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E D I T O R I A L

Hemodynamic arteriosclerotic syndrome – A vicious cycle of 
hemodynamic stress and vascular disease

1  | INTRODUC TION

A new concept of the synergistic vicious cycle of blood pressure 
(BP) variability and vascular disease (systemic hemodynamic ath-
erothrombotic syndrome, SHATS) has recently been proposed.1-3 
There are 2 common types of arterial disease: endothelial damage-
initiated4,5 atherosclerosis resulting in advanced atherosclerotic 
plaque and arteriosclerosis with advanced arterial stiffness of large 
arteries, which is linked to small artery remodeling.6 The former is 
predominantly promoted by metabolic risk factors (eg, diabetes, 
dyslipidemia), whereas the latter is most closely linked to aging and 
hypertension. Previous definitions of SHATS have included both 
types of vascular disease. However, here we clarify the concept of 

HATS (hemodynamic arteriosclerotic syndrome) in a narrower sense 
of a previous SHATS concept, by separating the well-known athero-
thrombotic mechanism of cardiovascular disease from the increas-
ingly important arteriosclerotic mechanism.

2  | WHAT IS HATS?

HATS refers to an accelerated vicious cycle of hemodynamic stress 
(BP variability/surge) and arteriosclerosis (arterial stiffness), result-
ing in target organ damage and cardiovascular events.1-3 Figure 1 
shows the clinical phenotypes of cardiovascular events associ-
ated with HATS and 3 mechanistic trigger pathways: (1) BP surge to 

F IGURE  1 Concept of hemodynamic arteriosclerotic syndrome (HATS) and cardiovascular events. AHF, acute heart failure; AF, atrial 
fibrillation; BP, blood pressure; CKD, chronic kidney disease; LV, left ventricle; LVH, left ventricular hypertrophy
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atherosclerotic plaque, (2) Strain to strain to strain vessel, (3) after-
load to left ventricle. In HATS, the exaggerated power of the pulse (BP 
surge) is not properly absorbed by conduit arteries (such as the aorta) 
and is transmitted to peripheral atherothrombotic plaques, resulting 
in plaque rupture, triggering atherothrombotic events associated with 
coronary artery disease and atherothrombotic stroke. The exagger-
ated BP surge transmits to strain vessels7 small and short vessels that 
are exposed to high-pressure, and therefore have to maintain a strong 
vascular tone to provide a large pressure gradient in a short distance.7 
The higher wall strain on these stain vessels is partly derived from 
the impedance mismatch that depends on size and stiffness, and from 
branching at a rectangular angle from the relatively larger arteries. 
These strain vessels are found in vital organs (brain, heart, kidney) 
and are highly affected by exaggerated BP surge strain, resulting in 
progressive small artery disease.7 Small artery diseases include vas-
cular dementia, lacunar infarction, and chronic kidney disease (CKD; 
microalbuminuria, and/or decreasing glomerular filtration rate). 
Finally, HATS increases left ventricular (LV) afterload by increasing 
aortic stiffness and reducing the transit time of reflected pulse waves. 
Increased LV afterload promotes chronic LV hypertrophy (LVH) and 
diastolic dysfunction. Acutely elevated LV afterload secondary to ex-
aggerated BP surges would increase LV pressure to trigger acute heart 
failure in high-risk HATS patients with stiff arteries and LVH.

3  | CLINIC AL IMPLIC ATIONS

Figure 2 shows the long-term development and progression of car-
diovascular disease over the life span. Advancing HATS mirrors the 

aging process. Various cardiovascular risk factors (eg, hypertension, 
diabetes, dyslipidemia, smoking, CKD, hypoxia, inflammation) dam-
age endothelial cells and advance both atherosclerosis and arte-
riosclerosis, promoting development of HATS (Figure 2). HATS can 
contribute to cardiovascular risk throughout life, although the clini-
cal implications and importance of HATS might vary in younger vs 
older populations.
In younger adults, the arteriosclerosis of HATS and atherosclerosis 
both increase the chronic risk of cardiovascular disease. HATS, the 
vicious cycle of hemodynamic stress and arteriosclerosis, precedes 
hypertension across all ages. Hypertension is defined using thresh-
olds of average BP readings. The diagnostic threshold has gradually 
lowered over time and is currently 130/80 mm Hg according to the 
latest (2017) ACC/AHA guidelines.8 The current hypertension man-
agement strategy focusses on early and strict BP control to prevent 
cardiovascular disease. Early detection of HATS and lifestyle modifi-
cation before hypertension diagnosis is important to prevent future 
cardiovascular disease.
In older patients with advanced HATS-related arterial stiffness, the 
associated hemodynamic stress could trigger cardiovascular events. 
Therefore, stricter 24-hour BP control and suppression of exagger-
ated BP surge would be important to reduce cardiovascular events, 
including heart failure.9

4  | E VALUATION

Evaluation of HATS should be based on 2 domains of cardiovascular 
risk: the assessment of hemodynamic stress (BP variability, BP surge), 

F IGURE  2 Aging and prognosis of cardiovascular disease throughout human life. BP, blood pressure; CKD, chronic kidney disease; CV, 
cardiovascular
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and the assessment of arteriosclerosis (arterial stiffness, some index 
of pulse waveform). Each could be assessed separately, but the nov-
elty of the HATS assessment is the simultaneous evaluation of both 
domains, taking their synergistic effect on cardiovascular risk into con-
sideration. The epidemiological evidence of HATS should be tested.

