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Abstract

Arterial stiffness has emerged as a significant predictor of postoperative complications in cardiac surgery patients. Therefore, this article
explores how arterial stiffness determines adverse outcomes following cardiac surgery by reviewing the mechanisms linking arterial
stiffness to complications such as acute kidney injury (AKI), myocardial ischaemia, and heart failure. Furthermore, this article discusses
how impaired ventricular–arterial (V–A) coupling, driven by arterial stiffness, can hinder postoperative recovery and negatively impact
long-term cardiovascular health. Current diagnostic techniques for measuring arterial stiffness are highlighted, along with potential
interventions to mitigate the associated impact during the perioperative period. An improved understanding of the relationship between
arterial stiffness and V–A coupling could lead to improved patient outcomes in cardiac surgery.

Keywords: arterial stiffness; cardiac surgery; postoperative complications; ventricular–arterial coupling

1. Introduction
For patients undergoing cardiac surgery, the interplay

between pre-existing cardiovascular conditions and acute
haemodynamic shifts during the procedure presents a sig-
nificant challenge. Emerging evidence highlights arterial
stiffness as a pivotal, frequently overlooked factor that has
a significant impact on postoperative outcomes in this pa-
tient group.

Arterial stiffness is characterised by a loss of elasticity
and compliance in the arterial wall in response to changes
in blood pressure. It is most commonly assessed using
pulse wave velocity (PWV), which measures the speed at
which pressure waves travel through the arteries [1]. An
increasing body of evidence confirms that arterial stiffness
is a significant predictor of adverse postoperative complica-
tions, including acute kidney injury (AKI) [2], myocardial
ischaemia [3], and heart failure [4]. These complications
can have a substantial impact on recovery and long-term
prognosis.

Furthermore, arterial stiffness is widely recognised as
the primary clinical manifestation of, and a crucial indicator
for, vascular ageing [5]. The progressive stiffening of large
arteries significantly contributes to overall cardiovascular
morbidity and mortality [6]. Structural changes, such as in-
creased wall thickness and intima-media thickening (often
associated with subclinical atherosclerosis), are indepen-
dently linked to future cardiovascular events [7]. Beyond
these structural alterations, the most prominent functional
change in ageing large arteries is their inherent ‘stiffening’,
which itself is a strong independent predictor of cardiovas-
cular events [8]. This process directly contributes to age-
related increases in systolic blood pressure and pulse pres-

sure, both of which are closely associated with cardiovas-
cular risk, particularly in elderly surgical patients [9].

Cardiac surgery places considerable hemodynamic
stress on the cardiovascular system. Increased arterial stiff-
ness exacerbates these challenges by impairing ventricular–
arterial (V–A) coupling, the optimal synchronised interac-
tion between the heart and arteries that is essential for effec-
tive haemodynamic adaptation [7]. Disruption to this cou-
pling due to arterial stiffness can compromise postoperative
recovery and lead to long-term complications.

This article reviews the clinical role of arterial stiff-
ness in predicting and influencing postoperative complica-
tions in cardiac surgery patients. We examine its impact
on cardiovascular coupling in this high-risk patient group
and provide insights into potential strategies for improving
clinical management and patient outcomes.

2. Methods for Measuring Arterial Stiffness
in the Perioperative Setting

Several non-invasive techniques are available to as-
sess arterial stiffness in the perioperative setting. The
choice of method is typically guided by the specific clini-
cal requirements, technical feasibility, and equipment avail-
ability.

2.1 Pulse Wave Velocity (PWV)
PWV is widely regarded as the “gold standard” for

the non-invasive assessment of arterial stiffness. It relies
on the biophysical principle that the pulse wave propagates
faster through stiffer arterial vessels. Mathematically, it
is defined as the distance traveled by the pulse wave di-
vided by the transit time. Carotid–femoral PWV (cfPWV):
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Fig. 1. Aortic pressure waveform decomposition and hemodynamic evolution with aging.

