that seven different SGLT2 inhibitors reduced the risk of Major Adverse Cardio-
vascular Events (MACEs) and death from any cause [103]. In this section, we summarized
some landmark CVOTs of SGLT2 inhibitors (Table 2).
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The Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus
Patients–Removing Excess Glucose trial (EMPA-REG OUTCOME) was the first CVOT
to determine the cardiovascular benefits of SGLT2 inhibitors. This trial enrolled T2DM
patients, who were treated with either empagliflozin or placebo. The primary composite
outcome was MACEs. Compared with the placebo group, the empagliflozin group showed
a significant reduction in death from MACEs, hospitalization for heart failure and death
from any cause. However, there were no significant benefits for MI and stroke [104].
Subsequently, two trials demonstrated cardiovascular benefits in patients with heart failure
and a reduced ejection fraction. The Empagliflozin Outcome Trial in Patients with Chronic
Heart Failure with Reduced Ejection Fraction (EMPEROR-Reduced) enrolled 3730 patients
(50% diagnosed as diabetes) with New York Heart Association (NYHA) class II to IV heart
failure or with an ejection fraction (EF) ≤40%. Compared with the placebo group, the
empagliflozin group had a lower risk of any inpatient or outpatient worsening heart failure
event regardless of T2DM [105,106]. The Empagliflozin Outcome Trial in Patients with
Chronic Heart Failure with Preserved Ejection Fraction (EMPEROR-Preserved) trial also
identified the benefits of empagliflozin on heart failure in patients with NYHA class II to
IV and an EF ≥40% [107].

The cardiovascular benefits of canagliflozin were demonstrated by the Canagliflozin
Cardiovascular Assessment Study (CANVAS) and Canagliflozin and Renal Events in Dia-
betes with Established Nephropathy Clinical Evaluation (CREDENCE). CANVAS involved
patients with T2DM, who were treated with canagliflozin or placebo. The primary outcome
was also MACEs. Similar to empagliflozin, canagliflozin showed a significant reduction
in MACEs, hospitalization for heart failure and death from any cause [19]. CREDENCE
confirmed the cardio and renal benefits of canagliflozin in patients with T2DM and chronic
kidney disease (CKD). The primary outcome was a composite of end-stage kidney disease
or death from renal or cardiovascular disease. Patients in the canagliflozin group had a
lower risk of cardiovascular death, MI, stroke and hospitalization for heart failure [14].

The Dapagliflozin Effect on Cardiovascular Events–Thrombolysis in Myocardial In-
farction 58 (DECLARE–TIMI 58) evaluated the cardiovascular benefits of dapagliflozin on
T2DM patients. The primary outcome was MACEs. Although dapagliflozin was not found
to reduce the risk of MACEs, it reduced the risk of hospitalization for heart failure [108].
Another trial, named the Dapagliflozin and Prevention of Adverse Outcomes in Heart Fail-
ure (DAPA-HF) trial, confirmed this benefit. DAPA-HF enrolled patients with heart failure
and reduced ejection fraction. The primary outcome was a composite of worsening heart
failure or death from cardiovascular causes. This trial also demonstrated that dapagliflozin
reduced the risk of heart failure hospitalization and cardiovascular death regardless of
diabetes [109].

Ertugliflozin has also completed the assessment of cardiovascular events recently. The
Evaluation of Ertugliflozin Efficacy and Safety Cardiovascular Outcomes Trial (VERTIS
CV) enrolled patients with T2DM and established CVD. The primary outcome was MACEs.
Similar to dapagliflozin, ertugliflozin was not found to reduce the risk of MACEs, but it
did reduce the risk of hospitalization for heart failure [110].

In addition to the above SGLT2 inhibitors approved by the FDA and EMA for car-
diovascular indications, another SGLT2 inhibitor, sotaliflozin, also present benefits for
cardiovascular death and heart failure. The Effect of Sotagliflozin on Cardiovascular Events
in Patients with Type 2 Diabetes Post Worsening Heart Failure (SOLOIST-WHF) and the
Effect of Sotagliflozin on Cardiovascular and Renal Events in Patients with Type 2 Diabetes
and Moderate Renal Impairment Who Are at Cardiovascular Risk (SCORED) trial demon-
strated that, compared with placebo, sotaliflozin treatment significantly reduced the total
number of deaths from cardiovascular causes and hospitalizations and urgent visits for
heart failure in T2DM patients with recent worsening heart failure [111] and T2DM patients
with chronic kidney disease regardless of albuminuria [112].

According to these hallmark CVOTs, the effects of SGLT2 inhibitors on atherosclerotic
cardiovascular events, such as MI and strokes, are less impressive than the effects on
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heart failure (Table 2). A possible reason is the heterogeneity in the CVD risk of the
study populations. Besides, SGLT2 inhibitors may primarily target on ameliorating cardiac
structure and function (“the pump”) and not on the “pipes” (coronary arteries) [113,114].
Patients with T2DM and cardiac hypertrophy, diastolic or systolic dysfunction or with
a hypervolemic state (regardless of cardiac or renal origin) are the best candidates for
treatment with SGLT2 inhibitors [114].

5.2. Multinational Observational Cohort Study

The effects of drugs may be different between the RCTs and real-world practice [115,116].
Because the characteristics of patients in the RCTs do not necessarily match the standard
population with T2DM, these results are difficult to be generalized.

The Comparative Effectiveness of Cardiovascular Outcomes in New Users of SGLT2
inhibitors (CVD-REAL) Study is a multinational (USA, Sweden, Norway and Denmark) ob-
servational study. In this study, 309,056 patients newly initiated on either SGLT2 inhibitors,
including empagliflozin, canagliflozin and dapagliflozin, or other glucose lowering drugs
were analyzed on the risk for hospitalization for heart failure and death in patients with
T2DM, using clinical data in real-world practice after propensity score matching [101].
There were 961 hospitalizations for heart failure cases during 190,164 person-years follow-
up in 6 countries, and, of 215,622 patients in the United States, Norway, Denmark, Sweden
and the United Kingdom, death occurred in 1334. The use of SGLT2 inhibitors was signifi-
cantly associated with lower rates of hospitalization for heart failure and death, with no
significant heterogeneity by country, compared to other glucose-lowering drugs (Table 3).
In addition, the sub-analysis of the CVD-REAL study exhibited an association between the
initiation of SGLT2 inhibitors versus other glucose-lowering drugs and the rates of MI and
stroke. Overall, 205,160 patients were included, and, in the intent-to-treat analysis, over
188,551 and 188,678 person-years of follow-up (MI and stroke, respectively), there were
1077 MI and 968 stroke events. The initiation of SGLT2 inhibitors was associated with a
modestly lower risk of MI and stroke [102] (Table 3).

Table 3. Reported real world evidence of SGLT2 inhibitors for CVD.

CVD-REAL [101]
Sub-Analysis of
CVD-REAL [102]

CVD-REAL 2 [117]
Sub-Analysis of

CVD-REAL 2 Study
[118]

Retrospective
Cohort Study on

PAD Patients [119]

Drug
empagliflozin,

canagliflozin and
dapagliflozin

empagliflozin,
canagliflozin and

dapagliflozin

canagliflozin,
dapagliflozin,

empagliflozin, in all
countries;

ipragliflozin in South
Korea and Japan;

tofogliflozin,
luseogliflozin in

Japan

canagliflozin,
dapagliflozin and

empagliflozin in all
countries apart from

South Korea;
ipragliflozin in South

Korea and Japan;
Tofogliflozin and
luseogliflozin in

Japan only

empagliflozin and
dapa gliflozin

Patients 309,056 205,160 470,128 386,248 22,862

Regions European and North
American regions

European and North
American regions

the Asia-Pacific,
Middle East and
North American

regions

the Asia-Pacific,
Middle East,

European and North
American regions

the Asia-Pacific
region

Duration of diabetes ≥1 years ≥1 years ≥1 years ≥1 years -
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Table 3. Cont.

CVD-REAL [101]
Sub-Analysis of
CVD-REAL [102]

CVD-REAL 2 [117]
Sub-Analysis of

CVD-REAL 2 Study
[118]

Retrospective
Cohort Study on

PAD Patients [119]

Mean follow-up * 239 days/
211 days

254 days/
232 days

374 days/
392 days

Varied by country
and regions

0.96 years/
0.66 years

MI - 0.85 (0.72–1.00) 0.81 (0.74–0.88) 0.88 (0.80–0.98) 0.84 (0.58–1.23)

Stroke - 0.83 (0.71–0.97) 0.68 (0.55–0.84) 0.85 (0.77–0.93) 0.81 (0.62–1.06)

Death
from any cause 0.49 (0.41–0.57) - 0.51(0.37–0.70) 0.59 (0.52–0.67) 0.58 (0.49–0.67)

Hospitalizationfor
heart failure 0.61 (0.51–0.73) - 0.64 (0.50–0.82) 0.69 (0.61–0.77) 0.66 (0.49–0.89)

CVD-REAL, The Comparative Effectiveness of Cardiovascular Outcomes in New Users of SGLT2 inhibitors;
PAD, peripheral artery disease; MI, myocardial infarction.* Mean follow-up: the mean follow-up time of SGLT2
inhibitors/ other glucose lowering drugs.

The CVD-REAL2 study is a similar study design to the CVD-REAL and was con-
ducted in six countries: South Korea, Japan, Singapore, Israel, Australia and Canada [117].
After propensity score matching, the risks for death, hospitalization for heart failure, MI
and stroke were analyzed in 235,064 patients of each group, newly initiated on either
SGLT2 inhibitors (dapagliflozin, empagliflozin, ipragliflozin, canagliflozin, tofogliflozin
and luseogliflozin) or other glucose-lowering drugs. In total, 74% of patients had no history
of CVD, and patient characteristics were well-balanced in both groups. The initiation of
SGLT2 inhibitors significantly reduced the risk for death, hospitalization for heart failure,
MI and stroke [117] (Table 3).

In addition, a sub-analysis of the CVD-REAL-2 study showed that the initiation of
SGLT2 inhibitors was associated with substantially lower risks of hospitalization for heart
failure (HR 0.69, 95% CI 0.61–0.77; p < 0.0001), all-cause death (0.59, 0.52–0.67; p < 0.0001)
and the composite of hospitalization for heart failure or all-cause death (0.64, 0.57–0.72;
p < 0.0001) compared to dipeptidyl peptide-4 (DPP-4)-4 inhibitors [118]. Furthermore, in
another retrospective cohort study, each of the 11,431 T2DM patients with peripheral artery
disease (PAD) taking the SGLT2 inhibitor or DPP-4 inhibitor were analyzed for the risk
for ischemic stroke and acute MI after propensity score matching. The use of the SGLT2
inhibitor had comparable risks of ischemic stroke and acute MI. However, the SGLT2
inhibitor group showed lower risks of congestive heart failure (HR: 0.66; 95% CI 0.49–0.89;
p = 0.0062), lower limb ischemia requiring revascularization (HR: 0.73; 95% CI 0.54–0.98;
p = 0.0367) or amputation (HR: 0.43; 95% CI 0.30–0.62; p < 0.0001) and cardiovascular
death (HR: 0.67; 95% CI 0.49–0.90; p = 0.0089) compared to those in the DPP-4 inhibitor
group. [119].

6. Perspectives and Conclusions

In recent years, as effective anti-diabetic agents, SGLT2 inhibitors have not only
achieved significant results in glycemic control via increasing urinary glucose excretion
independent of insulin but have also presented cardiovascular protective effects, especially
in reducing the risk of MACEs and hospitalization from heart failure. Although data from
the CVOTs indicated less impressive results on atherosclerotic cardiovascular events such
as MI and stroke than on heart failure, some real-world practice indicated the benefits on
them (Table 2). This may be related to the significant heterogeneity in the CVD risk of the
study populations [113]. Clinical studies have confirmed the cardiovascular safety of SGLT2
inhibitors [19,104,108,110]. Although some common adverse events, including polyuria,
genital mycotic infections, urinary tract infections and ketoacidosis, need to be carefully
monitored for [19,104,108], they will not cause severe or fatal consequences. Besides, al-
though patients need to be alerted to some other risks, such as amputation and fractures
related to canagliflozin [19], there have not been significantly higher incidences than of
other anti-diabetic drugs, such as glucagon-like peptide 1 receptor agonists (GLP-1RA) and
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DPP-4 inhibitors [120]. Based on the safety, efficiency and cardiovascular benefits, pharma-
cologic recommendations from the guidelines of American Diabetes Association (ADA)
recommend listing SGLT2 inhibitors for the treatment of T2DM patients with established
high risk factors of atherosclerotic cardiovascular disease (ASCVD), ASCVD and heart
failure [121]. The underlying mechanisms of SGLT2 inhibitors on cardioprotection may
be related to improving the function of vascular endothelial cells, suppressing oxidative
stress, inhibiting inflammation and regulating autophagy, which further protects from
the progression of atherosclerosis. More studies are needed, however, to elucidate the
underlying mechanisms.
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Abstract: Atherosclerotic diseases, including ischemic heart disease and stroke, are a main cause of
mortality worldwide. Chronic vascular inflammation via immune dysregulation is critically involved
in the pathogenesis of atherosclerosis. Accumulating evidence suggests that regulatory T cells (Tregs),
responsible for maintaining immunological tolerance and suppressing excessive immune responses,
play an important role in preventing the development and progression of atherosclerosis through
the regulation of pathogenic immunoinflammatory responses. Several strategies to prevent and
treat atherosclerosis through the promotion of regulatory immune responses have been developed,
and could be clinically applied for the treatment of atherosclerotic cardiovascular disease. In this
review, we summarize recent advances in our understanding of the protective role of Tregs in
atherosclerosis and discuss attractive approaches to treat atherosclerotic disease by augmenting
regulatory immune responses.

Keywords: atherosclerosis; immunology; inflammation; regulatory T cells

1. Introduction

Atherosclerosis provokes serious cardiovascular diseases (CVDs), such as ischemic
heart disease and stroke, that are prominent causes of mortality worldwide. Although
patients at high risk of atherosclerotic CVD usually receive state-of-the-art intensive treat-
ment, there remains much residual risk of this disease. Experimental and clinical studies
have provided firm evidence that innate and adaptive immune responses are critical factors
for provoking vascular inflammation and atherosclerosis [1,2]. Although accumulating
evidence suggests that vascular inflammatory responses could be responsible for the resid-
ual risk of atherosclerotic disease, we have no clinical therapies aimed to directly suppress
inflammatory reactions in atherosclerotic lesions [3].

The first clinical evidence to prove the involvement of inflammation in atherosclerotic
disease was provided by the Canakinumab Anti-inflammatory Thrombosis Outcomes
Study (CANTOS) trial, clearly showing that treatment with a fully human monoclonal
antibody targeting interleukin (IL)-1β reduced the cardiovascular disease risk in patients
with old myocardial infarction (MI) [4]. Other evidence has been provided by recent clinical
trials, the Colchicine Cardiovascular Outcomes Trial (COLCOT) [5] and low-dose colchicine
(LoDoCo2) [6], demonstrating that treatment with colchicine, an anti-inflammatory drug
indicated for the treatment of gout, familial Mediterranean fever, and pericarditis, resulted
in a significantly lower risk of cardiovascular events in patients with recent MI or chronic
coronary disease. These clinical trials highlight the efficacy of anti-inflammatory therapies
as potentially feasible strategies to treat CVD at least in patients with past disease history.

Experimental and clinical data suggest that in addition to innate immune responses,
adaptive immune responses, particularly T cell-mediated immune responses, have detri-
mental or protective roles in atherosclerosis depending on the cell types or experimental
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conditions [7]. Firm evidence indicates that regulatory T cells (Tregs), responsible for
maintaining immunological tolerance and suppressing excessive immune responses [8],
play an important role in preventing the development and progression of atherosclerotic
disease through the regulation of pathogenic effector T cell (Teff) immune responses [9].
Several strategies to prevent and treat atherosclerosis via promoting regulatory immune
responses have been developed [10]. Tuning the balance between proatherogenic Teffs and
atheroprotective Tregs could be an effective therapeutic strategy for atherosclerotic disease.

In this review, we summarize recent advances in our understanding of the protective
role of Tregs in atherosclerosis, and discuss attractive approaches to treat atherosclerotic
disease by augmenting regulatory immune responses.

2. Role of the Immune System in Atherosclerotic Disease

Immune dysregulation causes chronic inflammation in the arterial wall, which is a
key feature of atherosclerosis [11] (Figure 1). It has been suggested that the dysregulated
arterial immunoinflammatory responses could induce atherosclerotic plaque instability
and eventually lead to severe clinical events, including acute coronary syndrome (ACS)
and stroke. It is believed that as the initial inflammatory response in atherosclerosis, accu-
mulation and retention of low-density lipoprotein (LDL) in the arterial intima could occur.
Upon endothelial activation, inflammatory monocytes enter the subendothelial space or
the intima of the arterial wall, differentiate into macrophages, and form lipid-laden foam
cells via uptake of modified LDL particles, leading to the promotion of arterial immunoin-
flammatory responses including proatherogenic Teff immune responses. A large number
of experimental and clinical studies have revealed that various immune cells that mediate
innate and adaptive immunity are deeply involved in the pathogenesis of atherosclero-
sis [1]. In particular, genetically altered mouse models of atherosclerosis including the
apolipoprotein E-deficient (Apoe−/−) [12] and low-density lipoprotein receptor-deficient
(Ldlr−/−) mice [13] have substantially contributed to the development of the atherosclerosis
research field.

 

Figure 1. Role of the immune system in atherosclerosis. Chronic vascular inflammation via immune
dysregulation is critically involved in the pathogenesis of atherogenesis. Regulatory T cells (Tregs)
protect against atherosclerosis by suppressing activation of various immune cells. DC, dendritic cell;
IL, interleukin; LDL, low-density lipoprotein; Teff, effector T cell; TGF, transforming growth factor.
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Naïve T cells are presented with some atherosclerosis-associated antigens by antigen-
presenting cells (APCs), and differentiate into activated Teffs, including CD4+ or CD8+

T cells that accumulate into atherosclerotic lesions of atherosclerosis-prone Apoe−/− or
Ldlr−/− mice and humans. Dendritic cells (DCs) have a capacity to present antigens
and play complex roles in atherosclerosis. Various subsets of DCs have been shown to
play protective or detrimental roles in atherosclerosis, depending on their subsets [14].
The finding of oligoclonal expansion of T cells in mouse atherosclerotic lesions indicates
that T cells may expand in an antigen-specific manner within atherosclerotic plaques [15].
Several self-antigens, native LDL, oxidized LDL, and the major component of LDL, such as
apolipoprotein B (ApoB), could provoke autoimmune responses in atherosclerotic lesions
and be involved in the pathogenesis of atherosclerosis [16]. However, the role of these
atherosclerosis-specific antigens in the development of atherosclerosis remains obscure,
and a detailed analysis is needed. With the help of T cells and antigenic stimulation,
B cell differentiation and activation occur. Recent experimental studies have revealed
that several subsets of B cells play differential and complex roles in atherosclerosis [17].
Conventional B2 cells contribute to proatherogenic immune responses, while B1 cells or
regulatory B cells protect against atherosclerosis by secreting natural IgM antibodies against
oxidation-specific epitopes or IL-10, respectively.

Depending on the expression of specific transcriptional factors or variations in the
local cytokine milieu along with antigen presentation, naïve CD4+ T cells differentiate into
different Teff lineages, including T helper type 1 (Th1), T helper type 2 (Th2), and T helper
type 17 (Th17) lineages, which have critical roles in the development of atherosclerosis
in mice and humans [1]. Recent experimental and clinical studies using sophisticated
methodologies, such as single-cell RNA sequencing and mass cytometry revealed that
a distinct subset of T cells is the major cellular component in atherosclerotic plaques of
mice [18] and humans [19]. Th1 cells specifically express the transcription factor T-box
expressed in T cells (T-bet) and secrete pro-inflammatory cytokines, interferon (IFN)-γ, IL-2,
and tumor necrosis factor (TNF)-α. Among these cytokines, the major Th1 cytokine, IFN-γ,
has been shown to have potent pro-atherogenic effects [20,21]. Th1 cells predominantly
exist in mouse [22] and human [23] atherosclerotic plaques and promote atherosclerosis.
Th2 cells specifically expressing the transcription factor GATA3 secrete IL-4, IL-5, IL-10, and
IL-13, and its major cytokine is IL-4. The genetic deletion of IL-4 in Ldlr−/− mice reduces
atherosclerosis [24], while exogenous administration of IL-4 did not affect atherosclerosis
in Apoe−/− mice [25], producing discrepant results. The role of Th2-mediated immune
responses in atherosclerosis is heavily influenced by the secreted specific cytokines or
animal models and remains controversial. Th17 cells specifically expressing the transcrip-
tion factor RAR-related orphan receptor (ROR)-γt produce pro-inflammatory cytokine
IL-17, and have been shown to substantially contribute to the development of several
autoimmune diseases [26]. However, pharmacological inhibition of IL-17 function or its ge-
netic inactivation yielded discrepant outcomes in atherosclerosis [27–29]. The role of Th17
cells in atherosclerosis may vary depending on animal models or experimental conditions,
and further investigations are required. CD8+ T cells also infiltrate into atherosclerotic
lesions, and their numbers are higher than CD4+ T cells in advanced human atherosclerotic
lesions [19]. Experiments performing CD8α or CD8β monoclonal antibody-mediated de-
pletion of CD8+ T cells in Apoe−/− mice or their transfer into lymphocyte-deficient Apoe−/−
mice revealed that CD8+ T cells promote the development of atherosclerotic lesions with an
unstable plaque phenotype [30]. On the other hand, depletion of CD8+ T cells by injecting
CD8α-depleting antibodies in Ldlr−/− mice resulted in less stable plaques characterized by
reduced collagen content and increased macrophage content and necrosis, though that did
not affect atherosclerotic lesion size [31]. Thus, CD8+ T cells have pro- and anti-atherogenic
actions depending on experimental models.

