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Abstract
Vascular function assessment is useful for the evaluation of atherosclerosis severity, which may provide additional
information for cardiovascular risk stratification. In addition, vascular function assessment is helpful for a better
understanding of pathophysiological associations between vascular dysfunction and cardiometabolic disorders. In 2020 and
2021, although coronavirus disease 2019 (COVID-19) was still a worldwide challenge for health care systems, many
excellent articles regarding vascular function were published in Hypertension Research and other major cardiovascular and
hypertension journals. In this review, we summarize new findings on vascular function and discuss the association between
vascular function and COVID-19, the importance of lifestyle modifications for the maintenance of vascular function, and the
usefulness of vascular function tests for cardiovascular risk assessment. We hope this review will be helpful for the
management of cardiovascular risk factors, including hypertension and cardiovascular diseases, in clinical practice.
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Introduction

The assessment of vascular function, including endothelial
function, vascular smooth muscle function, and arterial
stiffness, is performed to assess the severity of athero-
sclerosis, which may provide additional information for
cardiovascular risk assessment and an opportunity for
timely intervention to reduce the risk of cardiovascular
events in patients with cardiovascular risk factors or a his-
tory of cardiovascular events [1, 2]. In addition, the
assessment of vascular function may be helpful to under-
stand the pathophysiology of cardiometabolic disorders.

The outbreak of coronavirus disease 2019 (COVID-19)
caused by the highly pathogenic severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has been a
worldwide challenge for health care systems. Major com-
plications of COVID-19 are viral pneumonia and acute

respiratory distress syndrome, which can lead to respiratory
failure [3]. However, accumulating evidence has shown that
COVID-19 is also associated with thromboembolic com-
plications such as venous thromboembolism, arterial
thrombosis, and small-vessel thrombosis, which may con-
tribute to the high morbidity and mortality in patients with
COVID-19 [4–6]. Although the pathogenesis of throm-
boembolic complications in patients with COVID-19 has
not been fully elucidated, vascular dysfunction, especially
endothelial dysfunction, has been shown to be a potential
contributor to thromboembolic events in patients with
COVID-19 [7–9].

Many excellent articles regarding vascular function were
published in 2020 and 2021. In this review, we summarize
recent literature and discuss the associations of vascular
function with COVID-19, lifestyle modifications, and car-
diovascular risk assessment.

COVID-19 and vascular function

The acute effects of COVID-19 on vascular function have
been investigated in several studies. Clinical studies have
shown that flow-mediated vasodilation (FMD) of the bra-
chial artery, an index of endothelial function, is significantly
lower and that brachial-ankle pulse wave velocity (baPWV)
and carotid-femoral pulse wave velocity (cfPWV), indices
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of arterial stiffness, are significantly higher in patients with
COVID-19 than in control participants without COVID-19
in the acute phase of COVID-19 (Fig. 1) [10–12]. These
findings indicate that vascular function is impaired in the
acute phase of COVID-19. Although the precise mechan-
isms underlying endothelial dysfunction in patients with
COVID-19 have not been fully elucidated, endothelial
dysfunction may be caused by a combination of the direct
effects of SARS-CoV-2 and the secondary effects of
COVID-19-induced systemic inflammation on the vascular
endothelium [7]. Several autopsy studies have revealed the
presence of coronavirus-like particles in endothelial cells in
multiple organs using electron microscopy analysis, the
presence of SARS-CoV-2 spike proteins in capillary
endothelial cells using immunohistochemistry, and the
presence of SARS-CoV-2 RNA within the endothelium in
multiple organs using in situ hybridization [13–20], and
those findings have led to speculation that direct SARS-
CoV-2 infection of endothelial cells contributes to the
development of endothelial dysfunction in patients with
COVID-19. Angiotensin-converting enzyme 2 (ACE2) is
the main entry receptor for SARS-CoV-2 [21, 22]. How-
ever, it remains a matter of debate whether ACE2 is
expressed in endothelial cells [21, 23–26]. Recently,
Kaneko et al. reported that although the basal level of ACE2
gene expression by endothelial cells in the human brain was

low, ACE2 gene expression was increased by stimulation
with fluid shear stress in both human umbilical vein endo-
thelial cells (HUVECs) and human brain microvascular
endothelial cells (HBMECs) within a three-dimensional