This technique assesses the stiffness of the aorta and large
elastic arteries (e.g., from the carotid artery to the femoral
artery). It is the most validated and clinically relevant pa-
rameter, with values of ≥10 m/s indicating an increased
cardiovascular risk, according to the 2018 ESC guidelines
[10]. Although this metric incorporates a composite of cen-
tral and peripheral arterial segments, it offers the advantage
of technical simplicity and is extensively used in clinical
settings. According to the Asian Expert Society guidelines
[11], brachial–ankle pulse wave velocity (baPWV) values
are categorised as normal (<14 m/s), borderline (14–18
m/s), and abnormal (>18 m/s). Current research is investi-
gating its utility in predicting anaesthesia-induced hypoten-
sion [11].

2.2 Augmentation Index (AIx)
AIx quantifies pulse wave reflection, indicating pe-

ripheral artery stiffness and the magnitude of the reflected
wave returning to the aorta. AIx is measured via applana-
tion tonometry (e.g., at the radial or carotid artery) and is
derived from the difference between systolic peaks of the
pulse wave [12]. It is expressed as a percentage of pulse
pressure (Fig. 1). Elevated AIx (especially AIx75, nor-
malised to a heart rate of 75 bpm) signifies increased cardio-
vascular risk. Measurements should be performed in rest-
ing patients in the supine position, avoiding recent intake of
vasoactive substances or changes to/in medication.

2.3 Ambulatory Arterial Stiffness Index (AASI)
The AASI is derived from 24-hour ambulatory blood

pressure monitoring (ABPM) and is calculated as 1 minus

the regression slope of diastolic blood pressure on systolic
blood pressure. A higher AASI indicates greater arterial
stiffness under ambulatory conditions [12].

2.4 Cardio-Ankle Vascular Index (CAVI)
CAVI evaluates stiffness throughout the entire arte-

rial system, from the origin of the aorta to the ankles. It
is considered to be less dependent on acute blood pressure
changes compared to PWV, rendering it valuable in the pe-
rioperative setting. Extensive validation confirms its prog-
nostic value for cardiovascular and renal outcomes, includ-
ing in the context of cardiac surgery [13].

2.5 Pulse Arrival Time (PAT)
PAT measures the time from the electrocardiogram

(ECG) R-wave to the arrival of a pulse wave at a periph-
eral site. Although it is influenced by the cardiac pre-
ejection period, it can be measured continuously, rendering
it a promising tool for real-time, perioperative monitoring
of arterial stiffness and haemodynamic [14].

3. Arterial Stiffness as a Predictor of
Postoperative Complications

Elevated arterial stiffness is established as an indepen-
dent risk factor for various postoperative complications in
cardiac surgery patients, affecting a wide range of organ
systems (Fig. 2).

3.1 Impact on Kidney Function
AKI is one of the most common and severe compli-

cations following cardiac surgery. It is associated with in-
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Fig. 2. Comparative analysis of vascular hemodynamics and arterial stiffness. LV, left ventricular; PWV, pulse wave velocity.

creased morbidity, mortality, and healthcare costs. Arterial
stiffness compromises the capacity of the kidneys to main-
tain adequate blood flow during periods of haemodynamic
instability, thereby increasing the risk of AKI. Studies have
shown that an elevated baseline level of arterial stiffness is
associated with a greater risk of AKI, which in turn worsens
patient outcomes and extends hospital stays.

