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Abstract: Cardiovascular diseases have been recognized as the main cause of death all over the
world. Recently, the established cardio-ankle vascular index (CAVI) has become known as an index
of arterial stiffness of the arterial tree from the origin of the aorta to the ankle. CAVI reflects the
progress of arteriosclerosis, and a rapid rise in CAVI indicates arterial smooth muscle cell contrac-
tion. Considering the vasculature of the atheroma where vasa vasorum penetrates the smooth
muscle cell layer and supplies blood to the intimal atheromatous lesion, a rapid rise of CAVI
means “choked” atheroma. Thus, we proposed a “smooth muscle cell contraction” hypothesis of
plaque rupture.
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Introduction

Atherosclerosis is the basic pathological condition of cerebro-cardiovascular diseases,
and several risk factors such as hypertension, diabetes mellitus, dyslipidemia, and obesity,
especially visceral fat accumulation are known. Although the mechanism of its progres-
sion has been proposed,' to date, valuable indicators for impending cardiovascular
events remain insufficient.

Sometimes, we met several cases who were attacked by cerebro-cardiovascular event
just after a mental shock and/or acute onset of poor control of the above risks. Considering
the predicting factors of those impending events, it is necessary to assess the structure and
vasculature of the atheromatous lesion. The intimal atheromatous lesion is supplied by
vasa vasorum via the adventitia. Namely, new microvessels penetrate the medial smooth
muscle layer to enter the intimal atherosclerotic lesion and supply the blood. Considering
this structural feature, it can be supposed that rapid contraction of the smooth muscle cells
may squeeze the vasa vasorum and consequently block the blood supply into the intimal
atheromatous lesion. The “choked” atheroma subsequently causes necrosis, leading to
plaque rupture. Thus, we proposed the “smooth muscle cell contraction” hypothesis of
plaque rupture.

Cardio-Ankle Vascular Index (CAVI) as an

Evaluation Index of Atherosclerosis Progression
Atherosclerosis has been recognized as the major cause of vascular disease and its
related death. However, there are still no sufficient indices that are viable means of
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forecasting impending cerebro-cardiovascular events.
Traditionally, arterial stiffness evaluated by pulse wave
velocity (PWV) has been regarded as a marker of athero-
sclerosis, and its value has been recognized as a predictor
of cardiovascular events in prospective tests.>® However,
PWYV is intrinsically dependent on blood pressure at the
measuring time; PWV increases or decreases in accor-
dance with blood pressures.'®!" Therefore, PWV, as an
analysis of arterial stiffness, is not worthy for forecasting
impending cardiovascular events. Cardio-ankle vascular
index (CAVI), which reflects arterial stiffness from the
origin of the aorta to the ankle, was developed in 2004."
CAVl is derived from stiffness parameter beta proposed by
Hayashi et al, and the equation has been modified using
Bramwell-Hill’s equation.'*'> The feature of CAVI is its
independency from blood pressure at the time of
measurement.'®'" Prospective studies have already been
reported, and the role of CAVI as a long-term prognosis
predictor of cardiovascular events is well established.'® 2

The usefulness of CAVI in clinical medicine is widely
accepted by many researchers. Increased CAVI has been
reported to be related to aging (men > women),”> coronary
artery diseases (CAD),%* chronic kidney diseases,” cerebral
infarction,”® metabolic syndrome,27 diabetes mellitus,®
dyslipidemia,”® smoking,*® obstructive sleep apnea syndrome
(OSA),*" hypertension,” cognitive decline®® and emotional
stress.”* Decreased CAVI has been reported to be related to
weight reduction,” blood glucose control,*® administration of
antihypertensive agents (angiotensin II receptor blocker >
calcium antagonist),®* lipid-lowering agents like statin,*®
stop smoking®’ and continuous pulmonary assistance for
OSA.*® Matsushita reported the association of CAVI and
CVD outcomes in the systematic review.”” They concluded
that CAVI was higher in patients with CVD than those with-
out. In terms of the prospective prognostic value of CAV], they
found a limited number of studies, but they indicated a modest
association between CAVI and CVD risks. The relationship
between stroke and CAVI was also reported in several small
studies.**** CAVT has been established as an index of athero-
sclerosis, and a high CAVI value has been shown to indicate

that the atheromatous lesion is already in an advanced state.