Fig. 1 Associations of coronavirus disease 2019 with vascular dysfunc-
tion, thromboembolic events in the acute phase, and cardiovascular disease
in the chronic phase. COVID-19 coronavirus disease, SARS-CoV-2 severe
acute respiratory syndrome coronavirus 2, CVD cardiovascular disease
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printed vessel replica system [27]. In addition, ACE2 pro-
tein expression was increased by the stimulation of mono-
layer HUVECs and HBMECs with horizontal shear stress.
They also reported that the susceptibility of brain endothelia
to SARS-CoV-2 spike protein was facilitated by a flow-
mediated increase in ACE2 expression. Unique gene
expression patterns in human brain endothelial cells, such as
an upregulation of complement component C3, were trig-
gered by the binding of the SARS-CoV-2 spike protein
[27]. These findings indicate that flow-dependent expres-
sion of ACE2 is associated with the susceptibility of
endothelial cells to direct SARS-CoV-2 infection. In con-
trast, Urata et al. reported that HUVECs were infected with
SARS-CoV-2 through endocytosis in an ACE2-independent
manner [25]. Susceptibility to SARS-CoV-2 infection
through endocytosis was more enhanced in senescent
endothelial cells than in early-passage endothelial cells.
They also reported that the expression of various genes
associated with inflammation, the immune response, and
coagulation cascades was affected by SARS-CoV-2 infec-
tion in endothelial cells [25]. Although further studies are
needed to determine how SARS-CoV-2 infects endothelial
cells, the results of previous studies indicate that SARS-
CoV-2 may have the ability to directly infect endothelial
cells and cause endothelial dysfunction, which can result in
the exacerbation of inflammation and thrombosis in
COVID-19.

The results of several longitudinal studies have demon-
strated the possibility that the vascular dysfunction caused
by SARS-CoV-2 infection partially improves but does not
completely return to the baseline level, resulting in the
persistence of vascular dysfunction after SARS-CoV-2
infection [28–33]. Oikonomou et al. longitudinally mea-
sured FMD in 73 patients with COVID-19 in the acute phase
(between 24 and 72 h after hospitalization), in the mid-term
phase (28 days after hospital discharge), and in the long-term
phase (6 months after hospital discharge) [28]. They repor-
ted that FMD was significantly improved during the follow-
up period in patients with COVID-19 (1.75 ± 2.19% in the
acute phase, 4.23 ± 2.02% in the mid-term phase, and
5.24 ± 1.62% in the long-term phase, P= 0.001). However,
FMD did not recover to the level of that in controls
(6.48 ± 3.08%) in either the mid-term phase (P < 0.001) or
the long-term phase (P= 0.01). Zanoli et al. longitudinally
measured aortic pulse wave velocity (aPWV) in 90 indivi-
duals with a history of COVID-19 between 12 and 48 weeks
after SARS-CoV-2 infection and at 27 weeks after the first
measurement of aPWV [33]. They reported that aPWV was
significantly improved during the follow-up period
(P= 0.01). However, aPWV at 27 weeks after the first
measurement was still significantly higher than that in
matched controls (P= 0.04). Taken together, these findings
show that the vascular dysfunction caused by COVID-19

may partially improve but does not completely recover to the
baseline level, which can lead to the persistence of vascular
dysfunction even after the resolution of acute infection.
Further studies are needed to determine whether the persis-
tence of vascular dysfunction is associated with an increased
risk of cardiovascular events after the resolution of the acute
infection or post-COVID-19 conditions such as persistent
cardiovascular symptoms and exercise limitations (Fig. 1).

The results of a recent study showed that vascular function
was not impaired in participants who had been vaccinated
against COVID-19 but were infected with the Omicron
variant of SARS-CoV-2 [34]. Skow et al. measured FMD
and cfPWV in 23 vaccinated adults with mild-to-moderate
COVID-19 (Omicron) who did not require hospitalization
and 13 vaccinated healthy controls without a history of
COVID-19 [34]. The average period from the diagnosis of
SARS-CoV-2 infection to FMD measurements was
30 ± 9 days. They reported that there was no significant
difference in FMD (6.1 ± 2.3% vs. 5.9 ± 2.8%, P= 0.544) or
cfPWV (5.7 ± 0.8 m/s vs. 5.9 ± 0.6 m/s, P= 0.367) between
vaccinated participants with COVID-19 during the Omicron
wave and vaccinated healthy controls without a history of
COVID-19 [34]. These findings suggest that vascular func-
tion is not impaired by infection with the Omicron variant of
SARS-CoV-2 in vaccinated adults with mild-to-moderate
COVID-19 who did not require hospitalization.