Choi et al. [2] demonstrated that preoperative baPWV
is an independent predictor of AKI development following
off-pump coronary artery bypass grafting (OPCABG). A
baPWV value of at least 1720 cm/s was associated with a
significantly higher risk of AKI. Similarly, Greenwood et
al. [15] reported that cfPWV is an independent predictor of
AKI after coronary artery bypass grafting. Each 1 m/s in-
crease in cfPWV was associated with a 1.48-fold increased
risk of AKI. The proposed mechanisms for this association
include increased vulnerability of the renal microvascula-
ture to blood pressure fluctuations due to reduced buffer-
ing capacity of large arteries, impaired renal autoregulation,
and systemic inflammatory responses associated with stiff-
ened vessels. Moreover, Hori et al. [16] demonstrated that
broader vascular dysfunction, including impaired endothe-
lial function (flow-mediated dilation, FMD), was found to
be associated with AKI after cardiac surgery, suggesting a
comprehensive vascular pathway to renal damage.

Limited evidence also links arterial stiffness to early
postoperative complications. Greater preoperative PWV
is associated with a higher incidence of cardiac surgery-
associated acute kidney injury (CSA-AKI) in patients un-
dergoing valve surgery.

3.2 Myocardial Ischaemia and Heart Failure

Arterial stiffness impairs coronary artery perfusion,
increasing the risk of ischaemic events during and after
surgery. Furthermore, myocardial workload is increased

to overcome the increased afterload caused by stiffened ar-
teries [17], predisposing the patient to a higher risk of de-
veloping heart failure postoperatively. This relationship is
critical, as the increased left ventricular afterload imposed
by stiff arteries reduces left ventricular efficiency and is a
direct contributor to complications such as heart failure or
inadequate myocardial ischaemia during the recovery phase
[6,18,19].

3.3 Neurological Implications

Neurological complications such as stroke, postoper-
ative cognitive dysfunction (POCD), and delirium can have
devastating consequences following cardiac surgery. Arte-
rial stiffness can play a crucial role in cerebral haemody-
namics and autoregulation. Impaired regulation of blood
flow to the cerebral autoregulation due to stiffer arteries
may lead to suboptimal perfusion, particularly during peri-
ods of low cardiac output or circulatory instability follow-
ing surgery.

Obata et al. [20] found a significant positive corre-
lation between preoperative AASI and the lower limit of
cerebral autoregulation (LLA) during cardiac surgery. A
higher AASI was associated with a higher LLA, indicat-
ing that cerebral blood flow became pressure-dependent at
higher mean arterial pressures. This suggests that patients
with stiffer arteriesmay have a narrower range ofmean arte-
rial pressure (MAP) at which cerebral blood flow is main-
tained, potentially increasing their risk of cerebral hypop-
erfusion during periods of hypotension. Furthermore, Hori
et al. [16] further explored this phenomenon, demonstrat-
ing that impaired endothelial function (as assessed by FMD)
and increased baPWV were both independently associated
with a higher LLA. This underscores that vascular stiffness
directly impacts the brain’s ability to maintain stable blood
flow despite systemic blood pressure changes, increasing
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its vulnerability to hypotensive insults during cardiovascu-
lar surgery. A recent large cohort study [20] emphasises the
critical role of blood pressure control in preventing postop-
erative delirium. This supports the importance of consider-
ing individual LLA (influenced by arterial stiffness) when
setting intraoperative blood pressure targets, especially for
patients with pre-existing vascular stiffness.

3.4 Postoperative Atrial Fibrillation (POAF)
Postoperative atrial fibrillation (POAF) is the most

common arrhythmia after cardiac surgery. It is associated
with an increased risk of stroke, prolonged hospitalisation,
and higher healthcare costs. Emerging evidence suggests
a link between arterial stiffness and the development of
POAF. A recent study by Plunde et al. [21] identified that
CAVI may be an independent predictor of POAF follow-
ing cardiac surgery. This finding is biologically plausible,
suggesting that a stiffer arterial system contributes to in-
creased left ventricular afterload and subsequent left atrial
remodelling—a key component of the pathophysiological
pathway leading to POAF [22].