T cell activation occurs after receiving two signals from APCs that involve interac-
tion of the T cell receptor (TCR) with antigenic peptide/major histocompatibility com-
plex (MHC) ligand and costimulation. The costimulatory signals promote or inhibit the
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TCR-MHC signal, depending on the type of costimulation. The T cell costimulatory and
coinhibitory pathways play crucial roles in modulating functions of Teffs and Tregs and
their balance, and these pathways have been shown to be involved in the pathogenesis of
atherosclerosis in recent animal studies using genetically modified mice or neutralizing
antibodies [32]. Activated T cells and forkhead box P3 (Foxp3)+ Tregs highly express the
coinhibitory molecule cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) that binds
to B7 family molecules, B7-1 (CD80) and B7-2 (CD86), on APCs and interrupts the in-
teraction of these molecules with CD28 on T cells, resulting in potent suppression of T
cell activation [33]. Our recent studies using CTLA-4 transgenic mice on an Apoe−/−
background in which T cells constitutively express CTLA-4 demonstrated that CTLA-4
overexpression protected against the development of atherosclerosis [34], abdominal aortic
aneurysm (AAA) [35], and kidney disease [36] by suppressing maturation of DCs and pro-
inflammatory Teff immune responses. CTLA-4-Ig that binds to CD80 and CD86 and has an
inhibitory effect on the CD80/CD86–CD28 costimulation pathway is clinically effective in
treating rheumatoid arthritis [37], and has also been shown to protect against experimental
atherosclerosis [38]. These reports suggest that CTLA-4 could be a possible therapeutic
target for atherosclerosis. Another important coinhibitory pathway is the interactions
between programmed cell death protein 1 (PD-1) and programmed cell death ligand 1 (PD-
L1)/PD-L2. Genetic deletion of both PD-L1 and PD-L2 [39] or of their receptor PD-1 [40]
in Ldlr−/− mice led to accelerated development of atherosclerotic lesions with increased
accumulation of intraplaque CD4+ and CD8+ T cells, indicating an atheroprotective role of
the PD-1–PD-L1/PD-L2 pathway.

In recent years, the new field termed immuno-oncology has emerged, and immunother-
apies for various types of cancer have attained great success. Monoclonal antibodies to
block PD-1, PD-L1, or CTLA-4, called immune checkpoint inhibitors (ICIs), have been
developed. Recent experimental and clinical evidence suggests that stimulation of the
antitumor functions of T cells with these ICIs is quite effective for the treatment of cancer,
and has become a major treatment for advanced unresectable cancer [41]. In consideration
of findings obtained from animal studies showing that these inhibitory molecules are
negative regulators of atherosclerosis [34,38–40], treatment with ICIs have the potential to
accelerate atherosclerosis in cancer patients who could have a higher risk of CVD. Impor-
tantly, a recent clinical trial has demonstrated that treatment with ICIs was associated with
a higher risk of atherosclerosis-related cardiovascular events in patients with various types
of cancer, providing evidence that T cell activation is critically involved in the development
of atherosclerotic disease in humans [42]. Careful management is required for the use of
ICIs for treating cancer patients with cardiovascular risk factors.

3. Protective Role of Tregs in Atherosclerotic Disease

Thymus-derived natural Tregs were discovered by Sakaguchi et al. in 1995 [43]. Tregs
constitutively express high levels of CD25 (IL-2 receptor α-chain) molecule [43] and the
transcription factor Foxp3, an essential factor for their differentiation and function [44,45].
Impaired Treg function has been shown to be a primary cause of several autoimmune
diseases in mice [46] and humans [47], indicating that this cell population plays an indis-
pensable role in the dominant suppression of autoimmune responses and the maintenance
of immune homeostasis. Tregs have multiple inhibitory actions, including suppression of
autoimmune T cell proliferation and its differentiation into Th1, Th2, and Th17 lineage,
and the inactivation of various immune cells, including B cells, DCs, and macrophages [48].
Several lines of evidence indicate that Tregs protect against atherosclerosis by regulating
pathogenic immunoinflammatory responses (Figure 1 and Table 1). Foxp3+ Tregs could
also be generated from naïve T cells in the periphery, such as gut-associated lymphoid
tissue (GALT), which are called peripherally derived Tregs (pTregs) that maintain mucosal
immune tolerance and suppress autoimmune responses [49]. However, the differences in
their characteristics between thymus-derived natural Tregs and pTregs remain obscure,
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and further investigation will be needed. For more detailed information about the diverse
role of Tregs in immunology, the reader is referred to a recent review [8].

3.1. Protective Role of Tregs in Experimental Atherosclerosis

The costimulatory pathway CD80/CD86–CD28 plays a role in the generation and
homeostasis of Tregs [50]. Genetic deficiency of this costimulatory signaling exacerbated
atherosclerosis in Ldlr−/− or Apoe−/− mice, and was associated with a significant de-
crease in CD4+CD25+ Treg numbers in lymphoid tissues [51]. Notably, adoptive transfer
of CD4+CD25+ Tregs abrogated the detrimental effects on atherosclerosis observed in
Apoe−/− mice with the CD80/CD86–CD28 pathway deficiency [51]. In line with this,
another research group reported that adoptive transfer of CD4+CD25+ Tregs attenuated
the development of atherosclerosis in Treg-competent Apoe−/− mice [52]. These findings
provided the novel concept that CD4+CD25+ Tregs protect against atherosclerosis in mice
under hypercholesterolemia. A recent study investigated the role of another costimulatory
pathway, CD27–CD70, in atherosclerosis by inducing bone marrow-derived and systemic
CD27 deficiency in Apoe−/− mice, and showed that CD27 deficiency exacerbated early
stages of atherosclerosis, along with reduced Treg numbers in various lymphoid organs
and the aorta [53]. Interestingly, this study also demonstrated that adoptive transfer of
wild-type CD4+CD25+ Tregs expressing folate receptor 4 into CD27-deficient Apoe−/− mice
reversed the phenotype of atherosclerosis, indicating a causative role of decreased Treg
frequency in CD27-deficiency-dependent atherosclerosis progression [53].

An important issue for the definition of Tregs is that CD25-expressing CD4+ T cell pop-
ulation may contain activated conventional T cells. Firm experimental evidence supports
that Foxp3 is the most reliable molecular marker for Tregs in mice [48]. To investigate the
precise role of Tregs in atherosclerosis, Klingenberg et al. utilized the DEREG (depletion of
regulatory T cells) mice, in which Foxp3+ Tregs faithfully express a diphtheria toxin recep-
tor and can be specifically depleted by diphtheria toxin administration [54]. Treg deficiency
by transplanting DEREG bone marrow into lethally irradiated Ldlr−/− mice accelerated
atherosclerosis development without affecting aortic inflammatory responses [55]. This
pro-atherogenic effect caused by Treg depletion was associated with markedly elevated
plasma cholesterol levels in the very low-density lipoprotein and chylomicron remnant
fractions [55]. This study identified for the first time the role of Foxp3+ Tregs in atheroscle-
rosis and demonstrated a novel suppressive mechanism that modulates lipid metabolism
other than the well-recognized inflammation regulation.

3.2. Possible Protective Role of Tregs in Human Atherosclerosis

In addition to the strong experimental evidence for atheroprotective actions of Tregs,
accumulating evidence highlights their importance in human atherosclerotic disease. Low
numbers of FOXP3+ Tregs were detected in all the progression stages of human atheroscle-
rotic plaques [56]. Single-cell RNA sequencing of a broad cohort of human carotid plaques
identified a small sized cluster, showing Tregs detected by the expression of FOXP3, CD25,
and CTLA4 [57]. Although the number and phenotype of Tregs in human atherosclerotic
lesions have not been extensively explored, there are a number of studies that examined
the correlation between circulating Treg levels and coronary artery disease (CAD) [58–62],
showing reduced peripheral Treg numbers in ACS patients compared with healthy con-
trols or stable angina patients [58,61]. A recent large and long follow-up study showed
an association between low levels of baseline CD4+FOXP3+ Tregs and an increased risk
of acute coronary events, but not stroke [63]. The CD4+CD25+CD127low Treg counts in
coronary thrombi were significantly increased compared with peripheral blood in patients
with ST elevation or non-ST elevation ACS, indicating that peripheral Tregs might decrease
due to their accumulation in ACS lesions in the acute phase of MI [64]. Together, these
results suggest that decreased numbers of Tregs may be responsible for the pathogenic
inflammation in ACS.
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Several markers, such as CD25, CD127, and FOXP3 have been used to define Tregs in
previous clinical studies. The strategy of staining the FOXP3 molecule can discriminate
Tregs from Teffs more precisely than by the combination of CD25 and CD127 molecules.
However, as opposed to murine CD4+Foxp3+ T cells, FOXP3 expression is induced in
human CD4+FOXP3− T cells upon TCR stimulation, which do not exhibit suppressive
functions, and therefore such a population may contain some Teffs [8]. Miyara et al.
proposed a new strategy to define human Tregs, demonstrating that Tregs are separated
into two subsets (CD4+CD45RA+FOXP3low resting Tregs and CD4+CD45RA−FOXP3high

activated Tregs) and that activated Teffs are defined as CD4+CD45RA−FOXP3low T cells or
CD4+CD45RA−FOXP3− T cells [65]. The combination of CD45RA and FOXP3 staining of
CD4+ T cells may identify Tregs in human peripheral blood more precisely than previous
methods. Using this strategy to accurately define human Tregs, we reported that both
resting Treg and activated Treg levels were decreased, whereas the CD4+CD45RA−FOXP3−
fraction of activated Teffs was increased in the peripheral blood of patients with stable
angina pectoris and old MI compared with healthy controls [66]. These results imply that
dysregulated Treg responses might promote atherosclerosis in humans, though it remains
unclear whether the imbalance between proatherogenic Teffs and atheroprotective Tregs
is a cause or result of CAD. Another important issue regarding the difference in FOXP3
expression between mice and humans is that there are several different isoforms for FOXP3,
including FOXP3 lacking the region encoded by exon 2 (FOXP3Δ2). A recent clinical
study revealed that not total FOXP3 levels but the proportion of FOXP3Δ2 expression was
associated with symptomatic atherosclerotic disease, and that Treg activation led to the
induction of FOXP3Δ2 isoform expression that plays an important role in the regulation of
its effector functions [67]. Collectively, these reports highlight the possible role of Tregs in
the protection against human atherosclerotic disease.

3.3. Protective Role of Tregs in AAA

AAA characterized by dilation of the abdominal aorta is a lethal aortic disease and
associated with atherosclerosis. Importantly, there are no effective pharmacological thera-
pies against this disease, and surgical treatment is performed if the risk of rupture is higher
than that of the procedure. Therefore, it is important to elucidate the detailed mechanisms
underlying AAA development and develop noninvasive therapies for this disease. Clinical
and experimental evidence suggests that inflammation caused by accumulation of Teffs and
macrophages in aneurysmal lesions contributes to the development of AAA, and that Tregs
protect against AAA formation [68]. Genetic deficiency of CD4+CD25+ Tregs promotes
the development and rupture of angiotensin II-induced AAA in normocholesterolemic
mice [69]. Adoptive transfer of CD4+CD25+ Tregs prevents angiotensin II-induced AAA
formation in atherosclerosis-prone Apoe−/− mice [70]. Using hypercholesterolemic DEREG
mice, we demonstrated that genetic depletion of CD4+Foxp3+ Tregs aggravates AAA
formation and rupture in angiotensin II-infused Apoe−/− mice by upregulating immunoin-
flammatory responses in the aneurysmal lesions, providing direct evidence for a protective
role of CD4+Foxp3+ Tregs in the development of AAA [71]. In patients with AAA, de-
creased numbers of CD4+CD25+FOXP3+ Tregs were observed, and Foxp3 expression in
peripheral CD4+CD25+ cells was decreased compared with healthy control subjects [72].
FOXP3 expression levels in human aneurysmal tissues are significantly lower than in
normal thoracic aortic tissues [70]. These reports suggest that impaired immunoregulation
by Tregs may be involved in the development of AAA, and that promotion of endogenous
regulatory immune responses may represent an attractive therapeutic approach to AAA.

3.4. Mechanisms of Treg-Mediated Atheroprotection

A large number of studies in immunology fields have elucidated the mechanisms
by which Tregs control pathogenic immune responses, leading to the development of
effective approaches to prevent and treat inflammatory diseases based on the modulation
of their functions. Tregs exert suppressive functions via multiple mechanisms, including
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cell contact-dependent suppression, secretion of immunosuppressive factors including IL-
10, IL-35, and transforming growth factor (TGF)-β, intracellular molecule (granzyme, cyclic
adenosine monophosphate, and indoleamine 2,3-dioxygenase)-dependent suppression,
and IL-2 deprivation from responder T cells, which could operate in a synergistical or
complementary manner [8]. Although it remains obscure which mechanism is dominant for
the Treg-mediated regulation of pathogenic immune responses, core suppressive pathways
may depend on the type and stage of disease, or subsets of Tregs.

Among cytokines secreted from T cells, IL-10 and TGF-β have potent anti-inflammatory
actions and have attracted much attention as potent anti-atherosclerotic cytokines [73].
Regarding the suppressive actions of Tregs in atherosclerosis, IL-10 and TGF-β production
might be involved in this process. In Ldlr−/− mice fed a high-cholesterol diet, overex-
pression of IL-10 in T cells inhibited the development of advanced atherosclerotic lesions
by shifting the Th1/Th2 balance toward Th2 phenotype [74]. Genetic deletion of TGF-β
signaling in T cells led to a dramatic increase in atherosclerotic lesion development with an
unstable plaque phenotype in Apoe−/− mice [75]. As described above, our recent study
demonstrated that overexpression of CTLA-4 in T cells inhibited atherosclerosis develop-
ment in Apoe−/− mice by downregulating the CD80 and CD86 expression on DCs and
limiting the CD80/CD86–CD28-dependent activation of Teffs [34]. CTLA-4-dependent
suppression of DC function by Tregs may also be involved in the reduction in atherosclero-
sis. However, it remains to be determined whether these suppressive mechanisms depend
on Tregs or other subsets of T cells. Tregs contribute to the promotion of inflammation
resolution by enhancing apoptotic cell clearance (efferocytosis) by macrophages, which
could contribute to the prevention of atherosclerosis development [76]. The identification of
dominant atheroprotective mechanisms mediated by Tregs would lead to the establishment
of novel Treg-based therapies for atherosclerotic disease.

3.5. Treg Immune Responses under Hypercholesterolemia

Several experimental reports have shown the close link between hypercholesterolemia
and Treg number and function (Table 1). The proportion of Foxp3+ Tregs within the splenic
CD4+ T cell population was markedly increased in Ldlr−/− mice fed a cholesterol-rich diet,
whereas their accumulation in atherosclerotic plaques was impaired in association with
decreased expression of their surface molecules related to migratory function, which was
prevented by reversal of hypercholesterolemia [77]. The in vitro suppressive function of
Tregs was maintained under hypercholesterolemia, although their expression of various
selectin ligands and binding capacity to aortic endothelium were decreased and apoptosis
of intraplaque Tregs was promoted under such conditions [77]. Another experimental
study in wild-type mice fed a cholesterol-rich diet demonstrated that diet-induced hy-
percholesterolemia rather increased an in vitro Treg suppressive activity [78]. In Ldlr–/–

mice fed a high-cholesterol diet exhibiting mild hypercholesterolemia, Treg differentiation
was promoted in the liver [79]. However, under severe hypercholesterolemia, disrupted
homeostasis in the liver promoted Th1 cell differentiation and CD11b+CD11c+ leuko-
cyte accumulation, resulting in the abrogation of Treg responses and the promotion of
atherosclerosis [79]. A recent study in Ldlr−/− mice fed a high-cholesterol diet has shown
that diet-induced hypercholesterolemia modulated the intracellular metabolism of Tregs
and the expression of several molecules involved in their migration, which led to the conver-
sion of Tregs to an effector-like migratory phenotype and the promotion of their migration
towards atherosclerotic aortas [80]. These results imply that decreased Treg migratory
capacity due to hypercholesterolemia may not be responsible for the dysfunction of their
ability to control atherosclerosis. Thus, accumulating experimental evidence indicates that
hypercholesterolemia affects the number, function, migratory capacity, and intracellular
metabolism in Tregs. Further studies are needed to better understand these mechanisms.

It is supposed that Tregs in circulation enter the lymphoid tissues surrounding
atherosclerotic arteries where they may be presented with some atherosclerosis-associated
antigens by DCs, become activated, and migrate into atherosclerotic aortas to mitigate
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lesional inflammation and plaque development. This implies that the expansion of Tregs in
atherosclerotic lesions could lead to reduced plaque inflammation and lesion development.
The chemokine system plays an important role in the recruitment of T cells and monocytes
to atherosclerotic lesions [81]. Several chemokine receptors are specifically expressed on
each Th subset, whereas Treg-specific chemokine receptors have not been identified. An
experimental report demonstrated that the expression of the chemokine CX3CL1 was
selectively upregulated in the aorta of Ldlr−/− mice fed a high-cholesterol diet compared
with other lymphoid tissues, and that the adoptive transfer of its counterreceptor CX3CR1-
transduced Tregs promoted their migration to the atherosclerotic lesions and reduced
atherosclerosis development, although CX3CR1 is mainly expressed on Ly6C+ monocytes
and its endogenous expression on Tregs is relatively low [82]. The role of chemokine–
chemokine receptor interactions in Treg recruitment to atherosclerotic lesions remains
largely unknown. Importantly, it remains unclear whether lesional Tregs suppress inflam-
matory reactions responsible for atherosclerotic lesion development, and further extensive
experiments are required to identify the exact role of lesional Tregs in atherosclerosis.

3.6. Stability, Plasticity, and Antigen-Specificity of Tregs in Atherosclerosis

Tregs may stably exert suppressive activities for a long time under physiological con-
ditions, while they have been reported to lose inhibitory functions (instability) and show
an effector-like phenotype (plasticity) under inflammatory conditions (Table 1) [83]. Similar
phenomena are observed under the conditions of prolonged hypercholesterolemia [84]. In
Apoe−/− mice, CD4+Foxp3+ Tregs could differentiate into proinflammatory Th1-like cells
in the aorta and secondary lymphoid tissues and become dysfunctional, leading to the exac-
erbation of arterial inflammation and lesion development [85]. CD4+Foxp3+CCR5+CD25−
Tregs found exclusively in the aorta and draining lymph nodes of Apoe−/− mice fed a high-
cholesterol diet for a long period exhibit impaired suppressive activities and exacerbate
atherosclerosis, although it remains unclear whether this cell population is derived from
bona fide Tregs [86].

Table 1. Role of Tregs in atherosclerotic disease.

Possible Protective Role of Tregs in Atherosclerosis

Description References

Mouse

Genetic deficiency of the CD80/CD86–CD28 signaling
decreases CD4+CD25+ Tregs in lymphoid tissues and

exacerbates atherosclerosis in Apoe−/− or
Ldlr−/− mice.

[51]

Adoptive transfer of CD4+CD25+ Tregs attenuates the
development of atherosclerosis in Treg-competent

Apoe−/− mice.
[52]

Genetic deletion of Foxp3+ Tregs accelerates
atherosclerosis development in Ldlr−/− mice. [55]

Human
Low numbers of FOXP3+ Tregs are detected in all the

progression stages of atherosclerotic plaques. [56,57]

Peripheral Treg numbers are reduced in CAD patients [58,61,66]
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Table 1. Cont.

Possible mechanisms of Treg-mediated atheroprotection

Description References

Cytokine secretion

Overexpression of IL-10 in T cells inhibits the
development of atherosclerosis. [74]

Genetic deletion of TGF-β signaling in T cells
dramatically accelerates atherosclerotic lesion

development with unstable plaque phenotype.
[75]

Cell–cell contact
Overexpression of CTLA-4 in T cells inhibits

atherosclerosis development by downregulating the
CD80 and CD86 expression on DCs.

[34]

Efferocytosis Tregs enhance apoptotic cell clearance by
macrophages. [76]

Treg immune responses under hypercholesterolemia

Cell number

The proportion of splenic CD4+Foxp3+ Tregs is
markedly increased. [77]

Treg differentiation is promoted in the liver under
mild hypercholesterolemia. [79]

Function

The expression of Treg surface molecules related to
migratory function is decreased. [77]

Hypercholesterolemia increases in vitro Treg
suppressive activity. [78]

Hypercholesterolemia modulates the intracellular
metabolism of Tregs and promotes their migration

towards atherosclerotic aortas.
[80]

CD4+Foxp3+ Tregs differentiate into Th1-like cells in
the aorta and secondary lymphoid tissues and become

dysfunctional.
[85]

Apoe−/−, apolipoprotein E-deficient; CAD, coronary artery disease; CTLA-4, cytotoxic T-lymphocyte-associated
antigen-4; DC, dendritic cell; Foxp3, forkhead box P3; IL, interleukin; Ldlr−/−, low-density lipoprotein receptor-
deficient; TGF, transforming growth factor; Th1, T helper type 1; Treg, regulatory T cell.

