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Abstract

Intravascular thrombosis, a critical pathophysiological
feature of many cardiovascular disorders, leads to the
formation of life-threatening obstructive blood clots
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within the vessels. Rapid recanalization of occluded
vessels is essential for the patients’ outcome, but
the currently available systemic fibrinolytic therapy
is associated with low efficacy and tremendous side
effects. Additionally, many patients are ineligible for
systemic thrombolytic therapy, either due to delayed
admission to the hospital after symptom onset, or
because of recent surgery, or bleeding. In order to
improve the treatment efficacy and to limit the risk of
hemorrhagic complications, both precise imaging of the
affected vascular regions, and the localized application
of fibrinolytic agents, are required. Recent years have
brought about considerable advances in nanomedical
approaches to thrombosis. Although these thrombus-
targeting imaging agents and nanotherapies are not
yet implemented in humans, substantial amount of
successful /n vivo applications have been reported,
including animal models of stroke, acute arterial
thrombosis, and pulmonary embolism. It is evident
that the future progress in diagnosis and treatment of
thrombosis will be closely bound with the development
of novel nanotechnology-based strategies. This Editorial
focuses on the recently reported approaches, which
hold a great promise for personalized, disease-targeted
treatment and reduced side effects in the patients
suffering from this life-threatening condition.

Key words: Thrombosis; Thrombus imaging; Nanome-
dicine; Targeted nanoparticles; Thrombolytic drug-
delivery systems

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The prevalence of thrombosis, the formation
of life-threatening clots obstructing vital blood vessels,
continues to rise. Accurate diagnosis and rapid recanali-
zation of an occluded artery is essential to improve
outcomes and reduce the mortality in acute myocardial
infarction or stroke. The current thrombolytic therapy
often fails to diminish the occlusion and is associated
with a high rate of hemorrhagic complications. Develop-
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ment of directed nanosystems for local thrombolysis,
characterized by a strong fibrinolytic effect and low
bleeding risk, is therefore one of the most urgent tasks
in the prevention and the therapy of acute thrombotic
events.

Cicha I. Thrombosis: Novel nanomedical concepts of diagnosis
and treatment. World J Cardiol 2015; 7(8): 434-441 Available
from: URL: http://www.wjgnet.com/1949-8462/full/v7/i8/434.
htm DOI: http://dx.doi.org/10.4330/wjc.v7.i8.434

INTRODUCTION

Intravascular thrombosis, the formation of life-threa-
tening obstructive blood clots within the vessels,
underlies a number of cardiovascular disorders such
as heart attack, ischemic stroke, pulmonary embo-
lism, and deep vein thrombosis™?. Among these,
atherothrombotic diseases (ischemic heart disease
and stroke) are collectively responsible for 25% of all
deaths worldwide™. In contrast, the burden of venous
thromboembolism (VTE) is not well documented.
According to the recent analyses', its incidence ranges
between 1-2 per 1000 individuals in most of the studies,
resembling the frequency of myocardial infarction™,
and the deaths due to VTE are estimated at 300000
per year in the United States™.. Globally, the prevalence
of thrombotic disorders continues to increase, parti-
cularly in the developing countries. However, despite
significant advances in understanding of the disease
mechanisms, which led to the development of more
effective anti-thrombotic and thrombolytic drugs'”,
the effect of these therapies on the patients’ outcomes
remains disappointing: According to the published
data, less than 25% of high cardiovascular risk
patients receiving antiplatelet therapy avoided a
fatal thrombotic event™. The inherent problem with
the conventional antithrombotic approaches is the
increased risk of bleeding, as the existing therapeutics
destabilize hemostatic processes. Among the most
urgent challenges in this field are thus (1) identification
of patients at increased risk for thrombosis and precise
estimation of individual disease burden, as well as (2)
development of safe and effective strategies to prevent
thrombotic events and/or rapidly diminish vascular
occlusion. These challenges have been intensively
addressed by the researchers across the globe, resulting
in a number of innovative approaches to diagnosis and
treatment of thrombosis, as outlined below.

DIAGNOSIS OF THROMBOTIC DISEASE

Individual burden of thrombosis

In order to improve the diagnosis, risk stratification,
and management of thrombotic syndromes, reliable
methods of in vivo assessment of the thrombotic risk
in patients with cardiovascular diseases are needed.
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Although thrombin is the most important serine prote-
ase within the coagulation cascade!®, thus far the
diagnostic tests are lacking that are able to rapidly and
reliably assess its activity in clinical settings. To address
this need, a novel urinary nanomarker assay based
on thrombin-sensitive iron oxide nanoparticles was
recently developed that allows detection of thrombin
activity and thus quantitative estimation of thrombosis
burden in vivo™®. The nanomarkers were produced
by coupling iron oxide nanoworms with thrombin-clea-
vable peptides linked to a synthetic reporter system,
composed of the protease-resistant peptide, glutamate-
fibrinopeptide B, which was modified at the termini with
ligands detectable by an immunoassay (fluorescein, or
Alexa488, and biotin). In a mouse model of pulmonary
embolism induced by thromboplastin™®, the circulating
nanomarkers sucessfully accessed the local sites of
thrombosis and released the reporters upon cleavage
by thrombin. The urinary clearance of these reporters
was detectable by ELISA with high sensitivity and
significantly correlated with the thrombosis burden
estimated by the histochemically analyzed amount
of fibrin deposited in the lungs!'®. Given the need of
rapid and reliable in vivo assessment of the thrombotic
burden in cardiovascular patients, this urine analysis-
based assay represents a very promising platform for
use in dlinical practice.