4.1 | Hemodynamic stress

BP changes over time, from longer yearly, seasonal, day-by-day, 
diurnal, and trigger-specific variation to shorter beat-by-beat 
changes.10,11 Continuous BP represents the pulse wave at all time 
points, while the shortest BP variability is in the pulse waveform 
during one beat. Trigger-specific BP changes occur in response to 
factors such as cold temperature, physical activity, and mental stress 
(Figure 2).11 Assessment of hemodynamic stress in current clinical 
practice includes clinic, home, and ambulatory BP variability (stand-
ard deviation [SD], coefficient of variation [CV], average real variabil-
ity [ARV], and peak of BP readings). Recent prospective studies have 
shown that these visit-to-visit clinic, day-by-day home or ambulatory 
BP, and beat-by-beat clinic BP variabilities increase the risk of cardio-
vascular events (eg, stroke, coronary events) and age-related disease 
(eg, heart failure, CKD, dementia), independently of average BP.12-14 
BP surge is a measure of the pressor component of BP variability 
above the pathological threshold. Physiologically adequate BP vari-
ability (BP oscillation) is important for maintaining vascular health 
because the increased blood flow variability associated with BP os-
cillation increases shear stress to endothelial cells, resulting in in-
creasing nitric oxide production. However, exaggerated BP surges 
can trigger cardiovascular events. This pathologically exaggerated 
BP surge (dynamic BP surge) could be augmented by synchronization 
of various BP surges with different time phases (resonance hypoth-
esis of BP surge).15 Exaggerated BP surges occur more frequently 
in the morning compared with other times of the day because ba-
roreflex sensitivity is reduced in the morning due to increased 
central sympathetic activation at this time. Both morning BP surge 
and morning home hypertension increase the risk of cardiovascular 
events, while morning home BP and increased day-by-day home BP 
variability increase the risk of stroke.13 
Positional, mental, or physical (exercise) stress-induced BP surge in 
the laboratory setting is one measure of BP surge. Exercise BP has 
been independently associated with impaired baroreflex sensitiv-
ity even in those with well-controlled resting BP. Orthostatic hy-
pertension (an increase in BP after standing) evaluated by clinic or 
home BP monitoring is associated with morning BP surge and is an 
independent risk factor for multiple silent cerebral infarcts detected 
by brain magnetic resonance imaging (MRI), which can precede de-
mentia, depression, apathy, and falls in the elderly.1 Repeated as-
sessment of BP surges triggered by specific events during daily 
life would facilitate clinically-meaningful assessment of real-world 
pathological BP surges. This could be achieved by using a recently 
developed ICT (information and communication technology)-based 
multisensor ambulatory BP monitoring device equipped with acti-
graph, thermometer, and barometer.11 This approach calculates a 

new index of trigger-specific BP surge: physical activity-induced 
ambulatory BP increase (actisensitivity), which is increased in win-
ter vs summer.
Trigger home BP monitoring has been developed to detect the risk 
of BP variability selectively trigged by specific triggers. In addition, 
hypoxia-triggered nocturnal home BP monitoring could selectively 
measure sleep apnea-induced BP elevations.16 The exaggerated 
sleep apnea-induced nighttime BP surge might explain the increased 
frequency of sleep-onset cardiovascular events seen in patients 
with obstructive sleep apnea. Current BP measurement is intermit-
tent and based on the oscillometric method, whereas continuous 
pulse wave-based BP measurement is ideal. Wearable continuous 
“beat-by-beat” surge BP monitoring devices are in development.10

4.2 | Arterial stiffness

Arterial stiffness is a clinical measure of arteriosclerosis and is fre-
quently evaluated using pulse wave velocity (PWV).17,18 There are 
two methods for evaluating PWV, carotid-femoral (cf) PWV (a meas-
ure of aortic stiffness), and brachial-ankle (ba) PWV (a measure of 
both aorta and peripheral muscle artery stiffness). There is good 
evidence for both cf- and ba-PWVs as predictors of cardiovascular 
events,19,20 and these measures are commonly used in clinical prac-
tice. In addition, the cardio ankle vascular index (CAVI) is a promising 
BP-independent index of arterial stiffness for predicting cardiovas-
cular risk.21,22 Other measures of arterial stiffness include intima-
media thickness and stiffness beta of the carotid artery evaluated by 
carotid echography, and aortic stiffness evaluated by MRI. Increased 
arterial stiffness detected using these measures reflects an increase 
in both structural stiffness due to changes in the matrix (smooth 
muscle cell hypertrophy, increased collagen, decreased elastin, 
and fibrosis), and functional stiffness due to neurohumoral activa-
tion (activation of sympathetic nervous system, renin-angiotensin-
aldosterone system, endothelin system, etc.).

4.3 | Pulse wave form

Pulse waveform (PWF) could be considered a measure of both hemo-
dynamic stress and arteriosclerosis. Central pressure and arterial 
property indices (eg augmentation index, reflection magnitude) can 
be estimated from the PWF. A promising index of arterial property 
is reflection magnitude (RM), defined as the ratio of the amplitude 
of the backward wave to that of the forward wave.23-25 The RM is 
predominantly determined by the structure and function of total ar-
terial tree, consisting of the central aorta and peripheral artery with 
various diameters. Prospective studies showed that RM is a strong 
predictor of incident heart failure and cardiovascular events.24,25

5  | CONCLUSIONS AND PERSPEC TIVE

The concept of HATS will fit the goal of earlier and more strin-
gent management of cardiovascular risk throughout the life-span. 
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Hemodynamic biomarker-initiated anticipation medicine is a promis-
ing approach to prevent the onset and the aggravation of cardiovas-
cular events. Pathological thresholds for the 2 main components of 
HATS (hemodynamic stress and arteriosclerosis) and their synergis-
tic effects on cardiovascular events and organ damage need to be 
clarified. In addition, the feasible, optimal, and clinically meaning-
ful combination of BP variability and arterial property measures for 
clinical practice needs to be determined.
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