As the disruption of immunologic tolerance against modified lipoproteins may be
responsible for the pathogenesis of atherosclerosis, it could be considered as an autoim-
mune disease. T cells including Tregs respond to some antigens derived from components
of LDL particles [7]. MHC class II-deficient Apoe−/− mice had greater atherosclerotic
lesions and reduced numbers of Tregs, implying that MHC class II-mediated generation
and activation of antigen-specific Tregs would have a protective role in the development
of atherosclerosis [87]. However, due to technical limitations, the role of antigen-specific
T cells in atherosclerosis has not been elucidated in most experimental or clinical stud-
ies. A recent study using newly designed tetramers to detect human T cells specific for
ApoB-derived peptides ApoB3036–3050, possible atherosclerosis-related antigens, has shown
that healthy subjects have ApoB-specific Foxp3+ Tregs, and that these Tregs coexpress
other CD4 lineage transcription factors, such as ROR-γt, in patients with subclinical car-
diovascular disease [88]. Another study by the same group using a tetramer to detect
ApoB978–993-specific T cells has revealed that ApoB-specific T cells in Apoe−/− mice con-
vert from mixed Th17/Treg cells with a regulatory anti-inflammatory transcriptome into
proinflammatory Th1/Th17-like cells that secrete inflammatory cytokines, and that these
ApoB-specific CD4+ T cells with a predominant Th1/Th17 phenotype were detected in the
blood of patients with CAD [89]. Many questions remain to be answered regarding the
role of stability, plasticity, and antigen specificity of Tregs in atherosclerosis [7]. Further
studies should address these issues to translate findings obtained by experimental studies
to the clinical settings.
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4. Therapeutic Approaches for Atherosclerotic Disease by Promoting Regulatory
Immune Responses

The balance between Teffs and Tregs is critical for the control of atherosclerotic disease.
Based on recent experimental and clinical evidence, we expect that improving this balance,
by enhancing Treg responses or dampening Teff responses, could be an effective therapy
for atherosclerotic disease [9,10] (Figure 2). A large number of experimental studies have
shown that the activation and expansion of antigen-specific or non-specific Tregs protect
against atherosclerosis by suppressing pathogenic immune responses (Table 2). This may
be supported by the fact that upon antigen presentation, Tregs also exert suppressive
functions in an antigen-non-specific manner [48].

Figure 2. The balance between proatherogenic effector T cells (Teffs) and atheroprotective regulatory
T cells (Tregs) is critical for the control of atherosclerosis.

4.1. Vaccination Strategies

Experimental studies in atherosclerosis-prone mice have demonstrated that immu-
nization with several atherosclerosis-related antigens, native LDL, oxidized LDL, or ApoB-
derived peptides, induces antigen-specific Tregs and attenuates atherosclerotic lesion
development [16]. The induction of antigen-specific immunological tolerance could be
an attractive therapeutic strategy for atherosclerosis, because this approach can dampen
pathogenic immune responses against atherosclerosis-related antigens and avoid general
immunosuppression. The identification of atherosclerosis-related antigens and the devel-
opment of effective immunization methods would advance the field in designing a novel
approach to prevent human atherosclerosis. For more in-depth information on vaccination
strategies in atherosclerosis, the reader is referred to a recent review [16].

4.2. Modulation of DC Functions

The interaction between Tregs and some DC subsets play a protective role in atheroscle-
rosis [9]. DC maturation mediated by MyD88, a key Toll-like receptor adaptor, is athero-
protective through controlling Treg responses in Western-type diet-fed Ldlr−/− mice [90].
Flt3 signaling-dependent CD11chiMHC-IIhiCD11b−CD103+ DCs in aortic tissue promote
accumulation of CD4+Foxp3+ Tregs and protect against atherosclerosis in Ldlr−/− mice
fed a high-fat diet [91]. Immature tolerogenic DCs, characterized by low expression levels
of MHC class II molecule and costimulatory molecules, expand CD4+Foxp3+ Tregs and
inhibit Teff responses, contributing to the maintenance of immune tolerance and regulation
of atherosclerosis [92]. Adoptive transfer of ApoB100-pulsed tolerogenic DCs prevented
atherosclerosis development in hypercholesterolemic mice by diminishing pathogenic T
cell responses to ApoB100 and promoting antigen-specific CD4+Foxp3+ Treg responses [93].
Our study showed that oral administration of the active form of vitamin D3 (calcitriol) at-
tenuated atherosclerosis development in Apoe−/− mice by expanding tolerogenic DCs and
CD4+Foxp3+ Tregs systemically and locally in atherosclerotic lesions, which might interact
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with each other and efficiently regulate aortic inflammatory responses associated with
atherosclerosis [94]. This study provided direct evidence for a possible anti-atherogenic
role of vitamin D reported in an epidemiological study showing the association between
vitamin D deficiency and increased cardiovascular events and mortality [95]. Collectively,
strategies to expand and activate several types of atheroprotective DCs could be possible
therapies for the prevention of atherosclerosis [92].

4.3. Modulation of Intestinal Immunity

As described above, Foxp3+ Tregs (known as pTregs) differentiate from naïve T cells
not only in the thymus but also in GALT, where multiple stimuli such as commensal
microbiota and food antigens could effectively promote their induction [49,96]. T regulatory
type 1 (Tr1) or T helper type 3 (Th3) cells that do not express Foxp3 are induced in GALT and
produce immunomodulatory cytokines IL-10 or TGF-β, respectively [96]. The development
of atherosclerosis was attenuated by in vivo induction of Tr1 cells in atherosclerosis-prone
mice, which was associated with increased production of IL-10 [97,98]. Experimental
evidence indicates that induction of mucosal (oral or nasal) tolerance may be an effective
way to prevent and treat various autoimmune diseases, including atherosclerosis, and
has attracted much interest, although clinical trials to examine the preventive effect of
this approach on some autoimmune diseases were unsuccessful [96]. One of the critical
mechanisms for mucosal tolerance induction is supposed to be induction of several types
of self-antigen-specific Tregs described above [96]. Oral tolerance induction to oxidized
LDL [98] or heat shock protein 60 [99] reduced the development of atherosclerosis in
Ldlr−/− mice, in association with increased proportion of CD4+CD25+Foxp3+ Tregs in
several lymphoid organs and promoted the production of TGF-β or IL-10 in mesenteric
lymph nodes upon each antigen stimulation, respectively. However, antigen-specificity of
expanded Tregs was not clearly determined in these studies.

Gut microbiota are highly associated with the intestinal immunity and systemic
metabolic disorders. Recent experimental and clinical studies have provided evidence
for an association between gut microbiota composition and development of CVD [100].
By performing 16S ribosomal RNA gene sequencing in fecal samples from CAD patients
and mechanistic studies with Apoe−/− mice, we have recently demonstrated that the rel-
ative abundance of Bacteroides vulgatus and Bacteroides dorei was lower in patients with
CAD compared with controls, and that this microbiota protects against atherosclerosis by
ameliorating endotoxemia and systemic inflammation [101]. CD4+Foxp3+ Tregs were ex-
panded in the colon lamina propria by oral administration of mouse [102] and human [103]
Clostridium species, the spore-forming component of indigenous intestinal microbiota, and
this Treg induction resulted in attenuation of experimental colitis. As the mechanisms for
induction of colonic Tregs, butyrate, one of commensal bacteria-derived short-chain fatty
acids, was shown to regulate the differentiation of Tregs and ameliorate the development
of experimental colitis [104]. Although no prior reports investigated the role of Clostridium
species or microbial-derived butyrate in atherosclerosis, a recent experimental study us-
ing hypertensive mice with or without atherosclerosis has reported that treatment with
another short-chain fatty acid propionate prevents cardiac damage and atherosclerosis by
regulating inflammatory responses, which was mainly dependent on Tregs [105]. Collec-
tively, recent experimental and clinical data suggest that some specific gut microbiota and
microbial-derived metabolites may modulate atherosclerosis. Further investigation will
contribute to the development of novel therapies to prevent atherosclerotic disease through
modulation of intestinal immune system.

4.4. Treatment with Antibodies and Cytokines

Intravenously administered anti-CD3 monoclonal antibodies, effective in treating au-
toimmune diabetes in mice [106] and humans [107], also improve atherosclerosis in mice [108]
by regulating Teff immune responses and expanding CD4+CD25+ Tregs. Oral or nasal
anti-CD3 antibody administration can induce CD4+LAP (latency-associated peptide)+ Tregs
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that suppress experimental autoimmune diseases in a TGF-β-dependent manner [109,110].
We orally treated Apoe−/− mice with anti-CD3 antibodies and observed significantly re-
duced plaque formation and inflammation, associated with the expansion of CD4+LAP+

Tregs and CD4+Foxp3+ Tregs in mesenteric lymph nodes [111]. As a mechanism of this
suppression, we speculate that expanded Tregs may move to other lymphoid organs or
atherosclerotic lesions and suppress proatherogenic immune responses. We propose the
novel idea that oral immune modulation could serve as an attractive therapeutic approach
to atherosclerotic disease.

CD4+Foxp3+ Tregs highly express CD25, a component of the high-affinity IL-2 receptor, and
vigorously proliferate in the presence of IL-2. Recombinant mouse IL-2/anti-IL-2 monoclonal
antibody complexes (IL-2 complexes) efficiently and selectively expand CD4+CD25+Foxp3+

Tregs and attenuate atherosclerosis in Ldlr−/− [112] or Apoe−/− mice [113]. Induction of
CD4+Foxp3+ Tregs by IL-2 complex treatment also provides protection against angiotensin
II-induced AAA formation in Apoe−/− mice [71]. These reports suggest that IL-2 com-
plex treatment could be a possible strategy to prevent both atherosclerosis and AAA.
Considering that suppressive functions of Tregs can be impaired under inflammatory
conditions [114], we speculate that both Treg expansion and inhibition of Teff responses
could be necessary to potently suppress atherosclerosis. In line with this idea, we found
that the combination treatment with anti-CD3 antibodies and IL-2 complexes was effective
in expanding Treg with activated phenotype and preventing atherosclerosis development
in Apoe−/− mice [115].

Interestingly, a recent observational cohort study in patients with chronic graft-versus-
host disease demonstrated that low-dose IL-2 was safely administered in these patients,
which was associated with marked and sustained expansion of Tregs and improvement of
the disease manifestations in a substantial proportion of treated patients [116]. Another
clinical study in patients with vasculitis induced by the hepatitis C virus showed that the
administration of low-dose IL-2 increased the percentage of Tregs without adverse effects
in all subjects and led to the improvement of vasculitis in most patients [117]. Based on
the data obtained from experimental and clinical studies described above, a randomized,
double-blind, placebo-controlled, phase I/II clinical trial in patients with stable ischemic
heart disease and ACS (LILACS), has begun to assess the safety and efficacy of low-dose
IL-2 in patients with CAD [118,119]. It is expected that interesting results of this trial will
be reported in the future.

4.5. Ultraviolet B (UVB)-Based Phototherapy

It is historically clear that sunlight exposure is indispensable for the maintenance
of our health. UV is categorized into UVA (320–400 nm), UVB (280–320 nm), and UVC
(100–280 nm). As UVC is blocked by the atmosphere and the ozone layer, we receive UVA
and UVB wavelengths from natural sunlight in daily life. UVB irradiation is known to
have beneficial effects on the immune system due to its anti-inflammatory and immuno-
suppressive actions, although chronic excessive UVB exposure could cause skin cancer
or infectious diseases [120]. Based on this, UVB-based phototherapy is an established
treatment for various human skin diseases without severe adverse effects [121].

Our recent work revealed that broad-band UVB (a continuous spectrum from 280 to
320 nm with a peak around 313 nm) exposure attenuates the development and progression
of atherosclerosis in Apoe−/− mice, associated with a systemic increase in CD4+Foxp3+

Tregs with higher suppressive capacity and a decrease in proinflammatory IFN-γ pro-
duction from T cells [122]. Langerhans cells (LCs), epidermal Langerin+ DCs having an
important role in presenting antigens to T cells, are reported to regulate immunoinflam-
matory reactions following their activation by various environmental stimuli, such as
UVB [123,124]. Using LC-depleted mice on an Apoe−/− background, we clearly showed
that LCs play an indispensable role in the systemic expansion of Tregs and attenuation of
atherosclerosis development and progression, suggesting the skin immune system as a
novel therapeutic target for atherosclerosis. We also investigated the effect of UVB irradi-
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ation on the development of atherosclerosis-related vascular disease, such as AAA, and
found that UVB irradiation attenuated the development of angiotensin II-induced AAA
under hypercholesterolemia and prevented death due to its rupture [125]. Further analysis
using hypercholesterolemic DEREG mice revealed that genetic depletion of CD4+Foxp3+

Tregs abrogated the protective effect of UVB treatment, indicating an indispensable role of
Tregs for UVB-mediated prevention of AAA formation.

Clinical studies in patients with skin autoimmune disease demonstrated that bath-
psoralen UVA or narrow-band UVB (a narrow peak around 311 nm) therapy expanded
CD4+CD25+Foxp3+ Tregs in the periphery and improved disease state [126,127]. The
efficacy of UVB therapy may vary depending on its wavelengths, although the detailed
mechanisms of UVB-mediated protective effects on skin diseases remain obscure. Within
the UVB spectrum, narrow-band UVB is the most effective wavelength for treating psori-
asis [121]. Likewise, there might be some specific UVB wavelengths that are effective in
preventing atherosclerosis, although we have no information about this so far. If the issues
regarding the efficacy and safety of UVB therapy are overcome, UVB phototherapy could
be an attractive immunomodulatory strategy for preventing atherosclerotic CVD.

4.6. Approaches to Regress Atherosclerosis

A great number of human and animal studies have revealed mechanisms of atheroscle-
rotic plaque development, whereas mechanisms that reverse the disease remain obscure.
In a clinical study, very intensive statin therapy lowered LDL cholesterol levels and in-
creased high-density lipoprotein cholesterol levels, resulting in atherosclerosis regression,
indicating the importance of lipid control for regressing established plaques [128]. In
addition, experimental studies using several mouse models of atherosclerosis regression
have highlighted the involvement of immunoinflammatory reactions in the process of
atherosclerosis regression [129–131], although the precise mechanisms underlying this
process have not been completely elucidated. Using a new mouse model of atheroscle-
rosis regression in Ldlr−/−, we found that Eicosapentaenoic acid induced atherosclerosis
regression by modulating DC functions and reducing CD4+ T cell numbers without increas-
ing CD4+CD25+Foxp3+ Tregs [132], supporting the clinical benefits of this drug for the
treatment of CVD in Japanese hypercholesterolemic patients [133]. Using the same mouse
model, we also reported that intravenous injection of anti-CD3 antibodies induced rapid
regression of established atherosclerotic lesions, associated with increased proportion of
CD4+CD25+Foxp3+ Tregs in the regressing plaques as well as in the lymphoid organs [134].
This study for the first time suggested the possibility that the expansion of Tregs might con-
tribute to regressing atherosclerotic plaques in mice. In line with this, a recent experimental
study using various mouse models of atherosclerosis regression has demonstrated that
CD4+CD25+Foxp3+ Tregs accumulated in the regressing plaques, and played an indispens-
able role for inflammation resolution in the artery wall by regulating macrophage- and T
cell-mediated pro-inflammatory responses [135]. Collectively, these reports imply that in
addition to intensive lipid-lowering therapies, the promotion of Treg immune responses
may represent an effective therapeutic approach for atherosclerosis regression.
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Table 2. Strategies to prevent or treat atherosclerosis by promoting regulatory immune responses.

Strategies Treatment Immune Effects References

Vaccination
Treatment with native
LDL, oxidized LDL, or
ApoB-derived peptides

Induction of
antigen-specific Tregs [16]

Modulation of DC
functions

Transfer of
ApoB100-plused
tolerogenic DCs

Promoted
antigen-specific

CD4+Foxp3+ Treg
responses and

suppressed pathogenic T
cell responses to

ApoB100

[93]

Oral administration of
active form of

vitaminD3 (calcitriol)

Increased tolerogenic
DCs and

CD4+Foxp3+ Tregs
[94]

Modulation of
intestinal immunity

Oral tolerance
induction to oxidized

LDL or heat shock
protein 60

Increased
CD4+CD25+Foxp3+ Tregs

and promoted
production of TGF-β or

IL-10 in mesenteric
lymph nodes

[98,99]

Oral administration of
short-chain fatty acid

propionate

Suppressed inflammatory
responses mainly

dependent on Tregs
[105]

Treatment with
antibodies and

cytokines

Intravenous
administration of

anti-CD3 monoclonal
antibodies

Increased
CD4+CD25+Foxp3+ Tregs

and suppressed Teff
immune responses

[108,134]

Oral administration of
anti-CD3 monoclonal

antibodies

Increased CD4+LAP+ or
CD4+Foxp3+ Tregs in

mesenteric lymph nodes
and suppressed Teff
immune responses

[111]

Treatment with
recombinant mouse

IL-2/anti-IL-2
monoclonal antibody

complexes

Increased
CD4+CD25+Foxp3+ Tregs

and suppressed Teff
immune responses

[112,113]

Combination treatment
with anti-CD3

monoclonal antibodies
and IL-2 complexes

Increased CD4+Foxp3+

Tregs with activated
phenotype

[115]

UVB-based
phototherapy

UVB irradiation to
the skin

Increased CD4+Foxp3+

Tregs and decreased
IFN-γ production from T

cells

[122]

ApoB, apolipoprotein B; DC, dendritic cell; Foxp3, forkhead box P3; IFN, interferon; IL, interleukin; LAP, latency-
associated peptide; LDL, low-density lipoprotein; Teff, effector T cell; TGF, transforming growth factor; Treg,
regulatory T cell; UVB, ultraviolet B.

5. Conclusions

It has now become evident that arterial inflammation caused by immune dysregulation
critically contributes to the development of atherosclerotic CVD. Recent clinical studies
have confirmed that an anti-inflammatory therapy could be a possible strategy to prevent
atherosclerotic CVD in patients with past cardiovascular disease history [4–6]. Although
anti-inflammatory pharmacological therapies seem to be safe and effective in treating
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experimental atherosclerosis in mice, general immunosuppression caused by such therapies
would cause adverse immune responses in humans [3]. Moreover, it will take much
cost to prescribe expensive drugs for a long time. Therefore, other strategies to dampen
inflammatory responses in atherosclerosis should be considered.

Notably, firm evidence indicating the involvement of the adaptive immunity including
Teff and Treg immune responses in atherosclerosis has accumulated [7]. Pharmacological
approaches, vaccination strategies, and cell transfer of Tregs have been shown to reduce
atherosclerosis development in mice [9,10]. Strategies to prevent atherosclerosis through
boosting regulatory immune responses seem to be attractive and could be clinically applied
for the treatment of atherosclerotic disease. However, despite accumulated knowledge
about the role of protective Tregs in experimental atherosclerosis, we still lack direct clinical
evidence to support this idea. To translate a large number of important findings obtained
by animal experiments to clinical settings, extensive clinical studies will be required.
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Abstract: This network meta-analysis was performed to rank the safety and efficacy of periprocedural
anticoagulant strategies in patients undergoing atrial fibrillation ablation. MEDLINE, EMBASE,
CENTRAL, and Web of Science were searched to identify randomized controlled trials comparing
anticoagulant regimens in patients undergoing atrial fibrillation ablation up to July 1, 2021. The
primary efficacy and safety outcomes were thromboembolic and major bleeding events, respectively,
and the net clinical benefit was investigated as the primary-outcome composite. Seventeen studies
were included (n = 6950). The mean age ranged from 59 to 70 years; 74% of patients were men and 55%
had paroxysmal atrial fibrillation. Compared with the uninterrupted vitamin-K antagonist strategy,
the odds ratios for the composite of primary safety and efficacy outcomes were 0.61 (95%CI: 0.31–1.17)
with uninterrupted direct oral anticoagulants, 0.63 (95%CI: 0.26–1.54) with interrupted direct oral
anticoagulants, and 8.02 (95%CI: 2.35–27.45) with interrupted vitamin-K antagonists. Uninterrupted
dabigatran significantly reduced the risk of the composite of primary safety and efficacy outcomes
(odds ratio, 0.21; 95%CI, 0.08–0.55). Uninterrupted direct oral anticoagulants are preferred alternatives
to uninterrupted vitamin-K antagonists. Interrupted direct oral anticoagulants may be feasible as
alternatives. Our results support the use of uninterrupted direct oral anticoagulants as the optimal
periprocedural anticoagulant strategy for patients undergoing atrial fibrillation ablation.