Imaging of thrombosis in vivo
During the thrombotic event, initially smaller clots form
larger obstructive thrombi, which require a long time
for recanalization, and a high dose of thrombolytic
agents, or a high rate of mechanical clot disruption™?.
Both the burden and the localization!***! of thrombi are
known to affect clinical outcomes and mortality™*,
By providing essential information about the size and
localization of the thrombi, direct thrombus imaging
would have an immense impact on clinical practice:
Without a tool for in vivo imaging in the clinical sett-
ings, individualisation of the thrombolytic therapy is
impossible. The recommended fixed dose of intravenous
tissue plasminogen activator (tPA; 0.9 mg/kg) is thus
insufficient in some patients, resulting in resistance
to thrombolysis, or excessive in others, leading to
increased risk of hemorrhagic complications.
Intravascular thrombus formation therefore repre-
sents a target for novel nanoparticle-based diagnostics.
As early as in 2001, thrombus detection in vivo by
magnetic resonance imaging (MRI) was accomplished in
dogs using anti-fibrin monoclonal antibodies conjugated
to lipid-encapsulated perfluorocarbon nanoparticles
containing gadolinium-chelate™®. More recently, ex
vivo optical imaging of atherothrombosis in ApoE-
deficient mice fed a high-fat diet was reported with
lipopeptide nanoparticles carrying a fluorescently-
labeled pentapeptide Cys-Arg-Glu-Lys-Ala (CREKA),
which binds to clotted plasma proteins in the blood
vessels™”. Intravascular fibrin detection by MRI in this
mouse model was also described by Makowski et af'®
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using a commercially available gadolinium-based fibrin-
binding peptide EP-2104R. Another fibrin-targeting
peptide (GPR, Gly-Pro-Arg) has been utilised in studies
by Obermeyer et al'® and McCarthy et a/*”. The former
group applied bacteriophage MS2 capsids functionalized
with GPR peptide on the exterior of each protein shell
for fibrin imaging. The GPR-modified capsids were
evaluated in vitro with regard to the fibrin imaging.
Near-infrared fluorophores on the interior surface of
the capsids enabled optical detection of their binding
to fibrin clots with improved signal-to-background
ratio as compared with non-targeted nanoagents™.
Furthermore, in a mouse model of ferric chloride injury
to jugular vein, McCarthy et af*® utilised fluorescently
labeled cross-linked iron oxide nanoparticles functiona-
lized with GPR or FXIlla-targeting peptides to obtain
multimodal nanoagents exhibiting either covalent or
noncovalent binding to thrombi. These nanosystems
allowed in vivo detection of thrombus by both MRI and
optical imaging modalities.

Apart from fibrin, activated platelets represent an
important target for detection of intraluminal thrombi
and endothelial activation, a marker of ongoing athero-
thrombotic disease. Therefore, the development of
contrast agents for imaging of P-selectin, expressed
by activated platelets, has been the aim of numerous
efforts. In particular, the research group of Bachelet et
al*" and Manzo-Silberman et al*! developed several
nanosystems for in vivo P-selectin detection based
on polysaccharide fucoidan (a mimic of sialyl Lewis X,
the natural ligand of P-selectin) derived from brown
seaweed. Radiolabeled fucoidan was demonstrated a
suitable P-selectin targeting agent for in vivo single-
photon emission computed tomography imaging of
platelet-rich thrombi in rat models of infective endocar-
ditis and elastase-induced aortic aneurysms, as well
as endothelial activation in a model of myocardial
ischemia-reperfusion®®., Very recently, this group tested
ultrasmall superparamagnetic iron oxide nanoparticles
(USPIO) coated with fucoidan for molecular MRI of
intraluminal thrombus: In a rat model of elastase-
induced aortic aneurysms, all thrombi detected in
MRI by USPIO-fucoidan particles were correlated with
P-selectin immunostaining and USPIO detection by
electron microscopy, whereas no intraluminal thrombi
were detectable upon control USPIO™*. In a study by
Ta et al*®, iron oxide nanoparticles were coupled with
a single-chain antibody that specifically binds to ligand-
induced binding sites (LIBS) on glycoprotein IIb/IIIa
(CD41/CD61), the most highly expressed molecules
on the surface of activated platelets. LIBS-targeting
nanocontructs showed a strong and specific binding to
activated platelets in vitro, as well as in vivo by intravital
microscopy and MRI of mouse carotid arteries™".

Iron oxide nanoparticles allow in vivo visualization
of thrombi with MRI. However, MRI is rarely the test
of choice for the management of patients with acute
thrombotic events, due to the time restrictions of clinical
management, or contraindications for MRI in some
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patients. For most clinical decision making involving
the administration of tPA, computed tomography
(CT) is the current standard®®® due to its speed and
convenience. However, non-contrast CT often does not
allow a precise assessment of extent and distribution of
thromboemboli, because the density of the thrombus is
often not much different from that of the surrounding
blood. Therefore, efficient and safe contrast agents
are needed to achieve the enhancement of thrombus
imaging with the clinical CT. Addressing this issue,
thrombus detection using microCT has been recently
tested in a mouse model of ferric chloride-induced
carotid thrombosis utilising glycol chitosan (GC)-gold
nanoparticles as contrast agents?”’. The study showed
that these nanoparticles became trapped in the blood
clots proportionally to thrombotic insult, and allowed the
quantitative characterization and serial monitoring of
thrombus evolution, embolization, and in situ recurrent
thrombosis, as well as the assessment of therapeutic
efficacy of tPA-induced thrombolysis. Due to a long
circulating half-life, GC-gold nanoparticles remained
available for entrapment into fibrin matrix for up to
3 wk, allowing repetition or ongoing monitoring of
thrombogenesis and thrombolysis with microCT"".

Collectively, the above-discussed studies demon-
strate that nanosystems which target fibrin or activated
platelets can enhance the detection and the diagnosis
of intravascular thrombi by means of existing imaging
modalities. Thus far however, little is known about their
safety and efficacy in humans. Provided low toxicity
and a good therapeutic index, these nanosystems
should improve risk stratification when translated into
the clinical practice, and allow personalized therapeutic
regimen in thrombosis-related diseases.

PREVENTION AND TREATMENT OF
THROMBOSIS

Current therapies

Platelet activation and aggregation are the key processes
involved in thrombosis and thromboembolic disorders.
The best preventive measures for the thrombotic
events in the risk patients are thus antiplatelet or anti-
coagulation therapy. Although aspirin still plays an
essential role in the primary and secondary prevention
of atherothrombosis, new generation antithrombotic
therapies are rapidly evolving. In combination with
aspirin, ADP P2Y12 receptor antagonists are used in
the management of acute coronary syndromes and
percutaneous coronary interventions in order to prevent
adverse cardiac events and stent thrombosis™. Oral
anticoagulation used for the treatment of VTE and
for the prevention of emboli in patients with atrial
fibrillation has advanced with the use of direct thrombin
and factor Xa inhibitors that do not require therapeutic
monitoring™. Although antiplatelet and anticoagulant
therapy is essential for the primary and secondary
prevention of atherothrombosis, systemic pre-treatment
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with antithrombotic agents is associated with increased
risk of hemorrhagic complications after intravenous
thrombolysis in patients with acute ischemic stroke™.

Acute management of stroke focuses on stabilizing
the patient and ensuring the maximal reperfusion of
the ischemic brain tissue. Hence, intravenous throm-
bolysis remains the mainstay treatment for acute
ischemic stroke: A statistically and clinically significant
improvement in outcomes is observed for carefully
selected patients treated with tPA within 4.5 h of
stroke onset™". While no other medication has demon-
strated comparable efficacy, tPA remains the only
drug for acute ischemic stroke approved by Food
and Drug Administration since 1996°%, However, its
use is very limited both by the narrow eligibility and
administration window, and by the risk of hemorrhagic
complications™, so called thrombolysis-related sym-
ptomatic intracerebral haemorrhage, which occurs in
about 6% of patients and is associated with nearly
50% mortality®**!, Additionally, in some patients
eligible for tPA treatment, the outcome is poor, when
occlusion occurs in large arteries (internal carotid
artery, middle cerebral artery or basilar artery). For
these subgroups of stroke patients, an endovascular
(intraarterial) administration route has been developed,
but its clinical benefit remains unproven. Randomized
controlled clinical trials did not show any added benefit
of endovascular treatment over intravenous tPA alone in
intravenous tPA-eligible patients, even in patients with
persistent large-artery occlusion, nor have these trials
provided evidence of clinical benefit in patients who
were ineligible for intravenous tPA because of being > 4.5
h from symptom onset*®’.