3.5 Long-Term Mortality and Morbidity
Arterial stiffness influences long-term outcomes after

cardiac surgery, beyond immediate postoperative compli-
cations. Tanaka et al. [18] demonstrated that preopera-
tive CAVI is an independent predictor of adverse long-term
outcomes, including all-cause and cardiovascular mortality,
in patients undergoing transcatheter aortic valve replace-
ment (TAVR). Patients with elevated CAVI exhibited re-
duced survival rates. The general prognostic value of ar-
terial stiffness has been well established by meta-analyses
such as those by Vlachopoulos et al. [6] for PWV and Tavo-
linejad et al. [22] for CAVI, and this extends to the car-
diac surgical population. Importantly, arterial stiffness is
not merely a passive marker of pre-existing cardiovascular
disease, but actively contributes to disease progression and
susceptibility to adverse events, even following successful
surgery [4] (Fig. 3).

4. Pathophysiological Mechanisms and
Cardiovascular Coupling

The pathophysiological mechanisms through which
arterial stiffness contributes to postoperative complications
are complex and multifactorial. These include altered vas-
cular compliance, increased left ventricular afterload, and
impaired baroreceptor sensitivity. Together, these factors
can lead to instability in the immediate postoperative pe-
riod and long-term cardiac dysfunction [23].

V–A coupling defined as the optimal interaction be-
tween the heart and the arterial system, is crucial for main-
taining efficient circulation and adequate tissue perfusion
[24]. The heart and arteries interact to deliver the precise
amount of blood to organs based on their metabolic needs.
However, during cardiac surgery, the cardiovascular system

undergoes acute haemodynamic changes, including fluctu-
ations in blood pressure and heart rate. Arterial stiffness im-
pairs the arteries’ ability to adapt to these changes, creating
a mismatch between the heart’s output and the arterial sys-
tem’s capacity to receive and distribute blood. This signifi-
cantly increases the myocardial workload, resulting in inef-
ficient circulation and compromised recovery [25]. Arterial
stiffness particularly affects left ventricular function. In the
presence of arterial stiffness, the left ventricle encounters
increased afterload, hindering its ability to eject blood ef-
fectively. This reduces the left ventricle’s efficiency and
can result in complications such as heart failure or a low
cardiac output during the recovery phase following surgery
[26].

Disruption to V–A coupling caused by arterial stiff-
ness can have significant implications for postoperative re-
covery. Impaired V–A coupling can result in prolonged
hospital stays, an increased risk of heart failure, and a higher
likelihood of readmission after surgery [27]. Monitoring V-
A coupling in cardiac surgery patients could help identify
those at higher risk of adverse recovery and guide more per-
sonalised treatment strategies [28].

5. Impact of Cardiac Surgery on Arterial
Stiffness and Vice Versa

The relationship between arterial stiffness and car-
diac surgery is bidirectional: pre-existing stiffness can in-
fluence surgical outcomes, while the procedure itself can
also modulate arterial stiffness. Some cardiac surgical in-
terventions, particularly those addressing valvular heart dis-
ease, can directly impact arterial stiffness. Plunde and Bäck
[19] reviewed the impact of aortic valve replacement (AVR)
on arterial stiffness in patients with aortic stenosis (AS).
They observed that AS is inherently associated with in-
creased arterial stiffness and that both surgical (SAVR) and
transcatheter (TAVR) AVR can significantly reduce arterial
stiffness. This improvement was attributed to the imme-
diate reduction in left ventricular afterload, which leads to
favourable remodelling of the left ventricle and the arte-
rial tree. On the other hand, Sigala et al. [29] investigated
whether the type of surgical valve (mechanical vs. biolog-
ical) affects the impact of SAVR on arterial stiffness. Miki
et al. [30] specifically examined the clinical implications
of CAVI before and after TAVR, observing that CAVI typ-
ically decreases after TAVR (indicating reduced stiffness).
They demonstrated that the magnitude of this decrease and
post-procedural CAVI values were important predictors of
long-term outcomes such as left ventricular diastolic dys-
function and late cardiac events. Investigating the reasons
for the decline of CAVI in aortic valve stenosis, Takahashi
et al. [31] sought to elucidate the mechanisms behind these
changes. They noted that while AVR improves arterial stiff-
ness, the residual stiffness or the extent of its reduction re-
mains prognostically relevant.
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Fig. 3. Mechanism by which arterial stiffness influences outcomes in patients undergoing cardiac surgery.