Keywords: periprocedural anticoagulant management; atrial fibrillation ablation; direct oral
anticoagulant; vitamin-K antagonist; network meta-analysis

1. Introduction

Atrial fibrillation (AF) is a cardiac arrhythmia common worldwide [1]. Catheter ab-
lation (CA) is the most effective treatment to prevent AF recurrence [2], and over the last
decade, it has resulted in dramatic improvements in safety and efficacy [3–7]. However,
periprocedural complications occur in approximately 4–14% of patients undergoing AF ab-
lation, 2–3% of which are potentially life-threatening [8]. Periprocedural stroke or transient
ischemic attack (TIA) and cardiac tamponade are the most notable complications [9,10].
As these adverse events are affected by periprocedural anticoagulant management, an
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optimal anticoagulant strategy is essential for the prevention of thromboembolic and
bleeding complications.

Compared with vitamin-K antagonists (VKAs), direct oral anticoagulants (DOACs)
have been shown to have a favorable risk-benefit profile, as they significantly reduce the
incidence of stroke and also carry a similar bleeding risk in the long-term treatment of
patients with AF [11]. With respect to CA, many studies have found that DOACs have
similar efficacy and safety compared with VKAs [12–19]. These results led to the guideline
recommendation of uninterrupted anticoagulants for the perioperative management of pa-
tients undergoing AF ablation [8,9]. Conversely, a German survey reported that interrupted
and minimally interrupted DOAC was used more frequently than truly uninterrupted
DOAC to avoid bleeding complications [20]. Moreover, some meta-analyses including
randomized controlled trials (RCTs) have revealed that interrupted DOAC was not inferior
to uninterrupted DOAC administration and was preferable to uninterrupted VKA admin-
istration [21,22]. Currently, guidelines lack indications based on these RCTs regarding
which strategy is preferable for periprocedural anticoagulant management. This was the
first study comparing each strategy and regimen with network meta-analysis (NMA) to
simultaneously compare multiple treatments in a single analysis by combining direct and
indirect evidence within a network of RCTs [23].

This study aimed to synthesize the available evidence from RCTs using NMA to:
(1) assess the relative effects of different uninterrupted or interrupted anticoagulant strate-
gies between DOACs and VKAs for reducing thromboembolic or bleeding events in pa-
tients undergoing AF ablation; and (2) to rank regimens, uninterrupted or interrupted,
and DOAC or VKA administration for effectiveness in preventing thromboembolic or
bleeding complications.

2. Materials and Methods

2.1. Protocol and Registration

Our report follows the preferred reporting items for systematic reviews and meta-
analyses (PRISMA)-NMA extension (Table S1) [24]. The study protocol was registered at
PROSPERO (CRD42021268787).

2.2. Eligibility Criteria

Only studies that met the eligibility criteria were included. The criteria were: (1) only
RCTs; (2) uninterrupted or interrupted anticoagulant strategy in the periprocedural period;
(3) patients undergoing AF ablation; and (4) publication of efficacy (stroke, TIA, or systemic
embolism) and safety (major bleeding) outcomes. We excluded duplicate studies. There
were no language or publication date restrictions.

2.3. Search Strategy

We performed a systematic search of the MEDLINE, EMBASE, Cochrane Central
Register of Controlled Trials, and Web of Science databases up to July 1, 2021. The search
used the Population, Intervention, Comparators, Outcomes, and Study design format and
included the following terms: atrial fibrillation, ablation, periprocedural anticoagulation,
and randomized controlled trial (Table S2). Three independent and blinded reviewers (SI,
MA, and SA) separately assessed the search results to select studies based on the eligibility
criteria. When a consensus was not reached by the three reviewers, a fourth author (TI)
was consulted to reach a decision.

2.4. Outcomes

The primary efficacy outcome was thromboembolic events, including stroke, TIA,
or systemic embolism. The primary safety outcome was major bleeding as defined by
the Bleeding Academic Research Consortium (BARC) [25] or the International Society
on Thrombosis and Hemostasis (ISTH) [26]. The secondary safety outcome was minor
bleeding, and the secondary efficacy outcome was asymptomatic cerebral embolism (ACE).
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ACE was diagnosed using diffusion-weighted magnetic resonance imaging (MRI). Minor
bleeding was defined as any bleeding that did not fulfil the BARC or ISTH criteria. The net
clinical benefit was investigated as a composite of the primary safety and efficacy outcomes.

2.5. Data Extraction and Synthesis

We extracted the following data from the studies: study name, baseline characteris-
tics, anticoagulant regimens, and outcomes. Two reviewers (MK and TY) independently
extracted the data. When disagreements between reviewers occurred, a third author (TI)
was consulted to reach a decision.

All study regimens were synthesized as follows: uninterrupted DOAC (UI-DOAC),
interrupted DOAC (I-DOAC), uninterrupted VKA (UI-VKA), and interrupted VKA (I-
VKA) administration. The number of thromboembolic events, major bleeding, composite
of primary outcomes, minor bleeding, and ACE were synthesized, and odds ratios (ORs)
were estimated. Additionally, all strategies were synthesized per anticoagulant (apixaban,
dabigatran, edoxaban, rivaroxaban, and warfarin), and the ORs of the composite of the
primary outcomes were estimated in subgroup analyses. The geometry of the network was
illustrated using direct comparative treatments.

2.6. Risk of Bias Assessment

We evaluated the risk of bias using the revised Cochrane risk-of-bias tool for random-
ized trials (RoB2) [27]. Two reviewers (MK and TY) were involved in the quality assessment;
if disagreements occurred, a third author (TI) was consulted to reach a consensus.

2.7. Statistical Analysis

NMA statistical analyses were performed with frequentist methods using Netmeta
(version 1.5-0) in R 4.1.0 (R Foundation for Statistical Computing, Vienna, Austria). The
ORs and 95% confidence intervals (CIs) were estimated based on a random effects model.
Additionally, we calculated the P-score and the surface under the cumulative ranking (SU-
CRA) to evaluate and rank the anticoagulant strategies and regimens [28,29]. Both rankings
are measured on a scale from 0 (worst) to 1 (best). Common network heterogeneity was
evaluated using the I2 measure to locate the source of heterogeneity [30]. Heterogeneity
was defined as low, moderate, or high when I2 was 25%, 50%, or 75%, respectively [31]. In-
consistency between direct and indirect evidence was examined globally and locally [32,33].
Begg’s rank correlation and Egger’s linear regression were performed to assess publication
bias among the studies [34,35]. We conducted sensitivity analyses by excluding one study
at a time for the four different strategies of the network. Subgroup analysis was performed
to evaluate each anticoagulant regimen for the composite of the primary outcomes.

3. Results

3.1. Study Identification and Study Population Characteristics

We initially identified 124 studies via the electronic databases, and four additional
studies were identified through references. Fifty duplicate studies were removed and 78
were screened. We excluded 57 studies after screening the titles and abstracts, and 21
were retrieved for detailed evaluation, from which four studies were subsequently ex-
cluded from the analysis because they did not meet the eligibility criteria (Figure 1). Fi-
nally, our meta-analysis included 17 RCTs with 6950 patients undergoing AF ablation [36–52].
They were allocated to I-VKA (n = 835) [36,37], UI-VKA (n = 2097) [36,38–44], I-DOAC
(n = 1465) [37,38,45–51], and UI-DOAC (n = 2553) groups [39–52]. All approved DOACs
(apixaban [40,43,45–51], dabigatran [37,38,41,47,48,51], edoxaban [44,48,49,51,52], and rivarox-
aban [39,42,45,47–49,51,52]) were included.
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Figure 1. Flow diagram of the included studies. The PRISMA flow diagram depicts the phases of the
systematic review and shows the number of records identified, screened, included, and excluded.
RCT, randomized controlled trial.

The age of the participants ranged from 59 to 70 years (median = 62 years); 74% were
men and 55% had paroxysmal AF. Twelve studies (71%) reported mean CHA2DS2-VASc
scores ranging from 1.5 to 2.8 (median 2.0). In 15 studies (88%), the median follow-up
duration was 30 days (range: 2–90 days). The detailed clinical characteristics of the included
studies are summarized in Tables 1 and S3.
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All studies reported primary efficacy (thromboembolic events) and safety (major
bleeding) outcomes, while 14 and 8 studies (82% and 47%, respectively) reported minor
bleeding [36–44,46,48–51] and ACE [40,42–45,48,49,52], respectively.

3.2. Risk of Bias Assessment

We evaluated all studies in five dimensions (Table S4). Concerns were noted for
14 RCTs (82%). All protocols were composed of two interventions after randomization:
anticoagulant initiation and AF ablation. Since some deviations occurred before CA,
outcomes were analyzed as a modified intention-to-treat population who underwent AF
ablation. Some small RCTs did not mention the concealment method. However, none of
the studies were classified as having a high bias risk. Therefore, we included all studies in
the NMA.

3.3. Structure of the Network

Figure 2 shows the network of anticoagulant strategies used in the main analysis. We
compared four strategies: UI-DOAC, I-DOAC, UI-VKA, and I-VKA, and set UI-VKA as a
reference. All direct comparative studies were included, except UI-DOAC vs. I-VKA.

Figure 2. Network of treatment comparisons for the overall primary efficacy and safety outcomes.
Directly comparable treatments are linked to lines. The nodes are placed and labelled according
to the treatments. The thickness of the edges is proportional to the inverse standard error of the
treatment effects, aggregated over all studies, including the two respective treatments. The network
includes 16 two-armed studies. UI, uninterrupted; I, interrupted; DOAC, direct oral anticoagulant;
VKA, vitamin-K antagonist.

3.4. NMA Results for the Primary and Secondary Outcomes

The results of the NMA for thromboembolic events, major bleeding, and the composite
of primary outcomes are presented as forest plots (Figure 3a–c). I-VKA was associated
with an increased risk of thromboembolic events compared to UI-VKA (OR [95% CI]:
15.77 [4.16–59.70]), whereas there was no significant difference between UI-DOAC and
I-DOAC (OR: 0.97 [0.24–3.87] and OR: 1.31 [0.25–6.86]). Compared to UI-VKA, UI-DOAC
significantly decreased the risk of major bleeding (OR: 0.55 [0.31–0.97]). However, I-DOAC
and I-VKA did not have a significant effect (OR: 0.53 [0.22–1.23] and OR: 2.70 [0.65–11.18]).
In the composite of thromboembolic events and major bleeding, UI-DOAC and I-DOAC
were not inferior to UI-VKA (OR: 0.61 [0.31–1.17] and OR: 0.63 [0.26–1.54]), while I-VKA
significantly increased the risk of thromboembolic events and major bleeding (OR: 8.02
[2.35–27.45]). Heterogeneity was low for primary outcomes (thromboembolic events,
I2 = 0.0%; major bleeding, I2 = 7.8%; and the composite of primary outcomes, I2 = 23.4%).
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Figure 3. Forest plots for efficacy and safety of anticoagulant strategies compared with UI-VKA.
(a) The efficacy of thromboembolic events (stroke, TIA, or systemic embolism); (b) the safety of major
bleeding; (c) the efficacy and safety of the composite of the primary outcomes (stroke, TIA, or systemic
embolism and major bleeding); (d) the safety of minor bleeding; and (e) the efficacy of asymptomatic
cerebral embolism. TIA, transient ischemic attack; OR, odds ratio; CI, confidence interval; UI,
uninterrupted; I, interrupted; DOAC, direct oral anticoagulant; VKA, vitamin-K antagonist.

Regarding the secondary outcomes, the NMA results for minor bleeding and ACE
are presented in Figure 3d,e. Both UI-DOAC and I-DOAC carried comparable risks of
minor bleeding with UI-VKA (OR: 1.11 [0.87–1.40] and OR: 1.19 [0.79–1.79]), but I-VKA
significantly increased the risk (OR: 6.02 [4.19–8.66]). UI-DOAC and I-DOAC were also
similar to UI-VKA for the risk of ACE (OR: 1.11 [0.67–1.83] and OR: 1.64 [0.81–3.29]).
Heterogeneity was low for secondary outcomes (minor bleeding, I2 = 0.0%; and ACE,
I2 = 22.9%).

Table 2 displays the P-score and SUCRA values for the primary and secondary out-
comes. There were no ranking mismatches between the P-score and SUCRA. The SUCRA
value of DOACs was nearly twice that of UI-VKA in the composite of the primary outcomes
(UI-DOAC, 0.82; I-DOAC, 0.77; and UI-VKA, 0.40). In contrast, the secondary outcome
SUCRA values were higher for UI-VKA than for DOACs; particularly, the ACE value for
I-DOAC was markedly low (UI-DOAC, 0.60; I-DOAC, 0.09; and UI-VKA, 0.82).
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Table 2. P-score and the SUCRA values for each strategy and outcome.

Strategy

Thromboembolic
Events

Major Bleeding
Composite of

Primary Outcomes
Minor Bleeding

Asymptomatic
Cerebral Embolism

P-Score SUCRA P-Score SUCRA P-Score SUCRA P-Score SUCRA P-Score SUCRA

UI-
DOAC 0.72 0.73 0.81 0.76 0.82 0.82 0.62 0.65 0.64 0.60

I-DOAC 0.68 0.70 0.82 0.85 0.77 0.77 0.52 0.49 0.07 0.09
UI-VKA 0.60 0.57 0.33 0.34 0.41 0.40 0.87 0.86 0.79 0.82
I-VKA 0.00 0.00 0.04 0.05 0.00 0.00 0.00 0.00 - -

SUCRA, surface under the cumulative ranking; UI, uninterrupted; I, interrupted; DOAC, direct oral anticoagulant;
VKA, vitamin-K antagonist.

Overall, the UI-DOAC strategy was favorable and the I-DOAC strategy was feasible
compared with the UI-VKA strategy for the primary and secondary outcomes. However,
the I-VKA strategy significantly increased the risk of thromboembolic and bleeding events
compared to the UI-VKA strategy.

3.5. Sensitivity Analyses

We performed sensitivity analyses for the composite of the primary outcomes (Table
S5). RE-CIRCUIT and ELIMINATE-AF were the main sources of heterogeneity [41,44].
Moreover, UI-DOAC was associated with a significant reduction in major bleeding; how-
ever, this finding was not robust because it was no longer significant when 10 studies were
excluded. Overall, this analysis did not suggest that the excluded studies would affect the
relative effects and rankings of the anticoagulant strategies.

3.6. Assessment of Inconsistency and Publication Bias

The inconsistency test did not suggest the presence of inconsistency in the network
(Figure S1). Begg’s and Egger’s tests did not reveal significant publication bias among the
included studies (Figure S2).

3.7. Subgroup Analysis

We conducted a subgroup analysis based on each anticoagulant regimen. The com-
posite of thromboembolic and major bleeding events was analyzed and displayed in a
forest plot (Figure 4) and a league table (Table S6); we also calculated the P-score and
SUCRA values (Table 3). Four studies were excluded because they had no randomized
regimens for each DOAC [47–49,51], and one study included both UI-DOAC arms [52]. The
structure of the subgroup network is shown in Figure S3. UI-dabigatran significantly de-
creased the risk of the composite of the primary outcomes compared with UI-VKA (OR: 0.21
[0.08–0.55]), whereas I-VKA significantly increased the risk (OR: 8.39 [3.43–20.56]). Other
anticoagulants had a comparable risk to that of UI-VKA. The P-score and SUCRA values
were notably higher for UI-dabigatran and I-dabigatran than for the other anticoagulant
regimens (UI-dabigatran, 0.95; and I-dabigatran, 0.82 in SUCRA).

Table 3. P-score and the SUCRA values for each strategy and composite of primary outcome.

Strategy
Composite of Primary Outcomes

P-Score SUCRA

UI-dabigatran 0.93 0.95
I-dabigatran 0.89 0.82
UI-apixaban 0.52 0.53
I-apixaban 0.51 0.52

UI-VKA 0.46 0.47
UI-rivaroxaban 0.36 0.41

UI-edoxaban 0.33 0.30
I-VKA 0.00 0.00

SUCRA, surface under the cumulative ranking; UI, uninterrupted; I, interrupted; VKA, vitamin-K antagonist.
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Figure 4. Forest plot for the composite of primary outcomes for each anticoagulant regimen. OR,
odds ratio; CI, confidence interval; VKA, vitamin-K antagonist; UI, uninterrupted; I, interrupted;
Dab, dabigatran; Api, apixaban; Riv, rivaroxaban; Edo, edoxaban.

4. Discussion

In this study, we compared uninterrupted or interrupted DOAC administration with
uninterrupted or interrupted VKA administration as periprocedural anticoagulant strate-
gies for patients undergoing AF ablation. The main findings were as follows: (1) the risk of
thromboembolic events among the strategies was exceedingly rare (UI-DOAC: 0.20%, I-
DOAC: 0.20%, and UI-VKA: 0.24%) and not significantly different within strategies, except
for the I-VKA strategy (4.79%); (2) ACE occurred with an incidence of 15–21%; (3) major
bleeding tended to be halved by DOAC compared with UI-VKA administration; (4) minor
bleeding did not differ between DOACs and VKAs, except for I-VKA; and (5) UI-dabigatran
significantly reduced the composite of thromboembolic and major bleeding events.

After the COMPARE trial [36], the UI-VKA strategy has been widely adopted as a
periprocedural anticoagulant strategy for patients undergoing AF ablation. Meanwhile,
there is growing evidence regarding the efficacy and safety of DOACs in patients with
AF [53–56]. Recently, worldwide RCTs have revealed that UI-DOAC may be equivalent
to UI-VKA [39,41,43,44]. Therefore, the latest guidelines classify the UI-DOAC strategy
as a class I recommendation [8,9]. However, I-DOAC is also used as a periprocedural
anticoagulant strategy in clinical practice owing to concerns regarding bleeding complica-
tions [20]. Although the HRS/EHRA/ECAS/APHRS/SOLAECE 2017 expert consensus
statement on CA of AF classified the I-DOAC strategy as a class IIa recommendation [9],
RCTs published after 2017 have demonstrated that there were no significant differences
between the UI-DOAC and I-DOAC for the prevention of thromboembolic and major
bleeding complications [46–51].

Thromboembolism is the most notable complication of CA for AF. The occurrence
of periprocedural stroke or TIA was reported to be 0.1–0.6% in the latest guidelines [8].
Herein, both the DOAC and UI-VKA strategies revealed comparable efficacy in preventing
thromboembolic events compared with I-VKA, and there were no significant differences
among them. Therefore, an uninterrupted anticoagulant strategy is usually favorable, but
an interrupted DOAC administration is feasible for the prevention of thromboembolism.

The safety of anticoagulants during periprocedural management must be carefully
considered. Our NMA revealed a significant reduction in major bleeding complications
with UI-DOAC compared with UI-VKA, consistent with the results of a previous meta-
analysis [18]. The mechanism of reduction may be related to the type of anticoagulant
(thrombin or factor Xa inhibitor) and a shorter half-life than warfarin. However, a recent
meta-analysis showed no significant differences between UI-DOAC and UI-VKA [19]. In
the sensitivity analysis, which excluded individual studies, we could not identify the
robustness of UI-DOAC for significant reduction of major bleeding without each of the
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10 studies in Table S5b. However, the estimated ORs with both DOAC strategies tended to
carry a lower risk of major bleeding; thus, they may be safer alternatives to UI-VKA.

The ACE associated with CA for AF is relatively common and reported in 0–12.5% of
UI-DOAC, 15.0–35.7% of I-DOAC, and 8.7–18.6% of UI-VKA cases [57–59]. In a previous
meta-analysis, UI-DOAC significantly reduced the occurrence of ACE compared to I-
DOAC [60]. In our review, similar ACE incidence rates were observed (UI-DOAC, 16.0%;
I-DOAC, 20.7%; and UI-VKA, 15.4%), but we were unable to identify a significant reduction
with UI-DOAC. Although ACE is classified as a complication of unknown significance
in the current guidelines [8], it may be associated with the risk of dementia, cognitive
impairment, and future stroke [61,62]. Nakamura et al. reported ACE detected post CA
on follow-up MRI disappeared in 79.8% of cases [48]. The remaining 20.2% may develop
chronic infarcts due to debris dislodging, air embolism, or small thrombosis [63,64]. The
significance of ACE remains unclear, but a continuous anticoagulant strategy is feasible as
a periprocedural treatment for ACE prevention.

We set another network with each anticoagulant regimen as a subgroup analysis
and found that UI-dabigatran could significantly reduce the composite of the primary
outcomes. Since UI-dabigatran did not influence significantly for thromboembolic events in
Table S6b, the reduction of major bleeding complications can lead to this result. Although
the DOACs included apixaban, dabigatran, edoxaban, and rivaroxaban, dabigatran is
a thrombin inhibitor, while the others are factor Xa inhibitors. Dabigatran can extend
the activated thromboplastin time, activated coagulation time (ACT), and thrombin time
to a greater extent than factor Xa inhibitors [8]. Recent RCTs that compared UI-DOAC
and UI-VKA revealed that the total amount of unfractionated heparin (UFH) during AF
ablation increased, owing to the use of factor Xa inhibitors (apixaban, 156% [40]; edoxaban,
124% [44]; and rivaroxaban, 133% [39,42]) compared with thrombin inhibitors (dabigatran,
104% [41]), and the mean ACT was lower with factor Xa inhibitors than with thrombin
inhibitors (307 vs. 330 s). This previously reported finding [65] may contribute to the
increased risk of major bleeding. Martin et al. reported that ACT was strongly correlated
with the prothrombin time-international normalized ratio and dabigatran concentration,
but not with factor Xa inhibitor concentration [66]. Moreover, only dabigatran was parallel
with VKA in the UFH dose–response curves. In contrast, factor Xa inhibitors had a smaller
effect on ACT prolongation in response to heparin. The target ACT at 300 s is supported by
robust evidence for controlling the thromboembolic and bleeding risks, but this evidence
depends on VKA and UFH management [67]. Consequently, dabigatran is the optimal
periprocedural anticoagulant for ACT monitoring during AF ablation.