Alternative means of reperfusion, ideally based on
individual thrombus burden estimation are therefore
needed. For this purpose, thrombus-targeted nanosy-
stems could serve as carriers for direct delivery of
therapeutic agents to the occlusive thrombi in order
to increase the effective local concentrations of anti-
thrombotic drugs.

Antiplatelet and anticoagulant medications for
prevention of thrombosis

Current antiplatelet drugs are only partially effective in
preventing thrombus formation and thromboembolic
events. Consequently, much interest is drawn both to
the discovery of novel antiplatelet medications and to
the optimization of the existing ones. The group of Chen
et al*” reported the synthesis of novel, self-assembly
anti-platelet aggregation peptides containing L-arginine
and L-aspartic acid, that were complexed with Cu(ll) to
form stable nanoparticles. In a rat model of thrombus
formation, these peptides at 5 umol/kg achieved
anti-thrombotic activity comparable to 110 umol/kg
aspirin, whereas the peptide-Cu(ll)-nanocomplexes
were equally effective in reducing the thrombus weight
already at 100-fold lower concentrations (0.05 umol/kg).
More recently, the same group reported a successful
approach to overcome the low response to aspirin
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observed in some patients, which severely decreases
its efficacy at the tolerated doses™®. In that study,
aspirin was conjugated to the Arg-Gly-Asp-Val (RGDV)
tetrapeptide, resulting in a nano-assembly targeting
glycoprotein IIb/Ila, the receptor for RGD peptide on
the surface of the activated platelets. In vitro, aspirin-
RGDV particles inhibited platelet aggregation induced by
thrombin or arachidonic acid more effectively than free
aspirin. A very strong antithrombotic effect of aspirin-
RGDV was also observed in a rat model of thrombosis
- whereas aspirin exhibited no antithrombotic activity
at 16.7 umol/kg, aspirin-RGDV significantly and dose-
dependently inhibited thrombus formation in the treated
rats already at doses of 0.1 and 1 nmol/kg™®. Targeted
delivery of aspirin to thrombus and its local release to
activated platelets thus resulted in an extraordinarily
potent inhibition of thrombus formation, overcoming the
apparent non-response to aspirin. Formation of thrombi
was also effectively prevented by novel heparin-
conjugated carbon nanocapsules in a mouse model of
acute hindlimb thromboembolism™®. Compared to the
injection of heparin alone, those heparin-functionalized
carbon nanocapsules displayed superior antithrombotic
activity in vitro and in vivo, representing a promising
nanocarrier system for anticoagulant delivery.

Some of the most common cardiovascular inter-
ventions, including stent implantation or prosthetic
heart valve replacement, are associated with increased
risk of thrombosis, necessitating prolonged or even life-
long antiplatelet therapy. Particularly after cessation or
premature discontinuation of the therapy, the incidence
of thrombosis is high. Gene therapy is considered a safe
strategy to increase the local expression of thrombolytic
agents over an extended period of time, in parallel
reducing the systemic risk of hemorrhagic complications.
Ji et al*”! used a chitosan nano-tPA gene plasmid to
locally transfect dog cardiomyocytes at the time of
mechanical heart valve replacement. The transfected
gene significantly increased the survival of animals and
prevented thrombus formation on mechanical valves,
without affecting systemic hemostasis. In a further
study by the same group™!, the tPA gene plasmid
was packaged in albumin nanoparticles crosslinked
to ultrasonic microbubbles. Following intravenous
administration, a local therapeutic ultrasound treatment
of the heart after valve replacement had been per-
formed, which resulted in increased myocardial expre-
ssion of tPA and prevented thrombosis for 8 wk after
operation.

Thrombolytic therapies

Rapid recanalization of thrombus-occluded arteries is
essential to improve outcomes and reduce the mortality
in acute myocardial infarction or stroke. Development
of delivery systems for local thrombolysis is therefore
one of the most urgent tasks in the prevention and
the therapy of acute thrombotic events. Within the
coagulation cascade, thrombin represents the most
important target of direct anticoagulants. As an
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example, hirulog, an analogue of the natural thrombin
inhibitor hirudin was locally delivered to the thrombus
using lipid nanoparticles containing a fibrin-binding
peptide. Upon administration of the fibrin-targeting
hirulog-carrying particles, significantly higher levels of
antithrombin activity were achieved in the aortic tree
of ApoE-deficient mice as compared with non-targeted
particles!'”’,

The effects of another potent thrombin inhibitor,
d-phenylalanyl-I-prolyl-l-arginyl-chloromethy| ketone
(PPACK) were investigated the group of Myerson et a/*”
and Palekar et a**' in a mouse model of acute arterial
thrombosis due to photochemical injury of the carotid
artery. Perfluorocarbon nanoparticle-bound PPACK
outperformed both heparin and uncomplexed PPACK in
inhibiting thrombosis, and formed a local clotting barrier
that remained effective even as systemic effects rapidly
diminished™?, Similarly, PPACK-liposomes administered
prior to the arterial injury significantly delayed the
time to arterial occlusion as compared to free PPACK.
Whereas systemic anticoagulant profiles returned to
control levels within 50 min, the inhibition of thrombus
formation was maintained at the injury site beyond 2
h™*, The establishment of a potent and long-acting
anticoagulant surface over a newly forming clot with
the use of thrombin targeted nanoparticles offers an
alternative site-targeted approach to the management
of acute thrombosis.

As described in detail above, intravenous infusion
of tPA is characterized by several drawbacks, including
low efficacy combined with a high risk of bleeding
complications!. Therefore, several innovative stra-
tegies aiming at targeted and/or local applications
of plasminogen activators have been designed. The
possibility of magnetic-targeting of tPA for local
thrombolysis was investigated by Ma et a/*" in a
rat embolic model. Magnetite nanoparticles bound
to tPA (tPA equivalent of 0.2 mg/kg) were adminis-
tered intraarterially under guidance of an external
magnet moving along the iliac artery. Magnetic tPA-
nanoparticles accumulated in the thrombus-affected
region and achieved an effective target thrombolysis
with < 20% of a regular dose of free tPA. Another tPA
delivery nanosystem comprising basic gelatin and zinc
acetate was tested by Kawata et af**' in a swine acute
myocardial infarction model. Within this nanosystem,
tPA activity was reduced in vitro to approximately 50%
of free tPA and was fully recoverable by transthoracic
ultrasound application. In comparison to treatment
with free tPA (0.447 mg/kg), which recanalized
the occluded coronary artery in only 1 of 10 swine,
nanoparticles containing the same dose of tPA with
ultrasound activation achieved recanalization in 9 of 10
swine within 30 min, suggesting that this nanosystem
bears promising potential for improved intravenous
thrombolysis.