Notably, preoperative CAVI is often lower in individ-
uals with aortic stenosis or regurgitation compared to those
with isolated ascending aortic dilation. This difference may
reflect altered haemodynamics that mask underlying arte-
rial rigidity. However, a significant increase in CAVI is
observed after surgery, particularly in patients with aortic
stenosis. This increase might be related to the relief of
valvular obstruction, causing the arterial tree to operate at a
higher pressure.

6. Management and Strategies to Modulate
Arterial Stiffness and V-A Coupling

Elevated arterial stiffness can present significant chal-
lenges during cardiac surgery and subsequent patient man-
agement. For instance, patients with severe arterial stiff-
ness may have a reduced capacity for vasodilation, which
complicates blood pressure management and increases the
risk of hypertension and hypoperfusion. Understanding a
patient’s baseline arterial stiffness could inform anaesthetic
decisions, particularly regarding the selection of vasopres-
sors and vasodilators, and help establish more personalised
haemodynamic targets throughout the various stages of
surgery and recovery.

Intraoperative monitoring of V–A coupling, although
less commonly employed, could provide real-time insights
into cardiovascular performance to facilitate optimal man-
agement. Devices that measure central haemodynamics, in-
cluding arterial pressure and cardiac output, can assess the
efficiency of V–A coupling during and after surgery. This

dynamic assessment could guide immediate adjustments to
treatment strategies, potentially preventing complications
[32].

Given the adverse effects of arterial stiffness, interven-
tions aimed at modulating it during the perioperative period
are of significant interest. Kepler et al. [33] conducted a
randomised clinical trial investigating the effect of remote
ischaemic preconditioning (RIPC) on arterial stiffness in
patients undergoing vascular surgery. They demonstrated
that RIPC reduced the increase in arterial stiffness observed
24 hours after surgery in the control group, suggesting a
potential protective effect on vascular health. Although
this study focused on vascular surgery, the implications for
cardiac surgery, which also involves significant ischaemia-
reperfusion injury, are promising. Further research in car-
diac surgical cohorts is needed to establish whether RIPC
or other preconditioning strategies could similarly mitigate
perioperative arterial stiffening and improve outcomes.

7. Clinical Implications and Future
Perspectives

The growing body of evidence strongly supports the
integration of arterial stiffness assessment into the clinical
management of cardiac surgical patients.

7.1 Role in Preoperative Risk Stratification

Preoperative measurement of arterial stiffness, par-
ticularly cfPWV, baPWV, or CAVI, could be a valuable
tool for enhanced risk stratification. Identifying patients
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with elevated arterial stiffness could help to stratify those
at increased risk of multiple postoperative complications,
including AKI [34], neurological deficits such as delir-
ium [35] and stroke [20], and adverse long-term cardio-
vascular events such as postoperative atrial fibrillation [21].
This would enable clinicians to implement more intensive
monitoring strategies, adapt anaesthetic management (e.g.,
by setting individualised blood pressure targets guided by
LLA) and potentially initiate protective interventions prior
to surgery.

Furthermore, preoperative assessment of arterial stiff-
ness using CAVI has demonstrated prognostic value in pa-
tients undergoing coronary artery bypass grafting (CABG).
Patients with pathological CAVI (≥9.0) before CABG
exhibited a significantly higher incidence of adverse
events and mortality during the five-year follow-up period
(48.86% versus 34.9%, p = 0.034, and 4.55% versus 0.67%,
p = 0.049, respectively) compared to those with normal
CAVI values (<9.0) [3]. Additionally, pathological CAVI,
along with multifocal atherosclerosis, was identified as an
independent predictor of the composite endpoint. Multi-
variate analysis identified elevated CAVI and carotid steno-
sis as independent predictors of mortality andmajor adverse
cardiac events (MACE), demonstrating the usefulness of in-
corporating arterial stiffness measurement for risk stratifi-
cation.