Lifestyle modifications and vascular function

Lifestyle modifications, including salt intake restriction,
dietary pattern changes, the maintenance of a proper body
weight, exercise therapy, alcohol restriction, and smoking
cessation, are expected not only to lower blood pressure but
also to enhance the blood pressure-lowering effects of
antihypertensive drugs, which can prevent the development
of overt hypertension in untreated individuals and lead to a
reduction in the use or dose of antihypertensive drugs
required for blood pressure control in medicated patients
with hypertension (Fig. 2). Therefore, lifestyle modifica-
tions play an important role in the management of hyper-
tension regardless of the presence or absence of
antihypertensive drug treatment. Lifestyle modifications are
also expected to improve vascular function in a blood
pressure-dependent and blood pressure-independent man-
ner, thereby preventing the progression of atherosclerosis
(Fig. 2) [35–38]. Exercise training has been shown to
reduce arterial stiffness in patients with hypertension. Lopes
et al. conducted a systematic review and meta-analysis to
determine the effect of exercise training on PWV in patients
with hypertension [39]. They reported that PWV was sig-
nificantly reduced by exercise interventions based on
aerobic exercise, isometric exercise, and combined exercise
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in adult patients with hypertension. Subgroup analyses
showed that the positive effects of exercise training on
PWV were independent of antihypertensive drug treatment.
In addition, similar reductions in PWV were observed in
both participants with large blood pressure reductions and
participants with small blood pressure reductions by exer-
cise training. These findings suggest that exercise training
improves arterial stiffness regardless of the type of exercise
training and independent of antihypertensive drug treatment
or the extent of blood pressure reduction. Yamaji et al.
investigated the association between daily stair climbing
activity and vascular function in patients with hypertension
[40]. They reported that endothelial function assessed by
FMD of the brachial artery and vascular smooth muscle
function assessed by nitroglycerine-induced vasodilation of
the brachial artery were significantly higher in patients who
usually climbed stairs to the ≥3rd floor than in patients who
did not climb stairs at all in daily life. Although a definitive
causal relationship between daily stair climbing activity and
vascular function was not established due to the cross-
sectional design of the study, these findings suggest that
daily stair climbing activity, which requires more muscle
strength and more energy than walking on flat ground or
downstairs, has beneficial effects on vascular function in
patients with hypertension.

In addition to exercise, dietary patterns have acute and
chronic effects on vascular function. Fryer et al. investi-
gated the acute effects of a combination of prolonged
uninterrupted sitting (180 min) and a high-saturated fat meal
on arterial stiffness in 13 healthy nonsmoking males [41].
They reported that central arterial stiffness assessed by
cfPWV and peripheral arterial stiffness assessed by PWVβ
were more deteriorated by consuming a high-fat meal (61 g

fat, 1066 kcal) prior to prolonged uninterrupted sitting than
by consuming a low-fat meal (10 g fat, 601 kcal) prior to
prolonged uninterrupted sitting. These findings suggest that
a high-fat meal should be avoided before prolonged unin-
terrupted sitting for the prevention of arterial stiffening. The
dietary approach to stop hypertension (DASH) diet is rich in
vegetables, fruits, and low-fat dairy products and is low in
fat, sugar, and sodium. The DASH diet has been shown to
dramatically lower blood pressure compared with a standard
Western diet in adult patients with hypertension [42]. Couch
et al. investigated the effects of a 6-month DASH-focused
behavioral nutrition intervention on blood pressure and
endothelial function assessed by FMD in adolescents with
elevated blood pressure in a randomized control trial [43].
Adolescents (n= 159) with newly diagnosed elevated blood
pressure or stage 1 hypertension were randomly assigned to
receive a DASH-focused behavioral nutrition intervention
(n= 81) or routine care (n= 78). The DASH participants
received a take-home manual, face-to-face counseling ses-
sions with a dietitian regarding the DASH diet, monthly
mailings, and weekly telephone calls focused on behavioral
strategies to promote DASH adherence for 6 months,
whereas the routine care participants received usual nutri-
tion counseling with a dietitian. The authors reported that
the DASH diet participants had greater improvements in
systolic blood pressure (−2.7 mmHg, P= 0.03) and FMD
(2.5%, P= 0.05) from baseline to 6 months and a greater
improvement in FMD (3.1%, P= 0.03) from baseline to
18 months than the routine care participants. The
improvement in FMD was independent of changes in blood
pressure, weight, or physical activity from baseline to
18 months in the DASH diet participants. These findings
indicate that the DASH diet not only lowers blood pressure
but also improves endothelial function independent of blood
pressure reductions in adolescents with elevated BP or stage
1 hypertension. In addition, the beneficial effects of the
DASH-focused behavioral nutrition intervention on endo-
thelial function may persist after the completion of inter-
vention. Long-term adherence to the DASH-type dietary
pattern may prevent the progression of atherosclerosis,
which can lead to the prevention of future cardiovascular
events in adolescents with elevated blood pressure. Funa-
koshi et al. investigated the association between eating
before bed and the development of hypertension in 2930
participants without hypertension with an average follow-up
period of 4.5 years [44]. They reported that eating within
2 h before going to sleep ≥three times per week was sig-
nificantly associated with an increased risk of developing
hypertension (odds ratio [OR]: 1.23, 95% confidence
interval [CI]: 1.05–1.44) compared with eating within 2 h
before going to sleep ≤two times per week. Taken together,
these findings show that daily eating habits have profound
effects on both blood pressure and vascular function.