In attempt to create a theranostic construct with
fibrinolytic activity, McCarthy et al*® synthesized a
multimodal nanoagent using magnetofluorescent
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crosslinked dextran-coated iron oxide nanoparticles
conjugated to tPA. Thrombus-targeting was achieved
by nanoparticle functionalization with an activated
FXIlla-sensitive peptide. In murine models of arterial
and venous thrombosis, the FXIlla-targeted fibrinolytic
nanoagent efficiently bound the margin of intravascular
thrombi as detected by intravital fluorescence micro-
scopy. The fibrinolytic activity of the nanoagent com-
pared to free tPA was subsequently evaluated in a
murine model of pulmonary embolism, showing that
the FXIIIa-targeted agent lysed pulmonary emboli with
similar efficacy as free tPA™,

Targeted tPA delivery to stenotic arteries by
employing universal hemodynamic phenomena was
described by Korin et al*”. Since occlusions in blood
vessels result in local increases in shear stress, the
authors designed micro-aggregates of poly-lactic-
glycolic acid nanoparticles coated with tPA. Under
physiologic flow conditions with shear stress values
up to 70 dyn/cm?, these micro-aggregates remained
stable, but the exposure to abnormally high shear stress
in the regions of vascular occlusion/stenosis resulted
in their rapid break up followed by local drug release.
As compared with free drug, the shear-activated tPA-
coated nanoparticles rapidly dissolved the ferric chloride-
induced arterial thrombi in mouse mesenteric arteries,
with complete clearance of occluding thrombi within
5 min after application™”’. Moreover, upon infusion of
lethally large fibrin clots, the immediate application of
the shear-activated tPA-coated nanoparticles increased
survival by 80%. The doses of shear-activated tPA-
nanoparticles required for clot dissolution were about
100-times lower than the doses required for achieving
comparable effects with free drug™’. This strategy,
utilizing a universal hemodynamic phenomenon of
increased shear stress upon reduction in vessel dia-
meter should result in a broad applicability for all
occlusive vascular conditions, including e.g., treatment
of stenotic atherosclerotic plaques, pulmonary emboli,
and ischemic stroke.

Venous thromboembolism, including deep vein throm-
bosis and pulmonary embolism, remains a common
and potentially life-threatening disease!*®. Standard
treatments aim to minimize acute morbidity and
mortality by preventing the potentially fatal emboli-
zation of the initial thrombus and to reduce the long-
term complications of post-thrombotic syndrome. For
patients with VTE, catheter-based revascularization
therapy [catheter-directed thrombolysis (CDT)] has
emerged as favoured means of administration replacing
systemic thrombolysis. Urokinase-type plasminogen
activator (uPA) is commonly used for CDT in the clinical
settings of VTE. However, similar to arterial thrombosis
treatment, strict eligibility criteria are necessary to
reduce the risk of bleeding complications, which
limit the applicability of this therapy. To minimize the
adverse effects and increase therapeutic benefits,
Jin et al"*®! produced uPA-coated, self-assembled
chitosan and tripolyphosphate nanoparticles. In a
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rabbit model of thrombosis, a significant improvement
in the thrombolytic effect compared with free uPA
was observed upon administration of uPA-carrying
nanoparticles. Additionally, the study confirmed the
superiority of CDT for improving clot lysis and minimi-
zing adverse effects over drug-induced systemic
thrombolysis.

CONCLUSION

The potential clinical impact of nanotechnology in terms
of thrombosis prevention and management is enormous.
But in spite of the promising results obtained in the
vast nhumber of bench investigations that have been
published in the recent years, the thrombus-targeting
imaging nanoagents and fibrinolytic nanotherapies are
not yet implemented in humans. To ensure clinical safety
and feasibility, the intravascular diagnostic and drug-
delivery systems must be subject to a close toxicologic
and pharmacologic scrutiny prior to their application in
patients. Thus, substantial amount of in vivo studies
will be necessary before the successful basic research
can be translated into clinical trials. Despite multiple
safety and regulatory constraints, the future progress
in diagnosis and treatment of thrombosis is expected
to benefit strongly from the development of novel
nanotechnology-based strategies.
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Abstract

Over the last decades, the concern for the radiation
injury hazard to the patients and the professional staff
has increased in the medical community. Since there is
no magnitude of radiation exposure that is known to
be completely safe, the use of ionizing radiation during
medical diagnostic or interventional procedures should
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be as low as reasonably achievable (ALARA principle).
Nevertheless, in cardiovascular medicine, radiation
exposure for coronary percutaneous interventions or
catheter ablation of cardiac arrhythmias may be high:
for ablation of a complex arrhythmia, such as atrial
fibrillation, the mean dose can be > 15 mSv and in some
cases > 50 mSv. In interventional electrophysiology,
although fluoroscopy has been widely used since the
beginning to navigate catheters in the heart and the
vessels and to monitor their position, the procedure
is not based on fluoroscopic imaging. Therefore, non-
fluoroscopic three-dimensional systems can be used
to navigate electrophysiology catheters in the heart
with no or minimal use of fluoroscopy. Although zero-
fluoroscopy procedures are feasible in limited series,
there may be difficulties in using no fluoroscopy on
a routine basis. Currently, a significant reduction in
radiation exposure towards near zero-fluoroscopy
procedures seems a simpler task to achieve, especially
in ablation of complex arrhythmias, such as atrial
fibrillation. The data reported in the literature suggest
the following three considerations. First, the use of the
non-fluoroscopic systems is associated with a consistent
reduction in radiation exposure in multiple centers: the
more sophisticated and reliable this technology is, the
higher the reduction in radiation exposure. Second,
the use of these systems does not automatically lead
to reduction of radiation exposure, but an optimized
workflow should be developed and adopted for a safe
non-fluoroscopic navigation of catheters. Third, at any
level of expertise, there is a specific learning curve for
the operators in the non-fluoroscopic manipulation
of catheters; however, the learning curve is shorter
for more experienced operators compared to less
experienced operators.