Examples of a Rapid Rise in CAVI

and Cerebro-Cardiovascular Events
It has been reported that the frequency of cardiovascular
events increases just after a huge earthquake.** ** Several

influential factors have been reported, such as

hypertension, mental stress, and sympathetic nerve
activation.* > But the precise mechanisms have not
been fully clarified.

We encountered cases of transiently enhanced arterial
stiffness as evaluated by CAVI after a huge earthquake; On
March 11, 2011, an earthquake of magnitude 9.0 occurred
on the Pacific coast of Tohoku, Honshu Island, Japan, at
14:46 local time (the Great East Japan Earthquake). It was
followed by a series of powerful aftershocks, with 31
earthquakes of magnitude larger than 6 over 3 days. Our
institute  (Toho University Sakura Medical

Hospital) was situated about 300 km away from the epi-

Center

center. The building was strongly shaken and part of a wall
collapsed. An unusual crisis occurred in our town. The
number of patients who suffered from cerebral bleeding
increased by two-fold compared to the several years before
the earthquake. Furthermore, the number of deaths in our
town increased in the year 2011 compared to 2009, 2010
and 2012.** We thought this increase in mortality in 2011
was primarily due to psychological stress caused by the
huge earthquake. As shown in Figure 1A, Shimizu et al
reported that CAVI was enhanced transiently just after the
earthquake in healthy people and in CAD patients.
Particularly in healthy people, CAVI increased even
though blood pressure was not raised significantly.**
Figure 1B shows the one case with the metabolic disorder
who had psychological damage by the huge earthquake
and increased CAVI. He had been treated for diabetes
mellitus, hypertension and dyslipidemia in our hospital.
Because his hometown was damaged by the huge earth-
quake and subsequent nuclear power plant troubles caused
by the ensuing tsunami, he felt deep stress and his CAVI
increased considerably.

Ethics and Statistical Analysis

The institutional review board of Toho University Sakura
Medical Center approved the study (NO. 2011-004). Each
participant gave written informed consent after receiving
a detailed description of the procedures in accordance with
the Declaration of Helsinki.

One-way ANOVA was performed to determine whether
the differences among groups were statically significant and
the Tukey’s test was used for post hoc comparisons.
A P-value of <0.05 was considered significant. Statistical
analysis was performed using SPSS software package
(PASW Statistics 18, Chicago, IL, USA) (Figure 1A).>*

Other cases are shown in Figure 2; we have observed
the CAVI changes in several patients who suffered from
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Figure | Increase in cardio-ankle vascular index (CAVI) just after the Great East Japan Earthquake (M9; March 11, 2011). The immediate increase was seen in both healthy
young adults and in coronary artery disease (CAD) patients, despite their relatively stable blood pressure (A). Some patients showed a marked increase in CAVI following
the earthquake, such as in the CAVI results of the diabetic hypertense patient shown here (B) who suffered psychological stress.
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Figure 2 Increase in the cardio-ankle vascular index (CAVI) prior to cerebro-cardiovascular events. Cases with a rapid rise in CAVI who had acute myocardial infarction 4
months later (A), cerebral hemorrhage 7 days later (B), and aortic dissection 2 weeks later (C).
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myocardial infarction, cerebral hemorrhage and aortic dis-
section. These cases showed a rapid rise in CAVI by A0.5—
A1.0 with a high baseline CAVI (>10) at 2 weeks before or
several months before their cardiac events. The case
shown in Figure 2A had an acute myocardial infarction 4
months after a rapid rise in CAVI. Figure 2B shows a case
who suffered from cerebral hemorrhage 7 days after
a rapid rise in CAVI and that in Figure 2C suffered from
an aortic dissection 2 weeks after a rapid rise in CAVI.

Figure 3 shows the CAVI over 13 years in an athero-
sclerotic patient who came to our hospital. In the begin-
ning, his baseline CAVI was already above nine. He
developed unstable angina and cerebral infarction when
his work was busy as a chef of his restaurant, and finally
died of cerebral hemorrhage after a rapid rise in CAVI
(11.5 to 12.8 in the last month). This case shows the
gradual increase in CAVI with aging and the development
of atherosclerotic diseases.