Fig. 2 Putative mechanisms of improvements in cardiovascular mor-
bidity and mortality through lifestyle modifications. CV cardiovascular
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Cigarette smoking is one of the major risk factors for
cardiovascular mortality in Japan [45]. Fukumoto et al.
reported that FMD was significantly improved
(3.80 ± 2.24% to 4.60 ± 2.55%, P= 0.013) in 58 smokers
who succeeded with smoking cessation 20 weeks after
treatment initiation in the smoking cessation outpatient
department, but there was no significant change in FMD
(4.41 ± 2.01% to 4.43 ± 2.26%, P= 0.98) in 21 age- and
sex-matched continued smokers [46]. The use of electronic
(e)-cigarettes and heat-not-burn cigarettes is an emerging
trend, especially among the younger generation. The results
of recent experimental and clinical studies have shown that
endothelial function is impaired by e-cigarette smoking and
heat-not-burn cigarette smoking. Carnevale et al. measured
the FMD of the brachial artery in 40 healthy participants just
before and within 30 min after smoking. They reported that
FMD was decreased by both traditional tobacco cigarette
smoking and e-cigarette smoking, but a significant differ-
ence in FMD between participants who smoked traditional
tobacco cigarettes and participants who smoked e-cigarettes
was not observed [47]. They also reported that oxidative
stress markers were increased and that NO bioavailability
and vitamin E levels were decreased by e-cigarette smoking.
Kuntic et al. investigated the effects of short-term e-cigarette
vapor exposure on endothelial function and oxidative stress
in mice. They reported that endothelial dysfunction, oxida-
tive stress, inflammation, and lipid oxidation were induced
by e-cigarette vapor exposure [48]. Biondi-Zacai et al.
measured FMD in 20 smokers just before and after smoking
and reported that FMD was significantly decreased by tra-
ditional tobacco cigarette smoking, e-cigarette smoking, and
heat-not-burn cigarette smoking. E-cigarette smoking and
heat-not-burn cigarette smoking tended to have a less dele-
terious effect than traditional tobacco cigarette smoking on
FMD [49]. Taken together, these findings suggest that
although both e-cigarettes and heat-not-burn cigarettes may
be less harmful than traditional tobacco cigarettes to endo-
thelial function, endothelial function is deteriorated by the
use of both e-cigarettes and heat-not-burn cigarettes.
Therefore, neither e-cigarettes nor heat-not-burn cigarettes
should be labeled as safe for the cardiovascular system.

Taken together, these findings show that lifestyle mod-
ifications are strongly recommended in daily practice not only
to lower blood pressure but also to improve or augment vas-
cular function to prevent the progression of atherosclerosis and
the development of cardiovascular events (Fig. 2).

Cardiovascular risk assessment by vascular
function tests

The results of a previous individual participant data meta-
analysis of prospective cohort studies conducted in Japan

showed that baPWV was an independent predictor of car-
diovascular events and could provide additional information
for cardiovascular risk stratification in individuals without a
history of cardiovascular disease, indicating the usefulness
of baPWV in the primary prevention of cardiovascular
disease [50]. Sang et al. conducted a systematic review and
meta-analysis to evaluate the associations of baPWV with
cardiovascular events, cardiovascular mortality, and all-
cause mortality in patients with a history of atherosclerotic
cardiovascular disease (ASCVD) [51]. They reported that
higher baPWV was independently associated with an
increased risk of cardiovascular events, cardiovascular
mortality, and all-cause mortality in patients with a history
of ASCVD, indicating the usefulness of baPWV assessment
in the secondary prevention of cardiovascular disease.
These findings indicate that baPWV is useful in cardio-
vascular risk assessment regardless of the presence or
absence of a history of cardiovascular disease. Our group
investigated the usefulness of baPWV for predicting car-
diovascular events based on blood pressure control in
medicated hypertensive patients with a history of coronary
heart disease (CHD) [52]. We reported that baPWV was an
independent predictor of cardiovascular events in medicated
hypertensive patients with CHD who had blood pressure
<130/80 mmHg, but there was no significant association
between baPWV and cardiovascular events in those who
had blood pressure ≥130/80 mmHg. These findings suggest
that baPWV is useful for cardiovascular risk assessment in
patients with well-controlled blood pressure, whereas
baPWV is less useful for cardiovascular risk assessment in
patients with inadequate blood pressure control among
medicated hypertensive patients with a history of CHD.