Key words: Catheter ablation; Atrial fibrillation; Radiation
exposure; Fluoroscopy time; Dose area product; Electro-
anatomic mapping

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.
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Core tip: After 25 years from the formulation of the
ALARA principle, the awareness of the potential hazard
related to radiation exposure has greatly increased in
medicine. Non-fluoroscopic three-dimensional systems,
introduced in interventional electrophysiology to support
complex procedures, have the potential to significantly
decrease the use of fluoroscopy. In interventional
electrophysiology, the clinical perspective is to perform
procedures with minimal use of fluoroscopy without
endangering the safety and efficacy. However, to
achieve this task the use of the non-fluoroscopic system
has to be optimized and a learning curve is necessary
even for operators experienced in fluoroscopy-based
electrophysiology.

De Ponti R. Reduction of radiation exposure in catheter
ablation of atrial fibrillation: Lesson learned. World J Cardiol
2015; 7(8): 442-448 Available from: URL: http://www.
wjgnet.com/1949-8462/full/v7/i8/442.htm DOI: http://dx.doi.
org/10.4330/wjc.v7.i8.442

NEED FOR REDUCTION OF RADIATION
EXPOSURE IN ELECTROPHYSIOLOGY
PROCEDURES

Over the last years, the awareness of the risk related
to the use of ionizing radiation in medicine has
progressively increased. Cardiac imaging procedures
lead to substantial radiation exposure in many pati-
ents: in a population-based analysis™, the median
cumulative effective dose over 3 years was 15.6 mSv
and, among patients receiving a high annual dose (>
20-50 mSv), repeat cardiac catheterization procedures
are the largest contributors to the radiation dose. The
potential risks related to this radiation exposure are
expected to be vastly outweighed by the benefits,
especially if the procedure is appropriately justified
and carefully optimized™. Although it is difficult to
assess the consequences of the deterministic (dose-
dependent) and stochastic (non dose-dependent)
effects for the exposure to low-dose ionizing radiations
used in cardiovascular imaging, the estimate of lifetime
additional risk of cancer spans between 1/2000 and
1/1000 per single cardiovascular procedure®. It should
be also taken into account that several patients undergo
repeat procedures and that a younger patient population
is more sensitive to the induction of cancer than an
older patient population™. Similarly, the risk related
to radiation exposure is not negligible for the medical
staff. Noteworthy, according to a survey undertaken
in Tuscany, Italy™, interventional cardiologists and
electrophysiologists represent more than 60% of the
medical staff receiving the highest annual radiation
exposure (> 6 mSv), with no statistically significant
difference between physicians and nurses/technicians.
This radiation exposure is by far greater than the one
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of the urologists, radiologists, and personnel of nuclear
medicine. Moreover, according to the same source™,
the median lifetime professional exposure is 54 mSy,
leading to an estimate lifetime attributable risk of
cancer of 1 out of 200.

A decade ago, a document! endorsed by the
main American scientific societies in cardiovascular
medicine was published. This document states the
clinical competence required for physicians performing
fluoroscopically-guided invasive cardiovascular
procedures to optimize patient safety and image quality.
Importantly, it also highlights the ALARA principle,
previously proposed by the United States National
Council on Radiation Protection and Measurements!”’:
due to both the stochastic and deterministic effect of
radiation, there is no magnitude of radiation exposure
that is known to be completely safe and, therefore,
the use of ionizing radiations should be As Low As
Reasonably Achievable. This principle confers to
physicians the responsibility for reducing as much as
possible the dose of radiation during cardiovascular
procedures, in order to minimize the radiation injury
hazard to the patients, to the professional staff and to
themselves. The dose delivered to the patient depends
on the following three factors: (1) type and setting of
the X-ray equipment; (2) patient size; and (3) physician
conduct. Consequently, all these three factors should
be considered and optimized to comply with the ALARA
principle. Importantly, opposite to what is commonly
thought, fluoroscopy time poorly expresses the dose
delivered to the patient. In fact, this value only reflects
the operator’s attitude to use radiation during a given
procedure. Moreover, the same value of fluoroscopy
time may correspond to a very different radiation
exposure, depending on the predominant use of low-
dose fluoroscopy or high-dose cine loop acquisition.
Therefore, a reliable surrogate measurement for the
total amount of X-ray energy delivered to the patient
is the dose-area product (DAP), expressed usually in
Gy-cm? and automatically measured by X-ray systems'®.,

In the real world, after the dissemination of the
ALARA principle, the process of optimization is still
ongoing. Optimization depends on several factors,
some of which are difficult to identify and control.
Considering again the data by Chen et al", based on a
population enrolled between 2005 and 2007, after the
ALARA principle was diffused, percutaneous coronary
interventions or electrophysiologic procedures were
the main determinants of radiation exposure in the
population receiving the highest radiation dose (> 20
mSv). As mentioned above, one of the determinants
of the dose to the patient is the physician’s conduct,
which may be very much dependent on the physici-
an’s experience in a given procedure. In fact, in the
very early phase of a physician’s learning curve, the
workflow can be far from being optimized and this can
result in an excessive use of fluoroscopy. In this context,
newer methodologies of teaching and learning can be
effectively used. One small study performed in our
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center™® shows that the training implemented by a high-

fidelity hybrid simulator reduces from 10 to 5 min, on
average (P < 0.0001), the fluoroscopy time per patient
spent by fellows novice in electrophysiology to position
catheters in the conventional sites at the beginning of
the procedure. In the future, if this or similar training
modalities are not considered, we may face a new
paradox: while the more experienced operators mini-
mize radiation exposure in complex procedures using
established techniques and technologies, the less
experienced physicians use a higher dose for a standard
and relatively simple procedure.

Recently, the European Society of Cardiology pub-
lished two position papers on the appropriate and
justified use of medical radiation in cardiovascular
imaging® and on the practical ways to reduce radiation
dose for patients and staff during electrophysiology
procedures™®, Focusing on the field of interventional
electrophysiology, these papers report the radiation
dose to the patients for electrophysiology procedures.
This dose may vary from 3.2 mSv for a simple dia-
gnostic electrophysiology study to a higher value for
complex procedures, such as atrial fibrillation ablation,
for which the median dose is 16.6 mSy, ranging from
6.6 to 59.6 mSV'™, Another review of 17 studies, 12 of
them published after the year 2000, reports an effective
dose even higher (20.3 mSv) for catheter ablation of
cardiac arrhythmias, in general, including ablation of less
complex arrhythmias™™!l, As suggested by the consensus
document™?, this situation still requires further improve-
ment, once optimization of X-ray equipment and
shielding of the laboratory personnel are obtained.
In fact, non-fluoroscopic three-dimensional systems,
namely the Ensite-NavX (St.Jude Medical, United States)
and the CARTO (Biosense Webster, United States),
widely used since the late nineties for ablation of
complex arrhythmias, can be used effectively to reduce
radiation exposure during electrophysiology procedures.
In a randomized study!*?, the use of these systems for
catheter ablation of cardiac arrhythmias reduced X-ray
exposure with a similar efficacy and safety compared
to the conventional approach. However, it should be
highlighted that the use of these systems does not
per se reduce radiation exposure, but the operators
should develop procedural workflows to rely on non-
fluoroscopic guidance as much as possible without
compromising safety!'?, Especially for complex left atrial
procedure during which the operator may face different
anatomic variants, integration in these systems of pre-
acquired three-dimensional imaging from computed
tomography or magnetic resonance scan has the
potential to drastically reduce the radiation exposure
during the procedure®.