As DOACs have become the practical standard for periprocedural anticoagulant
strategies, the management of major bleeding is more important. Idarucizumab, a specific
reversal agent for dabigatran, is now available worldwide [68]. In contrast, andexanet alfa,
a specific reversal agent for factor Xa inhibitors, is only available in some countries [69].
Therefore, UI-dabigatran allows an option to manage complications if emergency bleeding
occurs anywhere in the world.

Although NMA can assess the relative effectiveness of different strategies, our study
has limitations. A primary limitation is that this NMA was based on study-level rather than
patient-level data, which would considerably weaken the comparison validity. Second,
differentiations of bleeding criteria, the usage of protamine and intracardiac echocardiogra-
phy (ICE), lengths of follow-up, and methods of measuring ACE with MRI may contribute
to heterogeneity and potentially affect the interpretation of the results. In particular, the
number of participants who underwent MRI was limited in three RCTs. Further studies are
needed to determine the significance of the optimal anticoagulant strategy for ACE. Addi-
tionally, the usage of protamine after the ablation procedure, and ICE during transseptal
puncture, can prevent bleeding events. However, there were few studies to report those
applications, and this can influence bleeding outcomes. Since four studies that investigated
DOACs were not randomized into individual anticoagulants, a pooled comparison of a
specific regimen in NMA could not be performed, and this weakened the interpretation
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of the results. Moreover, some regimens lacked data and were dependent on one study
because of the limited number of RCTs. As RCTs of I-DOAC were mainly conducted in
Japan, their results may involve regional bias.

5. Conclusions

In patients undergoing AF ablation, both DOAC strategies were associated with a
lower incidence of major bleeding and had a similar effect on the prevention of thromboem-
bolic events and minor bleeding compared with the UI-VKA strategy, whereas the I-VKA
strategy should generally be avoided. Continuous DOAC and VKA administration was
associated with a lower incidence of ACE. Therefore, UI-DOAC is the preferable alternative
to UI-VKA. Although further data on the outcomes of patients receiving UI-dabigatran
are needed for definitive conclusions, our results support the use of UI-dabigatran as the
optimal periprocedural anticoagulant for ACT monitoring during AF ablation.
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Abstract: Background: Childhood obesity is linked to adverse cardiovascular outcomes in adulthood.
This study aimed to assess the impact of childhood obesity on the vasculature and to investigate
whether vascular alteration precedes arterial wall thickening in childhood. Methods: A total of
295 overweight (body mass index [BMI] 85th to 95th percentile, n = 30) and obese (BMI ≥ 95th
percentile, n = 234) children aged 7–17 years and 31 normal-weight controls with similar age and
gender were prospectively recruited. We assessed anthropometric data and laboratory findings, and
measured the carotid intima–media thickness (IMT), carotid artery (CA) diameter, M-mode-derived
arterial stiffness indices, and velocity vector imaging parameters, including the CA area, fractional
area change, circumferential strain, and circumferential strain rate (SR). Results: The mean ± standard
deviation age of the participants was 10.8 ± 2.1 years; 172 (58%) children were male. Regarding
structural properties, there was no difference in the IMT between the three groups. The CA diameter
was significantly increased in obese children, whereas the CA area showed a significant increase
beginning in the overweight stage. Regarding functional properties, contrary to β stiffness and
Young’s elastic modulus, which were not different between the three groups, the circumferential SR
showed a significant decrease beginning in the overweight stage and was independently associated
with BMI z-scores after adjusting for covariates. Conclusion: We have demonstrated that arterial
stiffening and arterial enlargement precede arterial wall thickening, and that these vascular alterations
begin at the overweight stage in middle childhood or early adolescence.

Keywords: obesity; childhood; vascular; stiffness

1. Introduction

Obesity leads to increased arterial stiffening and increased intima–media thickness
(IMT), both of which have been linked to a pathological cascade of cardiovascular (CV)
diseases [1]. Recently, childhood obesity has become a public health problem worldwide;
its prevalence among children has been increasing due to a sedentary lifestyle and fast-food
consumption [2]. As obese children are not only more likely to become obese adults but also
have an increased risk of developing hypertension, dyslipidemia, type 2 diabetes mellitus,
and future CV disease, childhood obesity will eventually be one of the most serious global
health issues [3,4]. Large epidemiological studies have reported that childhood obesity
is linked to adverse vascular alterations in adulthood [5–7]. Although the association
between obesity and vascular alteration has been extensively investigated in adulthood,
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limited data exist on its impact on the vasculature in childhood. As surrogate markers of
vascular alteration, both the IMT and arterial stiffness are known as independent predictors
of future CV morbidity and mortality in adults, respectively [8]. However, in childhood,
previous studies regarding the impact of obesity on IMT and arterial stiffness have yielded
conflicting results, and not all studies have shown higher IMT and arterial stiffness in obese
children [9–15]. Using the velocity vector imaging (VVI) technique to assess instantaneous
vascular deformation, we previously quantified vascular alterations with aging [16] and
demonstrated that the carotid artery (CA) could undergo functional alteration before the
IMT increases in patients with hypertension [17]. In this study, we assessed vascular
alterations using VVI in overweight and obese children and compared them to normal-
weight children and sought to determine whether vascular alterations could be observed
before arterial wall thickening in overweight and obese children.

2. Materials and Methods

2.1. Study Subjects

A total of 295 overweight (n = 30) and obese (n = 234) children aged 7–17 years
(154 boys and 110 girls) and 31 sex- and age-matched normal-weight controls were prospec-
tively recruited for the Intervention for Childhood and Adolescents Obesity via Activity
and Nutrition (ICAAN) study through newspapers, broadcasts, posters, websites, and
other social networking services. Overweight was defined as a BMI ≥ 85th percentile
and <95th percentile for age- and sex-specific BMI according to the 2007 Korean National
Growth Charts, while obesity was defined as a BMI ≥ 95th percentile for age and sex or
a BMI ≥ 25 kg/m2 [18,19]. This study was conducted according to the guidelines of the
Declaration of Helsinki, and the study protocol was approved by the local ethics committee.
Written informed consent was obtained from all participants and their parents or caregivers.

2.2. Anthropometric Data

Body weight was measured after a 10 h fast and voiding, with the participants barefoot
and wearing indoor and lightweight clothing. Height was measured by a stadiometer
(DS-103, DongSahn Jenix, Seoul, Korea) while the participants were barefoot. BMI was
calculated (weight [kg]/height [m]2) and converted into percentiles and z-scores based on
the age- and sex-specific BMI of the 2007 Korean National Growth Charts [18].

2.3. Laboratory Test

Venous blood samples were obtained after 12 hours of fasting to determine the fasting
plasma glucose (FPG), fasting plasma insulin, high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), triglyceride (TG), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and high-sensitivity C-reactive protein (hsCRP).
FPG was measured using ultraviolet assay with hexokinase (Cobas 8000 C702, Roche,
Mannheim, Germany). Insulin was measured using electrochemiluminescence immunoas-
say (Cobas 8000 e802, Roche, Mannheim, Germany). HDL-C and LDL-C were measured
using a homogeneous enzymatic colorimetric test (Cobas 8000 C702, Roche, Mannheim,
Germany). TG, AST, and ALT were measured using enzymatic assay (Cobas 8000 C702,
Roche, Mannheim, Germany). hsCRP was measured using turbidimetric immunoassay
(Cobas 8000 C702, Roche, Mannheim, Germany). The homeostasis model assessment for
insulin resistance (HOMA-IR) was used to determine insulin sensitivity, and was calcu-
lated using the following formula: (FPG Level (mg/dL) × Fasting Plasma Insulin Level
(uU/mL))/405. Adiponectin was measured using enzyme-linked immunosorbent assay
(VersaMax ELISA Microplate Reader, Molecular Devices, San Jose, CA, USA).

2.4. Carotid Ultrasound and Vascular Parameters

Carotid ultrasound studies were performed by a single registered vascular technologist
(S.H.P) who was blinded to the subject group assignment using a high-resolution B-mode
ultrasound (Acuson Sequoia 512, Siemens Acuson, Mountain View, CA, USA) equipped
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with an 8 MHz linear-array transducer. Data were stored as digital cineloops for subsequent
offline analysis, and a single experienced reader (S.A.K.) who was blinded to the subject’s
clinical status performed all measurements. The mean IMT was calculated as the average
of three consecutive manual measurements at the far wall of the CA 1 cm proximal to the
carotid bulb of both common carotid arteries (CCA) from leading edge (lumen–intima) to
leading edge (media-adventitia) during end diastole. The average end-diastolic diameter
(Dd, CA diameter) and peak systolic internal diameters (Ds) were assessed in three cycles
as the distance between the intima–lumen interface at the near wall and the lumen–intima
interface at the far wall of both CCAs (1 cm proximal to the beginning of the carotid bulb).
The M-mode-derived CA stiffness indices were derived according to the following formula:
β stiffness was determined as ln (Ps/Pd)/((Ds − Dd)/Dd) [20], where Ps and Pd are
systolic and diastolic blood pressures. Young’s elastic modulus (YEM) in 102 × kPa/mm
was calculated as [[Ps − Pd]/(Ds − Dd)] × (Dd/cIMT) [21]. Transverse images of both
CCAs (1 cm proximal to the carotid bulb) were stored using acoustic capture for offline
analysis with the VVI workstation (Syngo®, US Workplace, Siemens, Mountain View,
CA, USA). VVI fundamentally uses a two-dimensional speckle-tracking method from
which the blood–tissue border was traced manually over one frame of a cineloop and
wherein the ultrasonic speckles automatically tracked vessel wall motion by dividing it
into six segments.

VVI provides instantaneous quantitative measurements of vessel deformation through-
out the cardiac cycle, including circumferential vessel area, fractional area change (FAC),
circumferential strain and strain rate (SR). CA area was defined as minimal vessel area dur-
ing the cardiac cycle and FAC was calculated by measuring the percent changes of the CA
area [(maximal area) − (minimal area)/(minimal area)] × 100 (%). Circumferential strain
(ε) represents the percent change (%) in length along the circumferential axis of CA and
circumferential SR represents the temporal derivative of strain and describes the temporal
change in strain (dε/dt, 1/s), producing a positive value in systole and a negative value in
diastole. All CA measurements on both sides were averaged to obtain the mean values.

2.5. Statistical Analysis

Data are expressed as the mean ± standard deviation (SD) or as percentages. We
compared the means of each continuous variable in the subject groups by one-way factorial
analysis of variance with the post hoc test (Tukey). Analysis of covariance using the Bonfer-
roni post hoc test was used to test the differences in the vascular parameters between the
three groups while adjusting for covariates, such as age, sex, height, mean blood pressure,
low-density lipoprotein (LDL)-cholesterol level, and homeostasis model assessment for
insulin resistance (HOMA-IR). Multiple linear regression fit of the circumferential SR on
the BMI z-score was generated by considering the effects of other covariates. All statistical
analyses were performed using SPSS 24.0 (IBM Corp., Chicago, IL, USA) an open-source
statistical package R version 3.6.3 (R Project for Statistical Computing, Vienna, Austria).
Statistical significance was defined as p < 0.05.

3. Results

Overall, the mean ± SD age of all participants was 10.8 ± 2.1 years; 172 (58%) children
were male. Table 1 presents the baseline characteristics of the study population and
statistical differences between the groups.

Obese children had higher blood pressures, HOMA-IR, hsCRP, and LDL cholesterol
levels and lower serum adiponectin levels than overweight and normal-weight children.
Meanwhile, overweight children had higher levels of HOMA-IR compared to normal-
weight children, although there were no differences in other variables between the groups.

In the structural evaluation of the CA (Table 2), there was no difference in IMT among
the three groups (p > 0.05).
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Table 1. Baseline characteristics.

Normal Weight Over Weight Obese p Value

Age, year 10.5 ± 2.4 10.5 ± 2.0 10.8 ± 2.1 0.685
Male, % 58 53 59 0.840
Height, cm 143 ± 13 145 ± 10 152 ± 12 **,‡ <0.001
Weight, kg 38.2 ± 11.8 49.9 ± 10.2 ** 68.7 ± 18.1 **,‡ <0.001
BMI, kg/m2 18.0 ± 2.4 23.3 ± 1.8 ** 28.9 ± 4.1 **,‡ <0.001
BMI z-score −0.13 ± 0.76 1.45 ± 0.17 ** 2.38 ± 0.44 **,‡ <0.001
WC, cm 60.0 ± 7.3 74.7 ± 7.2 ** 89.3 ± 10.6 **,‡ <0.001
HC, cm 78.3 ± 7.9 87.0 ± 6.7 ** 98.3 ± 10.4 **,‡ <0.001
Systolic BP,
mmHg 104 ± 11 107 ± 8.7 114 ± 9.6 **,‡ <0.001

Diastolic BP,
mmHg 60 ± 6.0 63 ± 6.0 65 ± 8.0 ** 0.003

Mean BP, mmHg 75 ± 6.8 78 ± 5.8 82 ± 7.5 **,† <0.001
Heart rate, bpm 80 ± 11 79 ± 10 80 ± 12 0.909
Hemoglobin,
mg/dL 13.9 ± 0.9 13.9 ± 0.8 13.7 ± 0.8 0.477

Creatinine,
mg/dL 0.55 ± 0.13 0.53 ± 0.06 0.54 ± 0.10 0.729

Glucose, mg/dL 82 ± 10 86 ± 9.9 88 ± 7.6 ** 0.001
AST, IU/L 27 ± 23 23 ± 8.5 27 ± 18 0.446
ALT, IU/L 16 ± 18 21 ± 21 37 ± 40 * 0.003
HOMA-IR 1.35 ± 0.75 2.89 ± 1.80 ** 4.80 ± 2.79 **,‡ <0.001
hsCRP, mg/dL 0.47 ± 0.31 0.94 ± 0.83 2.17 ± 2.11 **,‡ <0.001
TG, mg/dL 78 ± 38 104 ± 51 114 ± 56 ** 0.002
HDL-C, mg/dL 60 ± 13 56 ± 14 49 ± 11 **,‡ <0001
LDL-C, mg/dL 94 ± 20 105 ± 23 110 ± 25 ** 0.003
Adiponectin,
ug/mL 10.2 ± 4.0 9.4 ± 4.1 8.4 ± 3.2 ** 0.012

* vs. normal < 0.05; ** vs. normal, <0.01; † vs. overweight < 0.05; ‡ vs. overweight < 0.01. BMI, body mass
index; WC, waist circumference; HC, hip circumference; BP, blood pressure; AST, aspartate aminotransferase;
ALT, alanine aminotransferase; HOMA-IR, homeostasis model assessment for insulin resistance; hsCRP, high-
sensitivity C-reactive protein; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol.

Table 2. Structural and functional characteristics of the carotid artery.

Normal Weight Over Weight Obese p Value

M-mode-derived parameters

Mean IMT, mm 0.44 ± 0.04 0.45 ± 0.05 0.45 ± 0.06 0.277
CA diameter, mm 5.05 ± 0.49 5.16 ± 0.51 5.58 ± 0.53 **,‡ <0.001
ß stiffness 4.15 ± 1.30 4.13 ± 1.77 4.53 ± 3.77 0.735
YEM, 102 × kPa/mm 5.45 ± 1.65 5.51 ± 2.44 6.34 ± 5.05 ‡ 0.443

VVI parameters

CA area, mm2 30.3 ± 5.0 34.0 ± 5.1 * 35.0 ± 5.6 ** <0.001
FAC, % 19.1 ± 4.2 17.9 ± 3.3 17.0 ± 3.6 ** 0.007
Circumferential strain, % 6.50 ± 2.45 5.74 ± 1.64 5.67 ± 1.94 0.090
Circumferential SR, 1/s 0.68 ± 0.24 0.51 ± 0.21 ** 0.44 ± 0.18 ** <0.001

* vs. normal < 0.05; ** vs. normal, <0.01; ‡ vs. overweight < 0.01. IMT, intima–media thickness; CA, carotid artery;
YEM, Young’s elastic modulus; VVI, velocity vector imaging; FAC, fractional area change; SR, strain rate.

The CA diameter in obese children was distinctly larger than that in normal-weight
and overweight children, and there was no difference in the CA diameter between normal-
weight and overweight children. Meanwhile, the CA area began to increase from the
overweight stage. The CA of overweight children was significantly larger than that of
normal-weight children but did not differ from obese children. Regarding the functional
parameters of vascular elastic properties, M-mode-derived stiffness indices, such as β
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stiffness and YEM, were not significantly different among the three groups (p > 0.05).
Meanwhile, the circumferential SR showed a significant decrease from the overweight stage
(0.68 ± 0.24 1/s in normal-weight vs. 0.51 ± 0.21 1/s in overweight children, p = 0.002).

Figure 1 shows an example of VVI analysis in normal-weight (A), overweight (B) and
obese children (C), respectively. As the BMI level increases, CA area gradually increases and
both FAC and circumferential SR decrease in comparison with those of normal-weight children.

Figure 1. Velocity vector imaging analysis in normal-weight (A), overweight (B) and obese children
(C). The red arrow points to maximal CA area and the black arrow points to minimal CA area during
the cardiac cycle. CA area refers to minimal CA area (black arrow) and FAC was calculated by measur-
ing the percent changes of the CA area [(maximal area) − (minimal area)/(minimal area)] × 100 (%).
CSR refers to average value of peak CSRs of six segments during the systole. Compared to normal-
weight children (A), overweight (B) and obese (C) children show an increase in CA area and a
decrease in FAC and CSR. CA, carotid artery; FAC, fractional area change; CSR, circumferential
strain rate.

In addition, when we compared the M-mode-derived parameters and VVI parame-
ters between the groups after adjusting for age, sex, height, mean blood pressure, LDL
cholesterol level, and HOMA-IR, respectively (Figure 2), the CA area and circumferential
SR still showed significant changes beginning in the overweight stage in middle childhood
or early adolescence.

Additionally, the circumferential SR showed a negative association with the BMI
z-score, a linear estimate of obesity; this association remained significant after adjustment
of covariates in the multiple linear regression analysis (adjusted R2 = 0.256, p < 0.001,
Figure 3).
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Figure 2. Comparison of M-mode-derived parameters and VVI parameters between the groups
after adjusting for covariates including age, sex, height, mean blood pressure, LDL cholesterol
and HOMA-IR. (A) M-mode-derived parameters; (B) VVI parameters. ** vs. normal, <0.01; ‡ vs.
overweight < 0.01. CA, carotid artery; IMT, intima–media thickness; FAC, fractional area change; SR,
strain rate; VVI, velocity vector imaging.

Figure 3. Multiple linear regression fit of the circumferential SR on the BMI z-score. SR, strain rate;
BMI, body mass index.

4. Discussion

In this study, we demonstrated that even in childhood, arterial stiffening and en-
largement, which occur in the overweight stage, precede arterial wall thickening. The
circumferential SR, as a sensitive marker of arterial stiffness, significantly decreased in the
early stages of obesity and showed a negative linear association with BMI z-score even
after adjusting for covariates. Our results emphasize that interventions against childhood
obesity should be initiated early to prevent the induction and irreversible progression of
obesity-induced vascular complications.

The IMT is an established structural marker of subclinical arteriosclerosis [9,22].
Many studies in adults have demonstrated that obesity is independently associated with
an increase in IMT [23–25]. Moreover, large longitudinal cohort studies have shown
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that childhood adiposity correlates with an increase in IMT later in adulthood [26,27].
However, some studies have reported the lack of association between BMI and IMT in
childhood [9,11,28–33]. In middle childhood (mean age, 10 years; <12 years), BMI is not
associated with IMT in obese and normal-weight children [11,28–30], whereas in adoles-
cents (mean age, >12 years), BMI is positively associated with IMT [31–33]. This suggests
that arterial wall damage begins later in childhood or in adolescence. Our results are also
in line with those of previous reports of children aged 8–12 years that did not show a
difference in the IMT between obese and normal-weight subjects [11,28–30]. Moreover, this
study including overweight children, who were greater in number than obese children,
showed that the IMTs in overweight and obese children were not different to those of
normal-weight children, which suggests that the thickening of the arterial wall is limited
by time in childhood obesity. In contrast, several studies with similar degree of obesity, age,
and gender to this population have reported an increase in IMT in obese children compared
with lean children [9,12,34]. These conflicting reports could be due to the differences in
exposure duration to obesity, sample size, and racial and/or ethnic characteristics between
studies [35,36]. Another possible explanation is that BMI or adiposity itself has no direct as-
sociation with IMT, and that its effects are instead manifested through CV risk factors, such
as age, hypertension, type 2 diabetes mellitus, and other metabolic complications [36,37]. It
is also fundamentally linked to exposure duration to obesity.