The ankle-brachial index (ABI) has been used not only
for the screening of lower extremity arterial disease (LEAD)
but also for cardiovascular risk assessment. The results of a
meta-analysis have shown that cardiovascular risk increases
as ABI decreases [53]. Occasionally, however, the ABI
value is falsely elevated and maintained within the normal
range despite the presence of occlusive arterial lesions in the
lower extremities in patients with noncompressible lower
limb arteries, which can lead to incorrect cardiovascular risk
assessment. Therefore, information other than the ABI
value should be combined for precise cardiovascular risk
assessment. Tsai et al. reported that a combination of an
ABI < 0.9 and an interleg ABI difference ≥0.17 was more
useful than an ABI < 0.9 alone for predicting all-cause
mortality and cardiovascular mortality [54]. Paying atten-
tion to an interleg ABI difference may prevent missed
diagnoses of LEAD, which may result in an improvement in
the accuracy of the ABI method for predicting cardiovas-
cular mortality.

The results of recent studies have shown that attention
should be given to the burden of LEAD. When ABI is
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determined by measuring systolic blood pressure in each
arm and each ankle using the Doppler method, four ABIs
that correspond to the four ankle arteries, including the
anterior (or dorsalis pedis) and posterior tibial arteries of
each leg, can be calculated. The highest ABI in each leg is
used for the diagnosis of LEAD, and the lowest ABI
between the two legs is used for cardiovascular risk
assessment as a vascular marker. Therefore, patients with
normal ABI in both legs can be categorized into two groups:
patients with four normal ABIs and patients with discordant
ABIs. Patients with discordant ABIs include those who
have one low ABI (<1.00) and three normal ABIs and those
who have one low ABI and one normal ABI in both legs.
Firth et al. reported that patients with discordant ABIs had
increased risks of myocardial infarction (hazard ratio [HR]:
1.31, 95% CI: 1.10–1.56), ischemic stroke (HR: 1.53, 95%
CI: 1.37–1.72), and all-cause mortality (HR: 1.27, 95% CI:
1.16–1.39) compared with patients with four normal ABIs
among patients with normal ABIs in both legs (1.00–1.39)
[55]. These findings suggest that the presence of an occlu-
sive lesion in even one infrapopliteal artery is associated
with an increased risk of cardiovascular morbidity and
mortality. Unkart et al. investigated the associations of the
burden of LEAD with all-cause mortality, cardiovascular
events, and cardiovascular mortality in individuals without
a history of cardiovascular disease [56]. They reported that
the risk of all-cause mortality, cardiovascular events, and
cardiovascular mortality increased as the number of low
ABIs (≤0.9) (0, 1, 2, 3, and 4) or the number of legs with a
low ABI (none, unilateral low ABI, and bilateral low ABI)
increased. These findings indicate that attention should be
given not only to the ABI value but also to the burden of
LEAD for more precise cardiovascular risk assessment.

Conclusions

In this article, we reviewed the recent literature and sum-
marized new findings on vascular function. The results of
recent studies have indicated that vascular function tests are
useful for a better understanding of the pathophysiology of
cardiovascular diseases, more precise cardiovascular risk
assessment, and the evaluation of therapeutic intervention
effects on atherosclerosis. Further accumulation of data
regarding vascular function would enable us to draw more
specific conclusions concerning the role of vascular func-
tion in cardiovascular disease.

Future perspectives

FMD of the brachial artery and reactive hyperemia per-
ipheral artery tonometry (RH-PAT) have been used

frequently for the assessment of endothelial function.
However, repeated measurements of FMD or RH-PAT
examinations are difficult to perform in clinical practice,
partly due to their relatively cumbersome procedures. Sev-
eral new approaches for the assessment of endothelial
function have been under development for clinical use
[57–59]. The development of a noninvasive, simple, and
operator-independent endothelial function test with high
reproducibility would enable routine assessment of endo-
thelial function in clinical practice, which may lead to
improvements in cardiovascular morbidity and mortality
through more precise cardiovascular risk assessment and
timely intervention.
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