The following sections will focus on reducing radiation
exposure in catheter ablation of atrial fibrillation. This is
an increasingly used procedure especially in patients with
paroxysmal forms and, moreover, the use of fluoroscopy
in such a complex and demanding procedure can be
high. Therefore, reduction of radiation exposure in this
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procedure is expected to increase the net benefit of
the procedure, minimizing the risks, which can be also
related to the radiation exposure especially in case of
repeat procedures.

ZERO OR NEAR-ZERO FLUOROSCOPY
FOR ATRIAL FIBRILLATION ABLATION?

Unlike percutaneous coronary interventions, electro-
physiologic procedures are based on recording and
interpretation of intracavitary electrograms. Therefore,
although fluoroscopy is very useful to maneuver and
check the position of catheters, imaging based on
ionizing radiations is not an integral part of the electro-
physiologic procedure. In fact, ablation of various types
of supraventricular and ventricular tachycardia with no
use of fluoroscopy is feasible both in children™™® and
adults™??! using non-fluoroscopic three-dimensional
systems. Also a complex procedure, such as pulmonary
vein isolation to treat atrial fibrillation, is feasible with
no use of fluoroscopy!*?¥. Although these studies
certainly demonstrate the feasibility of zero-fluoroscopy
procedures, this issue deserves several considerations,
especially in the case of complex procedures such
as atrial fibrillation ablation. First, the majority of the
reported series and in particular those on catheter
ablation of atrial fibrillation are small and from very
experienced centers. Even for senior electrophysiologists
there may be a learning curve in the transition from
fluoroscopically based procedures to zero-fluoroscopy
procedures!’”), Second, even in the best scenario of
published data on procedure planned to be with no
fluoroscopy, very limited radiations are used in some
cases'™ to assist a part of the procedure. Extrapolating
these data to a wider population, it is unlikely that
in the near future electrophysiologists will be able to
work in laboratories not equipped with X-ray systems.
Therefore, the zero-fluoroscopy strategy does not seem
to bring any benefit in term of laboratory costs. Third,
in ablation of atrial fibrillation with no fluoroscopy, some
technologies, which require specific expertise and add
costs in centers in which they are not routinely used,
become necessary. In fact, to safely navigate catheters
in the heart with no fluoroscopy, intracardiac ultrasounds
is mandatory and imaging integration with pre-acquired
computed tomography or magnetic resonance imaging
very useful to obtain a high resolution anatomy of the
left atrium and pulmonary veins®?%, The use of the
recently introduced contact force sensing technology
should be also considered mandatory to avoid excessive
tissue/catheter contact when catheters are maneuvered
with no fluoroscopy'!. Fourth, the workflow of a
zero-fluoroscopy procedure requires accurate cardiac
chamber reconstruction before non-fluoroscopic
catheter navigation. This can be done correctly only
by experienced operators and, in any case, may
significantly prolong the procedure duration, especially
at the beginning of the specific learning curve in zero-
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Table 1 Techniques and technologies for catheter ablation of atrial fibrillation in the four patient cohorts considered in our center

1% cohort 2™ cohort 3" cohort 4" cohort
No. of patients 30 30 30 30
Procedure technique Double TSP-C Unchanged Unchanged Unchanged
Circular mapping catheter
Imaging integration (CT scan)
NF technology 2" generation NF 3-DS 3 generation NF 3-DS ~ Unchanged CARTO3 + contact force
(CARTO XP) (CARTO3) sensing

Technology feature for NF use
catheter

NF 3-DS optimization Yes

Timing Last 30 cases with CARTO XP

NF visualization of the mapping/ablation

NF visualization of all ~ Unchanged Monitoring of the electrode/
tissue contact added
Yes (Table 2)

After 12 mo

inserted catheter
No Yes (Table 2)
First 30 cases with After 12 mo

CARTO3

3-DS: Three dimensional system; CT: Computed tomography; NF: Non-fluoroscopic; TSP-C: Transseptal catheterization.

fluoroscopy procedures.

After these considerations, it can be concluded that
zero-fluoroscopy procedures are a very interesting
perspective for the future, but they are not common
practice at present. Certainly, children and pregnant
women are ideal candidates for zero-fluoroscopy
catheter ablation, when other treatments fail or are
not feasible. On the other hand, currently, every effort
should be made by every operator to decrease as much
as possible the use of radiation without endangering
the procedure safety and efficacy until near-zero
fluoroscopy procedures become routine.

LESSON LEARNED IN THE REDUCTION
OF RADIATION EXPOSURE FOR ATRIAL
FIBRILLATION ABLATION

Even in very experienced hands, catheter ablation
of atrial fibrillation without a non-fluoroscopic three-
dimensional system is associated with a fluoroscopy
time of approximately 60 min**! and, consequently,
with a relatively high radiation exposure. However,
as already mentioned™®, a non-fluoroscopic system
without a workflow aimed at optimizing its use does
not necessarily reduce the radiation exposure. In fact,
in catheter ablation of atrial fibrillation, the sporadic
use of non-fluoroscopic systems may paradoxically
double the fluoroscopy time and radiation exposure
when the system is used, due to the complexity of the
procedure!®, In a retrospective analysis™®”? spanning
6 years (2004-2009) and including four cohorts of
patients who showed comparable clinical characteristics
and underwent catheter ablation of atrial fibrillation by
using in a non-randomized way fluoroscopy or one of
the non-fluoroscopic systems (Ensite NavX, CARTO XP,
CARTO3), a third generation non-fluoroscopic system
(CARTO 3) was associated with the shortest fluoroscopy
time with no difference with the other 3 groups in term
of procedural data and clinical outcomes. Although
the reduction was statistically significant, the average
fluoroscopy time using CARTO 3 in this study was still
close to one hour (52 £ 21 min). This underlines the
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complexity of the variables that may determine the
reduction of radiation exposure, which is not merely
due to the use of a specific non-fluoroscopic system.
Another study™® further supports this concept. In this
study, over six months, 120 patients were randomly
assigned to use fluoroscopy only, a second generation
(CARTO XP), or a third generation (CARTO3) non-
fluoroscopic system to support catheter ablation of
atrial fibrillation. The procedure was performed by
operators with a specific experience in reduction of
radiation exposure. While there was no difference in the
clinical and anatomic variables among the three groups,
the fluoroscopy time was shorter and less than 3 min
for the whole procedure when the third generation
non-fluoroscopic system was used with an optimized
procedural workflow.