In this study, we verified that arterial stiffening precedes wall thickening, and that
arterial damage begins at the overweight stage in middle childhood or early adolescence.
Although longitudinal processes linking obesity to vascular alteration are not fully un-
derstood, it is known that long-term exposure to hemodynamic stimuli and metabolic
disturbance caused by obesity augments the arterial impedance and afterload of the heart,
which eventually leads to an increase in CV morbidity and mortality [38]. In this study,
overweight children showed higher insulin resistance than normal-weight children de-
spite the comparable blood pressures and laboratory findings. Although the role of this
metabolic disturbance in the process of arteriosclerosis remains unclear, abnormal glucose
metabolism is associated with the accumulation of advanced end-glycation products that
lead to arterial stiffening [39]. To assess arterial stiffness, we measured the instantaneous
vessel deformational parameters (FAC, circumferential strain, and circumferential SR) using
VVI as well as conventional M-mode-derived elastic moduli as β stiffness and YEM.

Although the M-mode-derived stiffness indices did not show any difference among
the three groups, and the FAC and circumferential strain of overweight children were
not significantly different from those of normal-weight children, only circumferential SR
has proven its ability to independently confirm early vascular damage that began at the
overweight stage and it showed a negative linear association with BMI z-score even after
adjusting for covariates. M-mode derived stiffness indices as β-stiffness and YEM are
calculated from CA diameter and blood pressures measured at peripheral artery. When
interpreting the results, we should consider the facts that pulse pressure amplification may
differ with obesity [40] and there is a time difference between the measurements of blood
pressures and arterial diameter in pressure-related variables. These limitations may have
affected the findings in this study.

Considering that the circumferential SR is the time rate of instantaneous circumferen-
tial deformation, it would have been a suitable indicator to reflect subtle vascular changes in
these relatively healthy children, although the exact mechanisms cannot be clarified. Addi-
tionally, our results revealed the limitations of the M-mode-derived stiffness indices and the
superiority of a two-dimensional approach by speckle tracking that enables instantaneous
vessel wall motion in the entire circumference of vessel wall.

As a marker of structural change, we demonstrated that vessel area increases as
obesity progresses, which is consistent with existing pediatric studies that reported that
arterial diameters increase with obesity [41,42]. An increase in arterial diameter might be
attributed to the fatiguing effects of tensile stress, which lead to fracture of load-bearing
elastin fibers [43,44]. In this study, the CA area, measured by a two-dimensional approach,
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showed a significant increase from the overweight stage. These results reveal that arterial
enlargement and stiffening occur before IMT progression and begin in the overweight stage
in childhood. Considering the four large longitudinal cohort studies wherein people who
were overweight or obese as children but were non-obese as adults had similar CV outcomes
to those of people who were never obese [7], it is plausible that these vascular alterations in
childhood are reversible and preventable through early intervention against obesity.

Our investigation has several limitations, including its cross-sectional observational
study design, which does not allow causal or temporal inferences. A narrow age range in
this population may limit generalizability to later adolescence, wherein the influence of
pubertal development, with changes in body shape and adiposity, cannot be overlooked.
It is unclear how much the duration of exposure to obesity might affect the degree of
structural and functional vascular alterations in this population.

5. Conclusions

In conclusion, we demonstrated that vascular alterations such as arterial enlargement
and arterial stiffening, represented by low circumferential SR, can occur before IMT pro-
gression even in the overweight stage in middle childhood or early adolescence. These
results emphasize the importance of maintaining a normal body weight in childhood and
the necessity of early intervention against childhood obesity to minimize the development
of CV disease in adulthood.
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Abstract: Postprocedural cardiac troponin I (cTnI) elevation commonly occurs in patients undergoing
percutaneous coronary intervention (PCI); however, its prognostic value remains controversial. This
study aimed to investigate the prognostic value of peak postprocedural cTnI in cardiac patients with
or without three-vessel disease (TVD) undergoing complete PCI. A total of 1237 consecutive patients
(77% males, mean age 58 ± 10 years) with normal baseline cTnI levels were enrolled, 439 patients
(77% males, 59 ± 10 years) with TVD, and 798 patients (77% males, 57 ± 10 years) with single-
or double-vessel disease (non-TVD). The primary outcome was the occurrence of major adverse
cardiovascular events (MACE), defined as a composite of non-fatal MI, non-fatal stroke, unplanned
revascularization, re-hospitalization due to heart failure or severe arrhythmias, and all-cause death.
During the median follow-up of 5.3 years, a total of 169 patients (13.7%) developed MACE, including
73 (16.6%) in the TVD group and 96 (12.0%) in the non-TVD group (p = 0.024). After adjustment, the
multivariate Cox analysis showed that hypertension (HR 1.50; 95% CI: 1.01–2.20; p = 0.042), TVD
(HR 1.44; 95% CI: 1.03–2.02; p = 0.033), and cTnI ≥ 70× URL (HR 2.47; 95% CI: 1.28–4.78, p = 0.007)
were independently associated with increased MACE during long-term follow-up. Further subgroup
analyses showed that cTnI ≥ 70× URL was an independent predictor of MACE in TVD patients (HR
3.32, 95% CI: 1.51–7.34, p = 0.003), but not in non-TVD patients (HR 1.01, 95%CI: 0.24–4.32, p = 0.991).
In conclusion, elevation of post-PCI cTnI ≥ 70× URL is independently associated with a high risk of
MACE during long-term follow-up in patients with TVD, but not in those with non-TVD.

Keywords: percutaneous coronary intervention; cardiac troponin; three-vessel disease; prediction

1. Introduction

Cardiac troponin I (cTnI) is a sensitive marker of myocardial damage and necrosis,
and is expressed only in myocardium [1]. Postprocedural cTnI elevation commonly occurs
in patients with coronary heart disease (CAD) undergoing percutaneous coronary interven-
tion (PCI) and may significantly relate to poor outcomes [2,3]. Current expert consensus
states that elevated postoperative troponin is an important marker of procedure-related
myocardial injury, even procedure-related myocardial infarction (MI), and different thresh-
olds of troponin elevation define the degree of injury [4–7]. However, there is controversy
over the predictive value of cTnI for the prognosis of patients undergoing PCI. Several
studies have indicated that postprocedural cTn elevation is valuable for predicting of poor
outcomes [8–13], whereas other studies have shown that it has no impact on prognosis
even if the elevation is extremely high [14,15].

Three-vessel coronary artery disease (TVD) is a severe and complex type of CAD,
defined as a lesion of >50% diameter stenosis (DS) in all three main epicardial coronary
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arteries, including the left anterior descending artery (LAD), the left circumflex artery
(LCX), and the right coronary artery (RCA), with or without left main artery (LM) involve-
ment. Patients with TVD have a higher risk of death and major adverse cardiac events
(MACEs) [16–18]. In the SYNTAX (Synergy Between PCI With Taxus and Cardiac Surgery)
trial, involving patients with TVD or LM, PCI-related myocardial damage was associ-
ated with all-cause mortality. However, this study only used creatine kinase–myocardial
band (CK-MB) as a marker because cTnI was not collected [19]. More recently, studies
on cTnI and post-PCI prognosis have been conducted in patients with acute myocardial
infarction (AMI) [20], LM disease [21], chronic total occlusion (CTO) [22], and diabetes
mellitus (DM) [23] who are undergoing PCI, but there is a lack of studies involving patients
with TVD.

Here, our study focused on the predictive value of postprocedural cTnI for the long-
term prognosis of patients undergoing complete PCI. Furthermore, our study explored
variance in the prognostic performance of postprocedural cTnI between TVD and non-TVD
patients and assessed the impact of different cTnI levels on outcomes in TVD patients.

2. Materials and Methods

2.1. Study Participants

We included consecutive CAD patients with normal preoperative cTnI levels who
successfully underwent complete PCI at the Department of Cardiology, Fuwai Hospital,
Chinese Academy of Medical Science between January 2011 and December 2013, and who
consented for long-term follow-up. The inclusion criteria were as follows: (1) age <75 years;
(2) acute coronary syndrome (ACS) or stable CAD with an indication for PCI; and (3) under-
going complete revascularization (CR). CR was defined by a combination of the operator’s
judgments of a patient’s coronary angiography lesions and clinical manifestations (some
patients had positive results in non-invasive examinations). TVD-CR was defined by the
presence of >50% DS in the three coronary arteries (LAD, LCX, RCA), and the operator
completed the revascularization treatment of lesions with interventional indications (i.e.,
segments >2.0 mm in diameter with ≥75% DS). The exclusion criteria were as follows: (1)
the absence of postoperative cTnI measurements; (2) coronary stenosis with <50% DS in
the main epicardial coronary arteries; (3) the presence of LM stenosis with >50% DS; (4)
the presence of chronic total occlusion (CTO); (5) severe liver and kidney dysfunction; (6)
combined cardiomyopathy or malignancies; (7) a left ventricular ejection fraction (LVEF) of
<35%; (8) previous aorto-coronary bypass grafting surgery (CABG); and (9) the presence of
valvular heart disease.

Baseline patient demographics, clinical and laboratory examinations, procedural
characteristics, and medication at discharge were prospectively collected in a designed
database by independent researchers. Risk factors, such as diabetes and hypertension, were
determined based on medical record system queries or questionnaires. An echocardiogram
was performed at the time of admission. This study was approved by the Fuwai Hospital
Ethics Committee and was conducted in accordance with the Declaration of Helsinki. All
participants provided written informed consent.

2.2. Procedural and Biomarker Assessment

PCI was performed by experienced interventionists according to standard clinical
practices. The choice of PCI technique and stent type was at the discretion of the operators.
Prior to PCI procedures, dual antiplatelet therapy (DAPT) was administered and continued
for at least one year, according to AHA/ACC and ESC recommendations at the time of the
index procedure [24–27]. Sufficient doses of dual antiplatelet medicines were administered
before PCI procedures, and thereafter dual antiplatelet medicines were administered for at
least 1 year.

Blood samples were routinely collected for cTnI testing before angiography (baseline
cTnI level), within 8–24 h after PCI, and every morning thereafter during hospitalization.
The patients’ plasmid lipid profile, hemoglobin, and N-terminal pro-brain natriuretic
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peptide (NT-proBNP) levels were analyzed at the central chemistry laboratory. Standard
cTnI levels were detected using a commercial chemiluminescence method through the
Beckman Coulter (Brea, CA, USA) access immunoassay system and were normalized to the
upper reference limit (URL). Patients with cTnI under 0.04 ng/mL (99th centile URL) were
assessed as normal, as determined by the manufactures.

2.3. Follow-Up and Clinical Outcomes

Clinical follow-up information was collected from the patients’ medical records on
subsequent visits and from routine telephone or message-based surveys by research staff
who were blinded to this study. All events were adjudicated by independent medical
personnel who were not involved in the PCI procedure. The endpoint of interest was the
occurrence of major adverse cardiovascular events (MACEs), defined as a composite of
non-fatal MI, non-fatal stroke, unplanned revascularization, re-hospitalization due to heart
failure or severe arrhythmias, and all-cause death.

2.4. Statistical Methods

Statistical analyses were performed using R version 4.1.1 (R Foundation for Statistical
Computing, Vienna, Austria). The Shapiro–Wilk test was used to examine the normality of
continuous variables. Data are reported as mean ± standard deviation (X ± SD) or median
(interquartile range) for normal and non-normally distributed continuous variables, and as
counts with percentages [n, (%)] for categorical variables. Differences between continuous
variables were analyzed using the Student’s unpaired t-test or Wilcoxon rank sum tests as
appropriate, whereas differences between categorical variables were analyzed using the
Chi-squared or Fischer’s exact test depending on the size of the group.

The cumulative event-free survival data are presented graphically using the Kaplan–
Meier method, and the differences among prespecified commonly used cTnI interval groups
(<1×, 1–5×, 5–69×, and ≥70× URL) were compared using log-rank tests. Univariate
and multivariate Cox regression analyses were used to investigate the impacts of the
variables on long-term MACEs after PCI, with hazard ratios (HRs) and 95% confidence
intervals (CIs). Age, sex, hypertension, DM, systolic blood pressure, LVEF, hemoglobin,
and NT-proBNP were included in the adjusted models. Furthermore, the risk of MACEs
in response to high cTnI levels and TVD and their interactions were tested. Similarly, Cox
proportional hazard models were performed for TVD and non-TVD groups in order to
assess the prognostic value of cTnI. All probability values were two-sided, and p < 0.05 was
considered statistically significant.

3. Results

3.1. Study Population

A total of 1237 patients (77% males, mean age 58 ± 10 years) with normal preoperative
cTnI levels were included in the study. Patients’ baseline clinical characteristics, past history
and comorbidities, laboratory results, and medication at discharge are shown in Table 1,
and are stratified according to the presence or absence of TVD. Among these patients, 439
(35.5%) were diagnosed with TVD, 348 (28.1%) had single-vessel disease and 450 (36.3%)
had double-vessel disease.

Compared to the non-TVD group, the TVD group were older (57 ± 10 vs. 59 ± 10 years,
p = 0.005), had a higher proportion of patients with hypertension (61.6 vs. 68.2%, p = 0.021)
and diabetes (25.5 vs. 33.8%, p = 0.002), and were more often discharged on beta-blockers
(84.4 vs. 88.6%, p = 0.044). Furthermore, the TVD group had a significantly higher level of NT-
proBNP and a significantly lower level of hemoglobin compared to the non-TVD group (555.8
[448.9706.7] vs. 579.75 [454.58,777.82] pg/mL, p = 0.049; 141.22 ± 14.37 vs. 143.09 ± 14.52 g/L,
p = 0.031, respectively).
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Table 1. Characteristics of the study population by the presence or absence of TVD.

Variables All (n = 1237)
Non-TVD Group (n =

798)
TVD Group (n = 439) p Value

Male, n (%) 952 (77.0) 614 (77.0) 338 (77.0) 0.984
Age ± SD, years 58 ± 10 57 ± 10 59 ± 10 0.005

BMI (Q1,Q3), kg/m2 25.6 (23.7,27.7) 25.6 (23.6,27.7) 25.6 (23.9,27.8) 0.323
ACS, n (%) 868 (70.2) 557 (69.8) 311 (70.8) 0.750

Pre-PCI, n (%) 272 (22.0) 183 (23.0) 89 (20.3) 0.280
PAD, n (%) 7 (0.8) 2 (0.4) 5 (1.7) 0.117

Stroke, n (%) 51 (5.98) 30 (5.47) 21 (6. 9) 0.405
Hypertension, n (%) 787 (64.0) 489 (61.6) 298 (68.2) 0.021

Hyperlipidemia, n (%) 944 (76.7) 602 (75.9) 342 (78.1) 0.389
Diabetes mellitus, n (%) 350 (28.4) 202 (25.5) 148 (33.8) 0.002
Smoking history, n (%) 704 (57.2) 441 (55.5) 263 (60.2) 0.115
SBP (Q1,Q3), mmHg 120 (110,130) 120 (110,132) 120 (112,130) 0.496
LVEDD (Q1,Q3), mm 48 (45,50) 47 (45,50) 48 (45,50) 0.191

LVEF (Q1,Q3), % 65 (60,68) 65 (61,68) 64 (60,68) 0.058
TG (Q1,Q3), mmol/L 1.55 (1.13,2.14) 1.55 (1.10,2.14) 1.58 (1.16,2.20) 0.793
TC (Q1,Q3), mmol/L 4.03 (3.39,4.7) 4.02 (3.37,4.67) 4.04 (3.44,4.78) 0.283

HDL-C (Q1,Q3), mmol/L 1.02 (0.87,1.22) 1.02 (0.88,1.23) 1 (0.86,1.21) 0.302
LDL-C (Q1,Q3), mmol/L 2.31(1.80,2.92) 2.29 (1.77,2.88) 2.35 (1.87,2.99) 0.076

Lp(a) (Q1,Q3), mg/L 158.5 (68.18,353.23) 158.1 (63.23,337.25) 159.91 (73.68,363.56) 0.242
Hemoglobin ± SD, g/L 142.43 ± 14.49 143.09 ± 14.52 141.22 ± 14.37 0.031

NT-proBNP (Q1,Q3), pg/ml 561.5 (449.2,735.8) 555.8 (448.9,706.7) 579.75 (454.58,777.82) 0.049
Statins, n (%) 1214 (98.1) 782 (97.9) 432 (98.4) 0.515
Aspirin, n (%) 1233 (99.7) 792 (99.5) 438 (100) 0.336

Clopidogrel, n (%) 1224 (99.1) 787(98.9) 437 (99.5) 0.372
β-blockers, n (%) 1062 (85.9) 673 (84.4) 389 (88.6) 0.044

ACEI, n (%) 370 (30.0) 231 (29.0) 139 (31.7) 0.319
ARB, n (%) 342 (27.8) 208 (26.2) 134 (30.7) 0.089

cTnI < 1× URL, n (%) 499 (40.3) 342 (42.9) 157 (35.8)

0.055
cTnI 1–5× URL, n (%) 392 (31.7) 247 (31.0) 145 (33.0)
cTnI 5–69× URL, n (%) 308 (24.9) 189 (23.7) 119 (27.1)
cTnI ≥ 70× URL, n (%) 38 (3.1) 20 (2.5) 18 (4.1)

MACE, n (%) 169 (13.7) 96 (12.0) 73 (16.6) 0.024
non-fatal MI, n (%) 24 (1.94) 14 (1.75) 10 (2.3) 0.523

non-fatal stroke, n (%) 34 (2.8) 21 (2.6) 13 (3.0) 0.734
unplanned revascularization, n (%) 86 (7.0) 49 (6.1) 37 (8.4) 0.130

re-hospitalization due to heart
failure or severe arrhythmias, n (%) 5 (0.4) 4 (0.5) 1 (0.2) 0.797

all-cause death, n (%) 20 (1.6) 8 (1.0) 12 (2.7) 0.021

Notes: Data are expressed as mean + SD, median (Q1,Q3), or as number (%). TVD, three-vessel disease; BMI,
body mass index; ACS, acute coronary syndrome; Pre-PCI, previous percutaneous coronary intervention; PAD,
peripheral arterial disease; SBP, systolic blood pressure; LVEDD, left ventricular end diastolic diameter; LVEF, left
ventricular ejection fraction; TG, triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; Lp (a), lipoprotein (a); hs-CRP, hypersensitive C-reactive protein;
NT-proBNP, N-terminal pro-B type natriuretic peptide; HbA1c, glycosylated hemoglobin A1 c; ACEI, Angiotensin
converting enzyme inhibitors; ARB, Angiotension II receptor blockers; cTnI, cardiac troponin I; URL, upper
reference limit; MACE, major adverse cardiovascular event.

cTnI elevation above the 1× URL occurred after 59.7% (738/1237) of the total number
of procedures. In comparison with the non-TVD group, the TVD group had a higher
proportion of 1× URL ≤ cTnI < 5× URL (31.0 vs. 33.0%), 5× URL ≤ cTnI < 70× URL
(23.7 vs. 27.1%), and cTnI ≥ 70× URL (2.5 vs. 4.1%), and a lower proportion of cTnI < 1× URL
(42.9 vs. 35.8%). However, the p-value did not reach significance (p = 0.055).

3.2. Outcome Analysis

A total of 169 (13.7%) patients developed MACEs after a median follow-up of 5.3
(4.5–5.5) years. The TVD group developed a significantly higher proportion of MACEs
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(16.6 vs. 12.0%, p = 0.024) and all-cause death (2.7 vs. 1.0%, p = 0.021) compared to the
non-TVD group.

The outcomes of different postoperative peak cTnI levels were explored. Patients
with normal cTnI were considered the control group, whereas patients with elevated cTnI
were divided into three groups (1× URL ≤ cTnI < 5× URL, 5× URL ≤ cTnI < 70× URL,
and cTnI ≥ 70× URL). The relationships between peak postprocedural cTnI levels and
MACEs are shown in Figure 1A. The Kaplan–Meier analysis showed that outcomes differed
according to peak postprocedural cTnI levels, and that cTnI ≥ 70× URL was associated
with 5-year MACEs (log-rank test p = 0.012). Univariate analyses between common clinical
variables and MACEs were performed for the total patient cohort (Table 2). We found that
the following variables had significant univariate associations: age (HR 1.02 [1.01,1.04],
p = 0.005), hypertension (HR 1.56 [1.11,2.19], p = 0.01), diabetes mellitus (HR 1.55 [1.14,2.12],
p = 0.006), TVD (HR 1.42 [1.04,1.92], p = 0.026), NT-proBNP (HR 1.00 [1.00,1.001], p = 0.008),
and cTnI ≥ 70× URL (HR 2.09 [1.11–3.94], p = 0.022). After adjusting for all of the variables
above, Cox multivariate analyses showed that hypertension (HR 1.50 [1.01–2.20], p = 0.042),
TVD (HR 1.44 [1.03–2.02], p = 0.033), and cTnI ≥ 70× URL (HR 2.47 [1.28–4.78], p = 0.007)
were associated with increased MACEs. We further divided the total population according
to TVD and cTnI levels (70× URL) in Table 3. Among the four groups, patients with TVD
and cTnI ≥ 70× URL had the highest risk of experiencing MACEs (50.0%). In the TVD
group, those with cTnI ≥ 70× URL had an increased absolute and relative risk of MACEs
compared to those with cTnI < 70× URL (HR 4.43, 95% CI: 2.13 to 9.24, p < 0.001). In
contrast, the MACE risk difference in the non-TVD group was modest (HR 0.78, 95% CI:
0.19 to 3.20, p = 0.731). Interaction tests between TVD and the postprocedural peak cTnI
level on the 5-year risk of MACE reached the significant cutoff value (p = 0.05). A sensitivity
analysis for the interaction between TVD and cTnI ≥ 70× URL was performed according
to clinical setting (ACS vs non-ACS). In the ACS subgroup (Supplementary Table S1), TVD
patients with cTnI ≥ 70× URL were independently associated with a higher risk of MACE
(HR: 5.30, 95% CI: 2.29–12.25, p < 0.001) (p for interaction = 0.04). However, in the non-ACS
subgroup, the number of events was insufficient to analyze (Supplementary Table S2).