The above-mentioned observations cannot be consid-
ered to be due simply to chance. We encountered these
cases incidentally, and proving these phenomena by
a prospective study is not easy. However, these are facts
in our daily practice, and we could not deny the possibility
that a rapid rise in CAVI might be a prodrome of impend-
ing cerebro-cardiovascular events. Based on our experi-
ence, it might be said that patients with advanced
atherosclerosis should receive particular attention when
CAVI rises suddenly.

CAVI Reflects the Contraction and
Relaxation of Vascular Smooth
Muscle Cells (VSMCs)

CAVI has been shown to be elevated or decreased with the
administration of various vasoactive agents. It is known
that the arterial wall deforms largely and nonlinearly,
which are characteristics unique to soft biological tissues.
The key which controls arterial elasticity is the function of
VSMCs. We consider that CAVI reflects the contraction
and relaxation of VSMCs in arteries based on the available
evidence.

Shirai et al reported that CAVI values are not affected
by blood pressure when blood pressure was reduced with
the administration of the B1 blocker, metoprolol. The Bl
blocker decreases blood pressure by reduction of heart
muscle contraction, and therefore, arterial stiffness mea-
sured as CAVI is not changed even though blood pressure
changes.lo Furthermore, when the al blocker, doxazosin,

is administered, CAVI decreases as blood pressure
decreases; the al blocker reduces blood pressure by reduc-
tion of vascular smooth muscle contraction.'® This reduc-
tion of vascular smooth muscle contraction induces
a decrease in CAVI. This result might imply that CAVI
reflects the arterial stiffness based on vascular smooth
muscle contraction.

Shimizu et al’® and Yamamoto et al®’ reported the
effect of nitroglycerin administration on CAVI. After
administration of nitroglycerin, the stiffness of the arteries
from the origin of the aorta to the ankle as measured by
CAVI decreased in both the healthy volunteers and CAD
patients. The function of VSMCs was even present in
CAD patients. It is difficult to strictly distinguish this
organic stiffness and functional stiffness. We might be
able to guess the organic stiffness as the baseline CAVI,
and functional stiffness as the rapidly changed CAVI due
to nitroglycerin. These findings demonstrate that CAVI
reflects organic and functional arterial stiffness.

As a practical clinical example, we have already
reported that CAVI is affected by obstructive sleep
apnea, blood glucose control, and body weight.’® On the
other hand, Lim J reported on the influence of the cold
pressor test on changes in CAVL.> It is well known that
“winter peak” of CVD-related hospitalizations and mortal-
ity is due to cold stress.®® Coronary spasms are also more
likely to be triggered by exposure to cold and stress in
winter.®'** Taken together, it can be said that CAVI
reflects the contraction and relaxation of VSMCs.

Vasculature of the Atheromatous

Lesion

To understand the meaning of rapidly raised CAVI as
a prodrome of cardiovascular event, the structure of an
atheromatous lesion and its vasculature need to be
reviewed. Arteries consist of three morphologically dis-
tinct layers: innermost layer, the intima; the middle layer,
the media; and the external layer, the adventitia. The
intima is bounded on the lumen by a continuous layer of
endothelial cells that form a protective barrier between the
blood and artery walls.

Atheromatous lesions are subdivided into three
stages: fatty streak, fibrous plaque, and complicated
lesions.®® The fatty streak is characterized by the accu-
mulation of lipid-laden macrophages surrounded by lipid
extracellularly in the intima.®® Fibrous plaques consist of
an intimal accumulation of proliferated smooth muscle
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Figure 3 Increase in cardio-ankle vascular index (CAVI) over |3 years in an atherosclerosis patient with a high baseline CAVI. This patient showed a rapid rise in CAVI
(to 11.5) a few months before cerebral infarction and a high rapid rise to 12.8 just prior to cerebral hemorrhage.

cells surrounded by a large amount of connective tissue,
which appears to form a “cap” that covers a deeper
accumulation of both intra- and extracellular lipids.
Necrosis and cell debris are usually associated with this
lipid accumulation. The advanced or so-called compli-
cated lesion appears to be a fibrous plaque that has been
altered as a result of hemorrhage, calcification, necrosis,
thrombosis, and further cell degenerative change mixed
with cell proliferation, and advanced lesions are called
vulnerable plaque.®” Thus, the lesions of atherosclerosis
contain newly migrated proliferative smooth muscle cells
(synthetic type), together with newly formed connective
tissue, and deposits of lipid. These pathological changes
are usually limited in the intima, and medial smooth
muscle cell (contractile type) layer remains.