We evaluated the process of reduction of radiation
exposure in catheter ablation of atrial fibrillation using
a non-fluoroscopic three-dimensional electroanatomic
system both in a single- and multicenter experience!®®*",
In our center, the procedural data of four cohorts of
patients, sampled sequentially, were considered®®®. Each
cohort included atrial fibrillation patients undergoing
the first procedure of pulmonary vein isolation. The
technologies and techniques used in each cohort are
reported in Table 1. Among the four cohorts there was
no significant difference in the clinical characteristics
of the patients, in term of age, sex, body mass index,
type and duration of atrial fibrillation, which reflects the
homogeneous criteria used to select candidates for atrial
fibrillation ablation in the considered time interval. The
procedure was standardized as described elsewhere!!
and it was alternatively performed by two operators
with a similar experience in atrial fibrillation ablation
(> 400 procedures each), although the background in
interventional electrophysiology was different (23 years
vs 10 years, respectively). Importantly, the radiation
exposure for the pre-procedure computed tomography
scan was very low (< 1 mSv) due to an optimized
acquisition protocol®. In the 3™ and 4™ cohort, the use
of a third generation non-fluoroscopic three-dimensional
system was optimized by adopting the features listed in
Table 2, including in the 4™ cohort the recently introduced
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Table 2 Features of the third generation non-fluoroscopic system CARTO 3 useful to minimize fluoroscopy during an

electrophysiology procedure

Feature

Function

Imaging integration with pre-acquired CT or MRI image

Allows high resolution visualization of the LA and PVs; once registered in the system, the

mapping/ablation catheter can be navigated with minimal use of fluoroscopy

Display in stable mode of the icon of the mapping/
ablation catheter

Colors on the distal part of the mapping/ablation catheter
Catheter projection

Contact force sensing

Allows stable visualization of the mapping/ablation catheter on the system, similar to the one

visualized on fluoroscopy

Indicate the direction of the deflection of the distal part of the catheter
Estimates the distance from the catheter tip to the surface of the electroanatomic map or to the

surface of the CT/MRI image

Measures in grams the contact between the catheter tip and the tissue; used to avoid excessive

contact during catheter manipulation and to optimize contact during ablation

Real time display of the circular mapping catheter
Highlight of the circular mapping catheter electrodes

Catheter snapshot

Allows real time visualization of the circular mapping catheter during positioning into the

PVs

Identify the position of the electrodes of the circular mapping catheter; used to identify the
site of a conducting gap during circumferential PV ablation
Shows a memorized position of a catheter (e.g., circular mapping catheter); used to precisely

re-navigated a previous catheter positioning

CT: Computed tomography; LA: Left atrium; MRI: Magnetic resonance imaging; PV: Pulmonary vein.

+
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Figure 1 Histogram of fluoroscopy time (in minutes) for the whole
procedure of pulmonary vein isolation in four cohorts of patients
with atrial fibrillation, using the non-fluoroscopic CARTO system with
progressively new technologies and protocols. There is a progressive and
significant reduction in fluoroscopy time, but the greatest percent reduction
(-48%) is observed between the second and third cohort, CARTO 3 early
vs CARTO 3 late. In these two cohorts the technology was the same, but in
the second one the system was used with an optimized protocol to reduce
fluoroscopy. °P < 0.001 vs the previous cohort; °P < 0.0001 vs the previous
cohort. CFS: Contact force sensing.

contact force sensing technology™. This was mainly

used to avoid excessive contact force between the tip
of the mapping/ablation catheter and the endocardium
when the catheter was advanced non-fluoroscopically.
Importantly, during non-fluoroscopic navigation of the
catheter, its position was continuously monitored on the
CARTO, to avoid events at risk for complications, such
as entrapment of the circular mapping catheter in the
mitral valve apparatus. While the procedural data, in
term of procedure duration, number of pulmonary vein
isolated, radiofrequency energy time, acute success
and complication, was not significantly different among
the four cohorts, there was a progressive decrease in
fluoroscopy time and DAP values, as shown in Figures
1 and 2, respectively. Sub-analyzing data per operator,
there are interesting findings when the 1% cohort is
compared to the 2™ and the 2™ to the 3™. In the first
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Figure 2 Histogram of dose area product values (in Gyscm?) for the
whole procedure of pulmonary vein isolation in the same cohorts shown
in Figure 1. As in Figure 1, there is a progressive and significant reduction in
radiation exposure, expressed by the dose area product value. °P < 0.05 vs the
previous cohort; °P < 0.0001 vs the previous cohort. DAP: Dose area product;
CFS: Contact force sensing.

comparison, the more experienced operator obtained a
46% reduction (from 41 £ 9 to 22 + 6 min, on average;
P < 0.0001) in fluoroscopy time compared to only a 22%
reduction (from 43 + 13 to 33 £ 9 min, on average; P
= 0.0012) obtained by the less experienced operator.
Interestingly, an opposite phenomenon was observed in
the second comparison: the more experienced operator,
who had already obtained a greater reduction in the use
of fluoroscopy, had a 36% reduction in fluoroscopy time
(from 22 £ 6 min to 14 £ 5 min, on average; P < 0.001),
definitely smaller than the 54% reduction obtained by
the second operator (from 33 £ 9 min to 15 £ 7 min, on
average, P < 0.001).

These data deserve two considerations, on the
technology and the learning curve, respectively. First,
the ability to reduce significantly radiation exposure
towards a near zero-fluoroscopy procedure depends
on the type and quality of the non-fluoroscopic system.
A third generation non-fluoroscopic system, able to
reliably visualize all the catheters inserted in the heart,
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allows catheter manipulation with minimal or no use
of fluoroscopy leading to an immediate improvement
in radiation exposure compared to the older system.
This was confirmed in the multicentric study in 240
consecutive patients undergoing catheter ablation of
atrial fibrillation™”. In this study, the average fluoroscopy
time decreased from 26 £ 15 min to 16 £ 12 min (P
< 0.001) and the positive effect of adopting the third
generation system was significant in all the participating
centers. The importance of the technology is further
confirmed by the observation in our center of a still
significant reduction in radiation exposure when the
newer contact force sensing technology was introduced.
The second consideration is on the need for a specific
learning curve. Although in the multicenter study™ the
reduction in the use of fluoroscopy is observed in all
centers, the percent reduction spans from 25% to 56%
among centers. This is likely to be related to a specific
learning curve in reduction of radiation exposure. In
fact, considering again the data from our center, a more
experienced electrophysiologist may exhibit a shorter
learning curve in the reduction of radiation exposure,
while a less experienced one eventually reaches the
same level of ability in non-fluoroscopic maneuvering of
catheters after a longer learning curve.