Table 2. Univariate and multivariate predictors of 5-year MACE in the total cohort assessed by Cox
regression analysis.

Variables
Univariate Analysis Multivariate Analysis

HR (95%CI) p Value HR (95%CI) p Value

Age 1.02 (1.01,1.04) 0.005 0.199
Male 0.91 (0.64,1.29) 0.592 0.267
SBP 1.002 (0.992,1.013) 0.627 0.767

LVEF 1.003 (0.981,1.025) 0.802 0.515
Hypertension 1.56 (1.11,2.19) 0.01 1.50 (1.01–2.20) 0.042

Diabetes
mellitus 1.55 (1.14,2.12) 0.006 0.533

TVD 1.42 (1.04,1.92) 0.026 1.44 (1.03–2.02) 0.033
Hemoglobin 0.99 (0.98,1) 0.195 0.736
NT-proBNP 1 (1,1.001) 0.008 0.141

cTnI < 1× URL Ref Ref
1–5× URL 0.80 (0.55–1.15) 0.227 0.406

5–69× URL 0.76 (0.51–1.14) 0.183 0.044
≥70× URL 2.09 (1.11–3.94) 0.022 2.47 (1.28–4.78) 0.007

Notes: SBP, systolic blood pressure; LVEF, left ventricular ejection fraction; TVD, three-vessel disease; cTnI, cardiac
troponin I; URL, upper reference limit.
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Figure 1. Cumulative Kaplan–Meier survival curve analysis of 5-year MACEs in total patients
(A), TVD patients (B), and non-TVD patients (C) according to postprocedural cTnI levels. Notes:
MACEs, major adverse cardiovascular events; cTnI, cardiac troponin I; URL, upper reference limit;
TVD, three-vessel disease; non-TVD, non-three-vessel disease, including single-vessel disease and
double-vessel disease.
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Table 3. Effect modification of TVD on the predictive value of cTnI for 5-year MACE.

cTnI < 70× URL
(<2.8 ng/mL)

cTnI ≥ 70× URL
(≥2.8 ng/mL)

Unadjusted p Value *
for Inter-

action

Adjusted † p Value *
for Inter-

actionTotal Events (%) Total Events (%) HR (95% CI) p Value HR (95% CI) p Value

Non-TVD 778 94 (12.1%) 20 2 (10.0%) 0.89
(0.23–3.60) 0.868 Ref 0.78

(0.19–3.20) 0.731 Ref

TVD 421 64 (15.2%) 18 9 (50.0%) 3.61
(1.80–7.27) <0.001 0.08 4.43

(2.13–9.24) <0.001 0.05

Notes: TVD, three-vessel disease; cTnI, cardiac troponin I; URL, upper reference limit; HR, hazard ratio; CI,
confidence interval; * p value for the interaction test represents the interaction of cTnI level (≥70× URL vs.
<70× URL) and participant group (Non-TVD vs. TVD) on MACE. † Adjusted for age, sex, systolic blood
pressure, left ventricular end-diastolic volume, hypertension, diabetes mellitus, hemoglobin, and NT-proBNP. The
cTnI <70× URL group is the reference group.

We further analyzed prognosis for different cTnI thresholds among TVD and non-TVD
patients. In the TVD cohort, the Kaplan–Meier survival curve showed significantly lower
event-free survival in patients with cTnI ≥ 70× URL compared to patients with normal
postoperative peak cTnI (<1× URL) (log-rank p < 0.001) (Figure 1B). The log-rank test
showed no significant difference for patients with 5× URL ≤ cTnI < 70× URL (p = 0.4) and
1× URL ≤ cTnI < 5× URL (p = 0.1). The multivariate Cox regression analysis, adjustedfor
the covariates discussed above, showed that only cTnI ≥ 70× URL was associated with a
significantly higher rate of MACE during long-term follow-up when compared with the
reference cTnI value (HR 3.32; 95%CI: 1.51–7.34; p = 0.003) (Table 4). However, such an
association was not present for non-TVD patients with any range of post-PCI peak cTnI
(Figure 1C). The Cox regression analysis for a single adverse event showed that unplanned
revascularization had a significantly higher HR in the TVD group with cTnI ≥ 70× URL (HR
4.94, 95%CI: 1.83–13.30, p = 0.002) compared to the reference group (Supplementary Table S3).

Table 4. Univariate and Multivariate Cox analysis of the predictive value of cTnI for 5-year MACE
among TVD and non-TVD patients.

Unadjusted HR
(95% CI)

p Value
Adjusted HR *

(95% CI)
p Value

TVD < 1× URL Reference Reference
1–5× URL 0.64 (0.35–1.16) 0.139 0.61 (0.32–1.15) 0.126

5–69× URL 0.75 (0.41–1.36) 0.349 0.63 (0.33–1.20) 0.163
≥70× URL 2.91 (1.38–6.14) 0.005 3.32 (1.51–7.34) 0.003

Non-TVD < 1× URL Reference Reference
1–5× URL 0.89 (0.56–1.41) 0.622 1.11 (0.67–1.84) 0.682

5–69× URL 0.73 (0.43–1.25) 0.250 0.58 (0.30–1.12) 0.106
≥70× URL 0.80 (0.19–3.29) 0.754 1.01 (0.24–4.32) 0.991

Notes: TVD, three-vessel disease; cTnI, cardiac troponin I; URL, upper reference limit; HR, hazard ratio; CI, confi-
dence interval; * adjusted for age, sex, systolic blood pressure, left ventricular end-diastolic volume, hypertension,
diabetes mellitus, hemoglobin, and NT-proBNP.

4. Discussion

To the best of our knowledge, there have been no previous studies exploring the
prognostic value of elevated cTnI in a population of TVD patients undergoing complete
PCI. This is the first study unveiling the potential prognostic differences of post-PCI cTnI
elevation in patients with and without TVD. In this study examining the predictive value
of post-PCI cTnI for long-term prognosis in patients with or without TVD, the major
findings were: (1) significant elevations in post-PCI peak cTnI levels (cTnI ≥ 70× URL)
were independently associated with an increased risk of long-term MACEs in patients with
TVD, but not in those with non-TVD; and (2) elevations in post-PCI peak cTnI < 70× URL
were not prognostically significant.

Cardiac troponin is widely used in the diagnosis of myocardial injury and is signifi-
cantly associated with increased MACEs and mortality [5,28,29]. The routine assessment
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of cardiac biomarkers 8 to 12 h after PCI is advised, according to the American College
of Cardiology/American Heart Association (ACC/AHA) guidelines for PCI (class II-b
recommendation) [26]. Troponin I elevation frequently occurs in patients undergoing
PCI [14,30]. In our study, the overall percentage of cTnI elevation was 59.7%, and the
incidence was higher in TVD patients (64.2%). As a sensitive and specific biomarker re-
flecting myocardial injury, assessment of cTnI has been commonly recommended to define
procedure-related myocardial injury and periprocedural MI (PMI). The 3rd Universal Def-
inition of Myocardial Infarction (UDMI) identifies cTn as the biomarker used to define
PCI-related MI (type 4a MI), and CK-MB is used only if cTn is unavailable [4]. The 4th
UDMI defines PMI only by troponin levels [5]. Myocardial injury is defined by the stand-
alone detection of postprocedural cTn elevation above the 99th percentile URL [4,5]. The
European Association of Percutaneous Cardiovascular Interventions (EAPCI) proposed
that a >5-fold increase in post-PCI cTn values is a prognostically relevant “major” peripro-
cedural myocardial injury [6]. The definition of type 4a MI is not only based on the same
cutoff threshold (cTn > 5× URL), but also requires at least one clinical correlate, including
ischemic electrocardiogram changes, flow-limiting angiographic complications, and/or
supporting evidence obtained from imaging [5,6]. In contrast, groups of interventional
cardiologists from the Society of Cardiovascular Angiography and Interventions (SCAI)
strongly preferred CK-MB > 10 times the upper limit of normal (ULN, similar to URL)
as a PMI threshold, otherwise cTn > 70× ULN. Based on SCAI, the Academic Research
Consortium-2 (ARC-2) recommended that post-PCI MI be defined as cTn > 35× ULN
with ancillary criteria or cTn > 70× ULN for isolated biomarker elevation [7]. Therefore,
in this study, we set threshold intervals of isolated cTnI elevation (<1× URL, 1–5× URL,
5–70× URL, ≥70× URL) based on expert recommendations for myocardial injury, major
perioperative myocardial injury, and PMI.

Previous research exploring the relationship between post-PCI troponin elevation and
clinical prognosis has produced inconsistent results [14,31,32]. In our study, we found that
13.7% of patients developed MACEs after a median follow-up of 5.3 years. Furthermore,
we found a positive association between large cTnI elevation and MACEs. This result is
in accordance with a meta-analysis conducted by Nienhuis et al., who found that post-PCI
troponin elevation was significantly associated with increased mortality (4.4% vs. 3.3%, p = 0.001;
OR 1.35) and incidence of death or nonfatal MI (8.1% vs. 5.2%, p < 0.001; OR 1.59) [31]. A
recent meta-analysis that pooled all prospective trials (11 studies, 13,932 patients) indicated
that elevated cTnI after elective PCI was associated with an increase in all-cause mortality
compared with non-elevated cTnI (OR 1.42, 95% CI 1.19 to 1.69, p < 0.001), and for every
3 × 99th percentile URL increment of cTnI, the pooled risk of death increased by 33%
(95% CI 1.15 to 1.53, p < 0.001) [32]. In this study, we used the experts’ suggested cutoff
values for the prognostic significance of post-PCI cTnI elevation. As shown in the Kaplan–
Meier survival curves, the event-free survival rate was apparently lower when the post-
PCI cTnI ratio was no less than 70× URL. Similarly, univariate and multivariate Cox
analyses indicated that patients with cTnI ≥ 70× URL were at a significantly higher risk
of experiencing MACEs. For patients with normal cTnI (<99th percentile URL), post-PCI
1× URL ≤ cTnI < 5× URL, and 5× URL ≤ cTnI < 70× URL, we found no difference
in event-free survival among them. In this regard, our study is consistent with a recent
pooled analysis of 4362 elective PCI patients with normal baseline conventional cTn levels.
This pooled analysis found a significant association between subsequent 1-year all-cause
mortality and post-PCI cTn ≥ 70× URL (adjusted OR, 5.97 95% CI 1.65 to 21.59, p = 0.023).
Among a total of 9081 patients (including patients with hs-cTn data), 1-year all-cause
mortality was strongly associated with the lesser threshold of post-PCI cTn elevation (either
hs-cTn or conventional cTn ≥ 5× URL) [33]. Another pooled analysis of 13,452 stable CAD
patients undergoing elective PCI compared 1-year mortality in patients with different cTn
cutoff values (normal, 1 ≤ cTn < 3, 3 ≤ cTn < 5, 5 ≤ cTn < 10, 10 ≤ cTn < 20, 20 ≤ cTn < 35,
35 ≤ cTn < 70, and ≥70 times ULN). Although cTn ≥ 70× ULN was associated with
increased risk of mortality as indicated by the Kaplan–Meier curves, the Cox multivariate
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analysis showed that the mortality rate did not increase, irrespective of any level of cTn
elevation [14]. Discordance may be due to the use of different models for multivariate
analysis, a wider primary end-point and a longer follow-up time in our study, and variance
in the population. Of note, most patients included in this pooled analysis had single-vessel
disease (78%), whereas only 28.2% of the patients in our study had single-vessel disease.

TVD confers higher rates of mortality and an increased risk of MACEs compared
with non-TVD, and is regarded as a severe condition [34,35]. A meta-analysis showed that
complete revascularization for TVD significantly reduced the risk of all-cause mortality
compared to incomplete revascularization [36]. In this study, all patients underwent
complete PCI for clinical benefit, and 439 patients (35.5%) were diagnosed with TVD.
A study by Tsai et al. reported that TVD was an independent predictor for the time-
dependent occurrence of MACEs in patients with elective PCI after a mean follow-up
period of 32 months. The researchers believed that multifactorial occurrence—including
TVD—facilitated the association of stent implantation with MACEs [37]. Similarly, the
results from our multivariate Cox analysis also showed that TVD was associated with a
higher risk of MACEs. Previous studies have reported that the number of target vessels
in PCI play a crucial role in the elevation of cardiac enzymes, and multi-vessel PCI could
increase the risk of sustained periprocedural myocardial injury or PMI [9,38]. In our
population, TVD patients had a higher proportion of post-PCI cTnI elevation. Moreover,
cTnI ≥ 70× URL was also an independent predictor of MACEs. Therefore, we further tested
and confirmed the interaction between TVD and a high post-PCI cTnI cutoff (70 × URL).
We suggest that the effect of TVD should be carefully considered in future prognostic
studies of cardiac biomarkers.

Postprocedural cardiac enzyme elevation was frequently detected after complex PCI
(i.e., CTO, LM, or multivessel PCI), whereas the prognostic impact of cTn remained con-
troversial [13,39]. In this study, we included TVD and non-TVD patients, and found that
postoperative cTnI elevation is an independent prognostic value for long-term prognosis
only in TVD patients as these patients had a significantly higher occurrence of MACEs
when their cTnI levels surpass 70× URL. On the other hand, for non-TVD patients or for
those with mild cTnI elevation, our study suggests that there are no significant adverse
effects on long-term prognosis. Since delayed-enhancement MRI verified the degree of
post-PCI cTnI elevation that correlated directly with the extent of new irreversible myocar-
dial injury [40], patients with higher cTnI elevation were presumed to have more severe
perioperative myocardial necrosis. Thus, we speculated that a large range of PCI-induced
myocardial injury indicated by cTnI ≥ 70× URL, rather than minor necrosis, would pro-
duce a poor prognosis, according to our results. Therefore, the routine measurement of cTnI
may be helpful for risk stratification and for the postprocedural management of patients
undergoing PCI. Increased awareness of the prognostic value of cTn may contribute to the
early detection of high-risk patients and the prevention of postoperative adverse events.
Further large-scale prospective trials are needed to confirm the contribution of post-PCI
elevated cTnI to prognosis in different patients with more clinically relevant variables.

5. Limitations

The present study has several potential limitations. Firstly, we used a single-center,
observational study design which included a relatively low rate of MACEs. This may limit
the power of our analysis and the generalizability of our results. Secondly, although we
attempted to adjust for multiple covariates, data was unavailable for some confounders
(e.g., operative data, postprocedural echo data, and risk scores), which may also affect
the results. Thirdly, the perioperative levels of other biomarkers, such as CK-MB, cardiac
troponin T, and high-sensitivity troponin, were not collected for most patients in our
center, but this complied with the standard practice for elective PCI. Thus, the prognostic
values provided by cardiac biomarkers remains important for future research, and large
prospective trials with more biomarker assessment and hard endpoints (e.g., cardiac death)
are required.
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6. Conclusions

In this observational study, we found the frequent occurrence of cTnI elevation in CAD
patients who underwent complete PCI. Elevation in post-PCI cTnI ≥ 70× 99th percentile
URL is independently associated with a high risk of MACEs during long-term follow-up for
patients with TVD, but not for those with non-TVD. Elevation in post-PCI cTnI < 70 × 99th
percentile URL has no prognostic value regarding the risk of MACEs during follow-up for
both TVD and non-TVD patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm11133896/s1, Table S1: Effect modification of TVD on the predictive value of cTnI for
5-year MACE in ACS patients, Table S2: The effect of TVD on the predictive value of cTnI for 5-year
MACE in non-ACS patients, Table S3: Multivariate Cox analysis of the prognostic value of cTnI for
5-year MACE and single outcomes of the TVD and Non-TVD patients.
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Abstract: We evaluated the clinical significance of the new non-invasive vascular indices to explore
their potential utility using repeated cuff-oscillometric inflation. In 250 consecutive outpatients, we
performed a cross-sectional, retrospective, single-center, observational study to investigate sequential
differences in arterial stiffness using blood pressure, arterial velocity pulse index (AVI), and arterial
pressure volume index (API) with repeated measurements. Males accounted for 62.7% of the patients,
and the mean age was 68.1 ± 12.1 years. The mean systolic blood pressure (SBP) and diastolic
blood pressure (DBP) of the first reading in repeated measurements were 133.07 ± 21.20 mmHg
and 73.94 ± 13.56 mmHg, respectively. The mean AVI and API were 23.83 ± 8.30 and 31.12 ± 7.86,
respectively. In each measurement of these parameters, although DBP and AVI did not show signifi-
cant changes throughout repeated measurements, SBP and API decreased significantly according
to the measurement orders. Furthermore, changes in SBP and API were significantly correlated in
several of the models. In this study, it was concluded that upper-arm SBP decline associated with
repeated cuff-oscillometric inflation was significantly correlated with the arterial stiffness index.
The findings of this study will allow clinicians to easily recognize the progression of atherosclerosis
through regular, routine practice. In conclusion, this study suggests that changes in repeated SBP
measurements may be predictive of arterial stiffness and atherosclerosis.

Keywords: arterial stiffness; atherosclerosis; non-invasive; cuff-oscillometric; repeated measurements;
blood pressure change

1. Introduction

Atherosclerosis is the common result of the advanced progression of diseases based
on diet and exercise in daily life, such as hypertension (HT), diabetes, dyslipidemia (DL),
or lifestyle-related diseases. Consequently, atherosclerosis can lead to fatal cardiovascular
events, and it is necessary to salvage and counteract life-threatening diseases such as acute
myocardial infarction and acute cerebral infarction. Even if fatality can be avoided, it is
a strong limiting factor for healthy life expectancy as it can cause serious sequelae with
disability and result in the need for permanent nursing care [1–3].

To date, the mainstream countermeasures against atherosclerotic events have been
the establishment of a life-saving emergency system that concentrates medical resources
on the disease and its symptoms that develop in an acute catastrophe and the control of
population risk through public and personal hygiene by controlling blood pressure (BP),
blood sugar, and lipids, which are risk factors for the disease. The former requires not only

J. Clin. Med. 2022, 11, 6455. https://doi.org/10.3390/jcm11216455 https://www.mdpi.com/journal/jcm155



J. Clin. Med. 2022, 11, 6455

enormous social costs, including human and medical resources and costs, for unpredictable
lethal events but also poses other challenges, such as regional disparities among nationwide
healthcare services that can and cannot supply them and inappropriate work overload for
healthcare personnel [4,5]. The latter is expected to have a uniform effect with no regional
differences; however, its results for medical care may take a long time to achieve, and there
is also the problem of lack of certainty. Therefore, since atherosclerosis is a disease caused
by an abnormal biological process, its control and suppression require both molecular
and cellular level understanding of its pathogenesis and technological innovations [6].
Current oncology has made substantial progress with a successful inventory of various
molecular target biologics [7]. Additionally, earlier diagnosis and detection of unaware
subclinical atherosclerosis with less invasive clinical devices are necessary to adequately
monitor disease progression, which is necessary for novel drug discovery in these areas [3].

Recent technological innovations have made it possible for us to use the AVE-1500
(Shisei Datum, Tokyo, Japan), which can easily measure indices reflecting arterial stiffness
and central arterial pressure with little physical burden using the cuff-oscillometric method.
The AVE-1500 can measure the arterial pressure volume index (API), an index reflecting
arterial stiffness, and the arterial velocity pulse index (AVI), an index reflecting central
arterial pressure. Several studies have clarified the relationship between these indices and
arterial stiffness [8,9].

HT is one of the most important lifestyle-related diseases that causes atherosclerosis.
Guidelines for the management of HT have been established by various academic societies
worldwide. It is frequently observed that repeated measurement of BP changes its value;
therefore, the guidelines recommend using an average of two or three measurements on a
single occasion [10–12]. Repeated cuff-oscillometric inflation is necessary to measure the
BP two or three times on a single occasion, and it is frequently noted that BP changes were
observed throughout the measurements. Our analyses aimed to reveal the regularity of BP
changes with repeated cuff-oscillometric inflation at BP measurements.

It is unknown how repeated cuff-oscillometric inflations with BP measurement are
related to arterial stiffness and central arterial pressure and how changes to the API and AVI
will be brought about by repeated cuff-oscillometric inflations. Therefore, in the present
study, we evaluated the clinical significance of the new non-invasive vascular indices, AVI
and API, in outpatients with various clinical backgrounds to explore the potential utility of
these two indices by using repeated cuff-oscillometric inflation in actual clinical settings.

2. Materials and Methods

2.1. Study Design and Population

We performed a cross-sectional, retrospective, observational study at the Yokohama
City University Hospital in Japan. The study protocol was registered and approved by
the ethics committee of Yokohama City University Hospital in 2015 (B150701005) with
notifications for guaranteed withdrawal of participants on the website providing means
of “opt-out,” and due to the non-invasive observational study design, we did not request
additional informed consent from the participants.