7.2 Potential for Targeted Interventions

Identifying high-risk patients characterized by in-
creased arterial stiffness enables the implementation of tar-
geted interventions. Although pharmacological strategies
to reduce arterial stiffness preoperatively are still under
investigation, alternative approaches could be considered,
such as strict blood pressure control [23], optimisation of
glycaemic control [36], and preconditioning strategies (e.g.,
RIPC, as explored byKepler et al., 2019 [33]) [37]. Further-
more, understanding how stiffness influences a patient’s
LLA could informmore personalised blood pressure targets
during and after surgery, helping to prevent cerebral hypop-
erfusion [27]. The emerging link with POAF also suggests
the potential for early antiarrhythmic strategies or enhanced
monitoring for these high-risk individuals [21].

Renal impairment is both a consequence of and a pre-
dictor of increased arterial stiffness. Elevated PWV is as-
sociated with a reduced eGFR both before and after car-
diac surgery [38]. This association remains significant
even after adjusting for factors such as age and hyperten-
sion, suggesting that arterial stiffness may contribute to re-
nal dysfunction by increasing pulsatile load and microvas-
cular damage [39]. Increased/elevated postoperative arte-
rial stiffness can also exacerbate renal impairment, thereby
influencing prognosis [15]. However, further research is
required to establish whether interventions aimed at im-
proving vascular function, such as the use of cholesterol-
lowering drugs, antihypertensive therapy, smoking cessa-

tion, angiotensin-converting enzyme inhibitor therapy, vi-
tamin E supplements, statins, and L-arginine therapy, could
prevent CSA-AKI [40,41].

7.3 Need for Large, Multicenter Prospective Studies
While the current evidence is compelling, much of it

is derived from single-centre or retrospective studies. To
establish the clinical utility of measuring arterial stiffness,
large, multicentre prospective studies are essential. These
studies should validate the predictive value of various arte-
rial stiffness parameters across diverse cardiac surgical pop-
ulations, evaluate the cost-effectiveness of routine assess-
ment, and investigate whether interventions guided by arte-
rial stiffness measurements can improve patient outcomes.
Specific areas for future research include determining the
optimal timing for assessing arterial stiffness, identifying
themost suitable parameters for specific complications, and
establishing the definitive high-risk threshold.

7.4 Development of Continuous Monitoring Technologies
The development of non-invasive, continuous moni-

toring technologies for arterial stiffness, such as PAT [42],
shows great potential. These technologies could provide
real-time feedback on vascular health and haemodynamic
status during the perioperative period, enabling timely treat-
ment adjustments and potentially preventing complications.
Further research into the accuracy, reliability, and clinical
utility of these emerging technologies in operating theatres
and intensive care units is crucial. An example of such ad-
vancement is the ongoing clinical trial [43] using ultrasonic
PWV measurement, which aims to explore the real-time
interaction between arterial stiffness, haemodynamics, and
anaesthesia.

8. Conclusion
In conclusion, arterial stiffness represents a critical

prognostic factor, significantly influencing postoperative
complications and cardiovascular outcomes following car-
diac surgery. By impairing the arterial buffering capacity,
arterial stiffness compromises V–A coupling, thereby in-
creasing the risk of major complications, including AKI,
myocardial ischaemia, heart failure, and stroke. Monitor-
ing arterial stiffness and V–A coupling before and during
surgery provides valuable prognostic information and could
guide more effective perioperative management. Further
research is warranted to explore potential interventions ca-
pable of reducing arterial stiffness and optimising V–A cou-
pling, with the ultimate aim of enhancing postoperative re-
covery and long-term outcomes for patients undergoing car-
diac surgery.
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