Next, it is important to define the blood supply of ather-
omatous lesions. It was previously thought that the nutrients
and oxygen are supplied by diffusion through the intimal
endothelial cell layer from the lumen. As the stage of ather-
osclerosis advances, hypoxic conditions of the lesion pro-
mote the growth of microvessels derived from the vasa
vasorum. Newly developed microvessels supply nutrients
and oxygen to the outer medial layer and intimal atheroma-
tous lesions.®® Tt is known that the advanced stage of
intimal atheromatous lesions is rich in microvessels.”’ The

notable point is that the vasa vasorum penetrates the medial
smooth muscle cell layer from the adventitia to the intimal
layer. The medial smooth muscle cells of the arterial wall are
able to contract and relax, even at the advanced stage of
arteriosclerosis. These conclusions are supported by the
observation that CAVI is decreased by the administration
of nitroglycerin among both healthy people and patients
with CAD. Therefore, when medial smooth muscle cells
“choked”.
Resultantly, the downstream area of intima atheromatous

contract, the penetrating microvessels are
lesions would become ischemic. Furthermore, prolonged
ischemia would cause necrosis in the core of atheromatous
lesions. Around the necrotic core, inflammatory reactions are
augmented; macrophages accumulate, digest the surrounding
matrix components and cause the atheromatous lesion to
rupture.”’ Such a rupture causes thrombus formation in the
arterial wall cavity and cardiovascular events ensue.

To support this hypothesis, it must be proven that blood
supply into the intimal atheromatous lesion comes from
the vasa vasorum via the adventitia, and that this blood
flow can be stopped by contraction of smooth muscle cells.

We undertook carotid endarterectomy of the patient whose
cervical artery had more than 90% stenosis by an atheromatous
lesion (Figure 4). At this operation, the intimal atheromatous
layer of the carotid artery was peeled off, and the medial
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Figure 4 Carotid endarterectomy of a patient with 90% stenosis of the cervical artery. (A) Atherosclerosis of the carotid artery and endarterectomy; (B) Gauze was applied
for the bleeding which occurred after peeling off the intimal atheromatous layer of the carotid artery; (C) Gauze, dipped in the catecholamine noradrenaline, was applied and
inhibited the bleeding, indicating that the blood supply of the intimal atheromatous lesion was from the vasa vasorum and that it was stopped by contraction of the medial

smooth muscle cells.

smooth muscle layer was denuded. Just after peeling off the
intimal layer, bleeding was immediately observed on the sur-
face of the medial smooth muscle cell layer. However, when
the surface of this medial smooth muscle layer was covered
with gauze dipped in the noradrenaline, bleeding was inhibited.
Such procedures are routinely performed by brain surgeons.
This phenomenon indicated that the blood supply of the intimal
atheromatous lesion was mediated by the vasa vasorum, and
this blood flow was stopped by contraction of the medial
smooth muscle cells.

Decreasing the blood flow, intimal atheroma might
cause necrosis of the plaque core, leading to rupture.
Osada et al reported that most aortic dissections initially
developed in the outer third of the media alongside the
vasa vasorum. They suggested that dysfunction of the vasa
vasorum might play a key role in long-standing ischemia
or malnutrition of the aortic media, and that the resultant
necrotic layer would provoke dissecting aneurysm.”

It is also mentioned that spasms caused by smooth mus-
cle contraction can play a key role in acute coronary events.

Vascular Health and Risk Management 2021:17
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Smooth Muscle Cell Contraction
Hypothesis for Plaque Rupture

On the basis of the data and features of the vasculature of
atheromatous lesions described above, we proposed “the
smooth muscle contraction” hypothesis for cardiovascular
events. This process is shown in Figure 5. Myocardial
infarction due to plaque rupture, dissecting aneurism and
brain hemorrhage might be explained as follows:

First step:

Atheromatous lesions consist of an intimal thickness com-
posed of proliferated synthetic type of smooth muscle cells,
and fibrous components, such as collagen and elastin. This
stage is called the fibrous cap, which involves the enhance-
ment of CAVI. In this stage, the vasa vasorum develops and
microvessels begin to penetrate the medial smooth muscle cell
layer and supply blood to the intimal atheromatous lesion.