We used a multifunctional BP monitoring device, AVE-1500 (Shisei Datum, Tokyo, Japan),
to evaluate the AVI and API in 250 consecutive outpatients in the Department of Medical
Science and Cardiorenal Medicine between May 2013 and March 2015. Patients who
had atrial fibrillation were excluded from the study. Medical records were reviewed to
collect data for each patient’s profile, general status, medical history, laboratory data,
and concomitant medications. HT was defined as systolic BP (SBP) of ≥140 mmHg,
diastolic BP (DBP) of ≥90 mmHg, or ongoing medical treatment for HT. DL was defined
as a low-density lipoprotein (LDL) cholesterol level of ≥140 mg/dl, triglyceride level of
≥150 mg/dl, high-density lipoprotein (HDL) cholesterol level of ≤40 mg/dl, or ongoing
medical treatment for DL. Chronic heart failure was defined as a B-type natriuretic peptide
level of ≥40 pg/mL caused by cardiovascular disease. Valvular heart disease was defined as
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valve regurgitation/stenosis of at least a moderate degree. Plasma glucose and triglyceride
levels were measured using casual blood sampling without overnight fasting.

2.2. AVI and API

Both AVI and API are novel arterial indices measurable by a multifunctional BP
monitoring device, AVE-1500 (Shisei Datum, Tokyo, Japan), with cuff-oscillometric-based
technologies. The AVI is an index of the characteristics of the pulse waveform at high cuff
pressures above the maximum BP. Recent findings have revealed that central arterial stiff-
ness and characteristics are strongly reflected in the pulse wave in this pressure region [8,9].
This pulse wave has an increased late systolic waveform and a steeper falling curve there-
after, owing to an increase in the reflected wave due to aging, stiffening, and increased
peripheral resistance. However, the ejection phase is not affected by the reflected wave,
and as a result, the pulse wave amplitude differentiated from the ejection phase increases
only the velocity change during brachial artery diastole (cardiac systole) out of the absolute
value of the bottom of the valley of differentiated waveforms between pulse wave and
time (Vr) and velocity change during brachial artery relaxation (cardiac diastole), and the
value of the pulse waveform characteristics (Vr/first peak of the differentiated waveform
between pulse wave and time (Vf)) become an index that varies with the magnitude of the
reflected wave [13].

The API is an index of arterial pressure–volume characteristics derived from the
arterial volume change resulting from cuff pressure relative to the internal and external
pressure difference (BP–cuff pressure) applied to the arterial wall. Previous studies have
shown that softer vessels show more rapid changes in arterial volume with changes in cuff
pressure and that the degree of the slope of this curve varies primarily with the stiffness
of the vessel’s media and adventitia. API has developed and indexed a method to stably
evaluate the differences in this characteristic [9].

The AVE-1500 (Shisei Datum, Tokyo, Japan) is a newly developed device that can non-
invasively evaluate arterial stiffness and endothelial dysfunction of the central arteries (AVI)
and peripheral arteries (API) using a cuff-oscillometric method in a single BP measurement.
AVI and API were measured using an AVE-1500 with the participants in the supine position.
Finally, the AVE-1500 can evaluate the conventional SBP, DBP, API, AVI, and pulse rate in a
single measurement.

Measurements were taken at least thrice for each participant in a quiet temperature-
controlled room (24.0–26.8 ◦C). The average measurements for API and AVI at the time of
participant enrollment were used for subsequent analyses.

2.3. Statistical Analysis

Data are shown as the mean ± standard deviation for continuous variables and as fre-
quencies and percentages for categorical variables. Analysis for time-series measurements
was compared using repeated measures analysis of variance and Friedman rank sum test,
with additional analysis using the Holm method. Statistical significance was set at p < 0.05.
The relationships between AVI and API and all other variables were analyzed using a linear
regression model and Pearson’s correlation coefficient. Statistical analysis was performed
using R version 4.1.2 (The R Foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Baseline Characteristics

Of the 250 enrolled participants, 236 who met the inclusion criteria and did not have
missing key data were analyzed. The baseline patient characteristics are shown in Table 1.
Of the patients, 62.7% were males, with an overall mean age of 68.1 ± 12.1 years. This study
included 158 patients with HT (67.0%), 48 with diabetes (20.3%), and 109 with DL (46.2%).
The mean creatinine (Cr) and estimated glomerular filtration rate were 0.98 ± 1.01 mg/dl
and 69.26 ± 23.72 mL/min/1.73 m2, respectively. In Table 2, the antihypertensive drugs
were renin–angiotensin system inhibitors (121 patients, 51.3%), calcium-channel antag-
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onists (119 patients, 50.4%), β-blockers (71 patients, 30.1%), and diuretics (54 patients,
22.9%). The mean SBP and DBP of the first measurement were 133.1 ± 21.2 mmHg and
73.9 ± 13.6 mmHg, respectively (Table 3). The mean AVI and API of the first measure-
ment were 23.8 ± 8.3 and 31.1 ± 7.9, respectively. The total number of BP, AVI, and
API measurements was 2452; therefore, an average of 9.89 measurements per person
were performed.

Table 1. Baseline characteristics.

Male
(n = 148)

Female
(n = 88)

Total
(n = 236)

Age (years) 68.0 ± 12.1 68.2 ± 12.1 68.1 ± 12.1

Hypertension (%) 99 (66.9) 59 (67.1) 158 (67.0)

Diabetes (%) 38 (25.7) 10 (11.4) 48 (20.3)

Dyslipidemia (%) 70 (47.3) 39 (44.3) 109 (46.2)

IHD (%) 28 (18.9) 6 (6.8) 34 (14.4)

ASO (%) 11 (7.4) 4 (4.6) 15 (6.4)

VHD (%) 11 (7.4) 10 (11.4) 21 (8.9)

OMI (%) 12 (8.1) 4 (4.6) 16 (6.8)

CHF (%) 20 (13.5) 10 (11.4) 30 (12.7)

Cardiomyopathy (%) 5 (3.4) 4 (4.6) 9 (3.8)

PH (%) 1 (0.7) 3 (3.4) 4 (1.7)

AF (%) 29 (19.6) 7 (8.0) 36 (15.3)

PM/ICD (%) 2 (1.4) 0 (0) 2 (0.85)

COPD (%) 5 (3.4) 0 (0) 5 (2.1)

Smoking

Current (%) 24 (16.2) 7 (8.0) 31 (13.2)

Past (%) 61 (41.2) 6 (6.8) 67 (28.4)

Never (%) 63 (42.6) 75 (85.2) 138 (58.4)

Laboratory data

Creatinine (mg/dL) 1.12 ± 1.20 0.73 ±0.46 0.98 ± 1.01

eGFR (mL/min/1.73 m2) 67.45 ± 21.96 72.43 ± 26.34 69.26 ± 23.72

Uric acid (mg/dL) 5.90 ± 1.46 5.01 ± 1.35 5.58 ± 1.49

Plasma glucose (mg/dL) 130.29 ± 34.35 116.92 ± 32.07 125.84 ± 34.07

HbA1c (%) 6.10 ± 0.84 6.15 ± 1.00 6.11 ± 0.89

CRP (mg/dL) 0.32 ± 0.75 0.49 ± 1.25 0.38 ± 0.96

TG (mg/dL) 143.63 ± 80.09 152.28 ± 95.43 146.49 ± 85.35

HDL-C (mg/dL) 59.10 ± 16.30 66.58 ± 22.38 61.54 ± 18.79

LDL-C (mg/dL) 105.27 ± 34.80 115.47 ± 35.78 108.85 ± 35.38

T-Cho (mg/dL) 181.37 ± 37.64 204.55 ± 44.24 189.29 ± 41.36

BNP (pg/mL) 121.06 ± 230.01 62.6 ± 106.4 99.93 ± 196.27
Data are presented as the mean ± standard deviation or n (%). IHD, ischemic heart disease; ASO, arterioscle-
rosis obliterans; VHD, valvular heart disease; OMI, old myocardial infarction; CHF, chronic heart disease; PH,
pulmonary hypertension; AF, atrial fibrillation; PM/ICD, pacemaker/implantable cardioverter-defibrillator;
COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; HbA1c, glycosylated
hemoglobin; CRP, C-reactive protein; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; T-Cho, total cholesterol; BNP, brain natriuretic peptide.
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Table 2. Medications at baseline.

Male
(n = 148)

Female
(n = 88)

Total
(n = 236)

RAS inhibitors (%) 79 (53.4) 42 (47.7) 121 (51.3)

Ca antagonists (%) 72 (48.7) 47 (53.4) 119 (50.4)

β-blockers (%) 48 (32.4) 23 (26.1) 71 (30.1)

Diuretics (%) 32 (21.6) 22 (25.0) 54 (22.9)

α-blockers (%) 1 (0.7) 1 (1.1) 2 (0.9)

Nitrites (%) 16 (10.8) 8 (9.1) 24 (10.2)

Biguanides (%) 7 (4.7) 3 (3.4) 10 (4.2)

Statins (%) 60 (40.5) 39 (44.3) 99 (42.0)

Bezafibrates (%) 7 (4.7) 2 (2.3) 9 (3.8)

EPA (%) 6 (4.1) 1 (1.1) 7 (3.0)

Ezetimibe (%) 6 (4.1) 3 (3.4) 9 (3.8)

Sulfonylureas (%) 11 (7.4) 1 (1.1) 12 (5.1)

α-glucosidase inhibitors (%) 13 (8.8) 0 (0) 13 (4.3)

Thiazolidine (%) 6 (4.1) 1 (1.1) 7 (3.0)

DPP-4 inhibitors (%) 17 (11.5) 6 (6.8) 23 (9.8)

GLP-1 analogs (%) 2 (1.4) 0 (0) 2 (0.9)

Insulin (%) 8 (5.4) 2 (2.3) 10 (4.2)

Aspirin (%) 46 (31.1) 18 (20.5) 64 (27.1)

Thienopyridine (%) 15 (10.1) 3 (3.4) 18 (7.6)

Cilostazol (%) 6 (4.1) 4 (4.6) 10 (4.2)

Sarpogrelate (%) 1 (0.7) 0 (0) 1 (0.4)

Dipyridamole (%) 0 (0) 0 (0) 0 (0)

Prostaglandin (%) 3 (2.0) 1 (1.1) 4 (1.7)
Data are presented as the mean ± standard deviation or n (%). RAS, renin-angiotensin system; Ca, calcium; EPA,
eicosapentaenoic acid; DPP-4, dipeptidyl-peptidase-4; GLP-1, glucagon-like peptide-1.

Table 3. Measurements of Blood pressure, AVI and API at baseline.

Male
(n = 148)

Female
(n = 88)

Total
(n = 236)

SBP (mmHg) 131.9 ± 19.8 135.2 ± 23.4 133.1 ± 21.2

DBP (mmHg) 75.3 ± 34.4 71.7 ± 14.4 73.9 ± 13.6

AVI 22.9 ± 8.4 25.4 ± 7.9 23.8 ± 8.3

API 29.3 ± 6.9 34.2 ± 8.5 31.1 ± 7.9

Pulse rate (/min) 73.5 ± 12.4 75.2 ± 14.4 74.1 ± 13.2

Measurements of AVI and API

Total number 1545 907 2452

Total visits 300 496 796

Per visit per person 3.02 3.12 3.04
Data are presented as the mean ± standard deviation or n (%). SBP, systolic blood pressure; DBP, diastolic blood
pressure; AVI, arterial velocity pulse index; API, arterial pressure volume index.
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3.2. Changes in BP, API, and AVI with Repeated Measurements

The results of the repeated measurements of BP (SBP/DBP), AVI, and API are shown in
Table 4 and Figure 1. The average of the first SBP measurement in repeated measurements
(SBP01) was 136.6 mmHg, the second (SBP02) was 133.6 mmHg, and the third (SBP03) was
131.9 mmHg. The average of each measurement of DBP, AVI, and API is also shown in
Table 4. In each measurement, although DBP and AVI did not show significant changes
throughout the measurements, SBP and API decreased significantly according to the
measurement orders, as shown in Figure 1.

Table 4. The average of each measurement in repeated measurements.

First Measurement Second Measurement Third Measurement

SBP 136.6± 20.4 133.6 ± 19.8 131.9 ± 18.2

DBP 74.5 ± 13.8 74.0 ± 12.7 73.7 ± 13.0

AVI 23.8 ± 8.2 24.1 ± 7.8 24.2 ± 7.7

API 32.5 ± 8.8 31.1 ± 6.5 30.5 ± 6.4
SBP, systolic blood pressure; DBP, diastolic blood pressure; AVI, arterial velocity pulse index; API, arterial pressure
volume index.

  
SBP DBP 

 
API AVI 

Figure 1. Changes in the repeated measurements of blood pressure (BP) (SBP/DBP), AVI, and API.
The value of BP is represented in mmHg. Significant changes are indicated by p < 0.05. SBP, systolic
blood pressure; DBP, diastolic blood pressure; AVI, arterial velocity pulse index; API, arterial pressure
volume index.

3.3. Regression Analysis of the Relationship between Novel Vascular Indices and
Clinical Characteristics

Univariate and multivariate analyses of SBP change, defined as “ΔSBP = (SBP01− SBP03)/SBP01,
were conducted to determine the association between each clinical parameter and measure
(Tables 5 and 6). In the univariate analysis of the SBP change, sex and Cr were significant
in this model, and in the multivariate analysis, sex was significant (Table 5). The same
model was adapted for the API. Regarding the API change, in the univariate analysis,
age, diabetes mellitus (DM), sex, and Cr were significant in this model, whereas in the
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multivariate analysis, only age, DM and Cr were significant (Table 6). ΔSBP and ΔAPI
were significantly correlated (Figure 2). Moreover, another three models (models 1 and 2:
ΔSBP = (SBP01 − SBP03)/SBP01, models 3 and 4: ΔSBP = (SBP01 − SBP03)/mean SBP,
models 1 and 3 included hemodialysis patients; models 2 and 4 did not include hemodial-
ysis patients) were created and analyzed to ensure that the analysis was accurate for the
phenomenon that occurred. In the univariate analysis of the changes in SBP, sex, Cr, smoker
and LDL were significant in some models, and in the multivariate analysis, LDL was
significant in one model and sex was significant in all models. Regarding the changes
in API, in the univariate analysis, age, diabetes mellitus (DM), sex, Cr, and ischemic
heart disease (IHD) were significant in some models, whereas in the multivariate analysis,
only age and DM were significant in all models. In all models, ΔSBP and ΔAPI were
significantly correlated.

Table 5. Multivariate regression results with SBP change.

Independent Variables
Standardized Regression

Estimate
95%CI p

Sex 0.0261 0.0081 0.0440 0.005 *
Creatinine −0.0058 −0.0134 0.0019 0.14

Multivariate regression results with SBP change were analyzed. SBP change was defined as (SBP01 − SBP03)/SBP01.
The adopted independent variables were significant in the univariate regression analysis. Hypertension was
excluded from the analysis because of its presumed strong relationship with SBP. Adjusted R-squared 0.044,
F-statistic 6.238, p-value 0.002. SBP, systolic blood pressure; SBP01 (03), first (third) SBP measurement in the
repeated measurements. * p < 0.05.

Table 6. Multivariate regression results with API change.

Independent Variables
Standardized Regression

Estimate
95%CI p

Age −0.0020 −0.0038 −0.0003 0.020 *
Diabetes −0.0578 −0.1105 −0.0050 0.032 *

Sex 0.0248 −0.0200 0.0695 0.276
Creatinine −0.0189 −0.0378 −0.00001 0.050

Multivariate regression results with API change were analyzed. API change was defined as (API01 − API03)/API01.
The adopted independent variables were significant in the univariate regression analysis. Adjusted R-squared
0.060, F-statistic 4.63, p-value 0.001. API, arterial pressure volume index; API01 (03), first (third) API measurement
in the repeated measurements. * p < 0.05.

Figure 2. Correlations between SBP change (ΔSBP) and API change (ΔAPI). ΔSBP was defined
as (SBP01 − SBP03)/SBP01, and the same model was adapted for the API (ΔAPI = (API01 −
API03)/API01). ΔSBP and ΔAPI significantly correlated (R = 0.483, p < 0.001). API, arterial pressure
volume index; SBP, systolic blood pressure; SBP01 (API01), first SBP (API) measurement in repeated
measurements; SBP03 (API03), third SBP (API03) measurement in the repeated measurements.
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4. Discussion

The AVE-1500 is a newly developed medical device that can simultaneously measure
BP and evaluate peripheral arterial stiffness and central arterial pressure [14,15]. In the
present study, we used the AVE-1500 to measure API, an index of peripheral arterial
stiffness, and AVI, an index of central arterial pressure, not in a single measurement but in
repeated BP measurements, and showed the relationship between these changes. We also
investigated the relationship between these changes and each of the parameters associated
with atherosclerosis. In the repeated measurements of BP and API/AVI, the changes in
SBP and API showed a similar regression that decreased by measurement thrice. In the
univariate analysis of the changes in SBP, sex, smoking, Cr, and LDL were significant in
some models, and in the multivariate analysis, LDL was significant in one model and sex
was significant in all models. Regarding the changes in API, in the univariate analysis, age,
DM, sex, Cr, and IHD were significant in some models, while in the multivariate analysis,
only age and DM were significant in all models.

Several studies have reported changes with repeated BP measurements on a single
occasion. Some reports have suggested that the second measurement is lower than the
first, and the third measurement is lower than the second [16,17]. Other reports have
indicated that the measurement interval has some influence on changes in repeated BP
measurements [18]. Our study also showed a significant stepwise decrease in the first,
second, and third measurements, similar to previous reports. On the other hand, some
reports have suggested that BP variability can be attributed to psychological effects and
regression to the mean, in addition to baroreflex effects [19,20]. The current guidelines for
HT in most societies recommend measuring BP at least twice on a single occasion [10–12].

In previous studies that investigated the relationship between BP and API/AVI on
single measurements, almost all the studies we examined showed significant correlations
between SBP and API [21–24]. In most of these studies, the strength of the correlation was
moderate, while some studies showed a strong correlation. Although regression analysis
has also shown significant results in several studies, all of them were based on single
measurements. The correlation between SBP and API in a single measurement was also
significant in the present study. Moreover, to further explore the relationship between
these two variables, we focused on the changes in SBP and API, which showed a linear
decreasing type with statistical significance in repeated measurements, and analyzed the
relationship between them. To analyze the changes in SBP and API, two models were used:
one in which the change was divided by the first measurement and the other in which the
change was divided by the average of the three measurements to ensure that the analysis
was accurate for the phenomenon that occurred. The results showed that in both models,
there was a significant correlation between the changes in SBP and API.

The results of the analyses of the relationship between the changes in API and SBP
with repeat measurements and some variables in the four models showed that SBP and API
were related to variables known to be associated with arterial stiffness and atherosclerosis.
Although previous studies have examined SBP and API using single measurements (not
repeated measurements), significant correlations were noted for age, the prevalence of
diabetes, smoking, and sex, and the results were consistent with those of the present
study [9,21–23].

Although there have been several previous reports on the comparison of BP and
API/AVI with risk factors for atherosclerosis in single measurements, to the best of our
knowledge, this is the first report of a study investigating the relationship between BP
and API/AVI with changes in repeated measurements. Prior to the development of the
AVE-1500, BP and vascular stiffness indices such as API/AVI were evaluated separately
with different devices to measure them; therefore, the relationship between them was
undetermined. However, with the new development of the AVE-1500 BP and pulse wave
meter, both can now be compared simultaneously, making it possible to better determine
the relationship between BP and central artery index and arterial stiffness. Although the
relationship between SBP and API in a single measurement has already been reported in
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previous studies because of the availability of simultaneous measurements, we confirmed
that the relationship was stronger by adding evaluation with repeated measurements in the
present study. The reason for the strong relationship between SBP and API may be that API
is an index of arterial stiffness, as mentioned above, as well as an index of arterial volume
change from the viewpoint of the measurement principle; therefore, it is appropriate from
the measurement principle that the changes in API show a strong relation to the changes
in SBP. In other words, this study suggests that changes in repeated SBP measurements
may be predictive of arterial stiffness and atherosclerosis. However, we cannot conclude
whether “SBP decline with repeated cuff-oscillometric pressure” can be used as a substitute
for arterial stiffness in this study alone, and we can only propose a hypothesis. It is
necessary to examine it from a different perspective, for example, by comparing it with other
stiffness modalities.

The present study has some limitations. The study was cross-sectional and retrospec-
tive, and the sample size was relatively small. In addition, the participants of this study
were outpatients of a cardiorenal division. Therefore, future research is required, and we
believe that this study only proves the concept of a voluminous subject. However, we have
concluded that we might be able to take arterial stiffness and stiffness one step further
in the present study by using the new device AVE-1500. The authors should discuss the
results and how they can be interpreted from the perspective of previous studies and the
working hypotheses. These findings and their implications should be discussed in the
broadest possible context. Future research directions may also be highlighted.

5. Conclusions

In conclusion, this study suggests that changes in repeated SBP measurements may be
predictive of arterial stiffness and atherosclerosis.
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