Second step:

When a person is subjected to a stressful environment
such as a huge earthquake or other natural disasters, var-
ious types of personal mental shock become a burden with
advanced stages of atheromatous lesions (high basal CAVI
>10); the medial smooth muscle cells begin to contract and
then a rapid rise in CAVI would occur. The contracted
smooth muscle cells “choke” microvessels from the vasa
vasorum, stopping the blood flow into the intimal area, and

then vulnerable plaque becomes ischemic and subse-
quently necrotic. Around the formed necrotic core, macro-
phages gather and dissolve the necrotic tissues. Then, the
vulnerable plaque would be ruptured. In the case of the
coronary artery, plaque rupture causes thrombus formation
at the surface of the artery, causing myocardial infarction.
In the case of the aorta, a necrotic core develops in the
wall and causes dissecting aneurysm. In the case of a brain
artery, the thin arterial wall is easily ruptured by necrosis
of the smooth muscle cell layer, causing brain hemorrhage.
These are the processes in which smooth muscle contrac-
tion causes cardiovascular events. To predict the looming
vascular events, CAVI which detects rapid contraction of
smooth muscle cells would be a distinctive indicator warn-
ing of conditions leading to such events. Thus, it is recom-
mended to measure arterial stiffness with CAVI in short
intervals (ie every week or every morning) when possible.
Furthermore, we tentatively propose that a high basal
value of CAVI is over 10 and enhanced ACAVI is over
0.7 for the sign of a looming cardiovascular event.
Tentative basal value CAVI (= 10) was nearly mean
CAVI (7.84) in Japanese + 2 x standard deviation
(2x1.07).”” ACAVI (0.7) was correspondent to two times
of coefficient variation (3.8%) of CAVI measurement'”
These values are just tentative and might be changed in

Arterial smooth muscle cell contraction theory
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\.\ \ \}Q Yy
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Figure 5 “Smooth muscle cell contraction” hypothesis for plaque rupture.
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the future by the accumulation of abundant data. Sato
Y reported that CAVI > 10 contributed more to the occur-
rence of CV events than CAVI < 10 in the prospective
study. Basal CAVI value 10 is corresponding to the upper
1/4 value for CVD event.?’ In addition, Otsuka et al
revealed that 4CAVI > 0.5 during 6 months of observa-
tion period was associated with the high risk of CV
event.”*

How to Prevent Impending
Cardiovascular Events by
Monitoring CAVI

In the case that CAVI is measured continuously and the value
is rapidly increased, what should be done? According to the
smooth muscle cell contraction hypothesis, a rapid rise in
CAVI is due to smooth muscle cell contraction by various
types of stress. Therefore, in order to decrease CAVI, many
therapeutic treatments should be attempted to relax the arter-
ial smooth muscle cell contraction.

Available methods include light exercise, taking a bath and
some medications that have been reported to decrease CAVI,
such as administration of antihypertensive agents like
olmesartan,* lipid-lowering agents like pitavastatin,*® con-
trolling diabetes mellitus,”® decrease body weight (in cases
of metabolic syndrome),>* stop smoking®” and CPAP installa-
tion for OSA.*® In addition, the elimination of stress might be
the most important. A comprehensive therapy plan should be
considered case by case through monitoring of CAVL

Conclusion and Future Perspectives
A rapid rise in CAVI in persons with a high basal CAVI
might be a prodrome of serious cardiovascular events.
This might be due to smooth muscle contraction induced
by very stressful situations. Although this hypothesis has
not been fully proven yet, it might be useful to provide an
alert to let the patient try to relieve stress in order to relax
the arterial smooth muscle cells and to avoid serious sub-
sequent cardiovascular events. To monitor arterial stiff-
ness, we now currently use CAVI; however, more easy
and available instruments are expected in the future.
Further studies are necessary to clarify which arterial
stiffness might be well reflecting the coronary artery to
verify this hypothesis.
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