CONCLUSION

Over the last years, the awareness of the radiation
injury hazard to the patients and the professional
staff has greatly increased. Reduction in the radiation
exposure in a complex electrophysiology procedure,
such as atrial fibrillation ablation, should be considered.
This is an increasingly used procedure with usually
longer fluoroscopy times. Therefore, the decrease
in radiation exposure is expected to improve the net
benefit of the procedure for the patient and to minimize
the radiation injury hazard for the professional staff.
The lesson learned so far tells us that sophisticated
technologies have to combine with a specific know-how
to achieve this task. In fact, non-fluoroscopic three-
dimensional systems with their constant updating in the
technology content have a key role, but minimization
in the use of radiations is obtained if these technologies
are used with an optimized protocol and after a specific
operators’ learning curve. This may last several months
and be longer for less experience operators.
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Abstract

Atherosclerosis is a major complication of diabetes,
increasing the risk of cardiovascular related morbi-
dities and mortalities. The hallmark of diabetes is
hyperglycemia which duration is best predicted by
elevated glycated haemoglobin Aic (HbAic) levels.
Diabetic complications are usually attributed to oxidative
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stress associated with glycation of major structural
and functional proteins. This non-enzymatic glycation
of long lived proteins such as collagen, albumin,
fibrinogen, liver enzymes and globulins result in the
formation of early and advanced glycation end products
(AGESs) associated with the production of myriads of
free radicles and oxidants that have detrimental effects
leading to diabetic complications. AGEs have been
extensively discussed in the literature as etiological
factors in the advancement of atherogenic events.
Mechanisms described include the effects of glycation
on protein structure and function that lead to defective
receptor binding, impairment of immune system and
enzyme function and alteration of basement membrane
structural integrity. Hemoglobin (Hb) is a major circu-
lating protein susceptible to glycation. Glycated Hb,
namely HbAicis used as a useful tool in the diagnosis of
diabetes progression. Many studies have shown strong
positive associations between elevated HbAic levels and
existing cardiovascular disease and major risk factors.
Also, several studies presented HbA:c as an independent
predictor of cardiovascular risk. In spite of extensive
reports on positive associations, limited evidence is
available considering the role of glycated Hb in the
etiology of atherosclerosis. This editorial highlights
potential mechanisms by which glycated hemoglobin
may contribute, as a causative factor, to the progression
of atherosclerosis in diabetics.

Key words: Glycated hemoglobin; Glycoxidative stress;
Advanced glycation end products; Atherosclerosis;
Diabetes mellitus

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Glycated hemoglobin is a useful marker for the
diagnosis of diabetes progression. Many studies present
glycated haemoglobin (HbA:ic) as an independent
predictor of cardiovascular risk in diabetics. Although
haemoglobin (Hb) is a major circulating protein, limited

August 26, 2015 | Volume 7 | Issue 8 |



Saleh J. Glycated hemoglobin: A cardiovascular risk factor?

information is available about the role of glycated Hb
as such in the etiology of atherosclerosis. This editorial
highlights potential mechanisms by which glycated
hemoglobin may contribute, as a causative factor, to the
progression of atherosclerosis in diabetics.
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disease markers or risk factors? World J Cardiol 2015;
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org/10.4330/wjc.v7.18.449

EDITORIAL

Abundant evidence exists that patients with diabetes
mellitus have an increased risk of atherosclerosis and
are more vulnerable to its progression into cardio-
vascular disease!'!. Several mechanisms were pro-
posed to describe the pathogenesis of atherosclerosis
in diabetic patients. Vascular endothelial cell damage,
as a result of blood flow shear stress, increased blood
viscosity and oxidative stress were described in several
studies!™. The chronic hyperglycemic state in diabetes
creates an environment of oxidative stress manifested
as a glycoxidative state™™. This state is characterized by
the accumulation of glycated proteins that are further
modified into advanced glycation end products (AGES).
The discovery of AGEs dates back to 1912 when Louis-
Camille Maillard originally observed a chemical reaction
between amino acids and reducing sugars that gave
browned foods their desirable flavor®. Human proteins
normally undergo spontaneous non-enzymatic glycation
reaction forming low levels of glycated products'’.
However, chronic exposure to abnormally high glucose
levels leads to further modifications. The aldehyde
group of the glucose molecule combines with the
amino group of a lysine molecule in a protein to form a
Schiff base which is a double bond between the carbon
atom of the glucose and the nitrogen atom of lysine.
The Schiff bases form Amadori products that undergo
further molecular rearrangements producing advanced
glycated end products AGEs. The formation of AGEs
is accompanied by the release of myriads of oxidants
and free radicals that cause oxidative damage in the
cells and extracellular matrix. Subsequent degradation
of AGEs produces more reactive oxidant species and
protein reactive aldehydes that contribute to further
macromolecular alterations™*“. In diabetes, long-lived
proteins such as collagen, elastin and many enzymes
are affected by advanced glycation which disrupts their
structure and function'®. Accumulation of AGE products
contribute to a variety of vascular complications through
the formation of cross-links between molecules leading
to hardening of the vascular extracellular matrix (ECM)
and increasing vascular permeability®**!. Modification
of the extracellular matrix by AGEs traps cholesterol
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rich lipoproteins promoting their oxidation and stimu-
lates an inflammatory response that accelerates pla-
que formation and advancement of the atherogenic
process. Evidence of the formation of AGEs and their
detrimental role in the pathogenesis and development
of cardiovascular disease is extensively reported in the

literature™®*3!,

GLYCATED HEMOGLOBIN AS A
DIAGNOSTIC MARKER AND ADVANCED
GLYCATION PRODUCT

The extent and duration of hyperglycemia is best
predicted by increased levels of glycated hemoglobin
(glycated Hb) of which HbAic is considered a reliable
marker!™**!, HbAic in the medical literature is commonly
described as a useful measure to reflect the duration of
increased blood glucose levels up to several months!*“.,
Numerous studies have shown positive associations
between elevated HbAic levels and cardiovascular
disease including acute coronary syndrome, acute
myocardial infarction and heart failure™>'®. Large
prospective cohort studies showed that HbAic is not
only a diagnostic marker of diabetes progression, but
also an independent cardiovascular risk predictort”). As
mentioned earlier; prolonged sugar exposure produces
early and AGEs affecting different proteins. A major
example of early glycated proteins is HbAic which is
further modified, through a series of reactions, into Hb-
AGE"®, Under normal conditions Hb-AGE constitutes
0.42% of circulating Hb levels which increases to 0.75%
in diabetic subjects!*®’. In spite of extensive reports
showing positive associations between increased HbA:c
levels and cardiovascular risk in diabetics, the role of
HbAic and Hb-AGE as potential etiological culprits in
diabetic disease progression has been rarely discussed.
This editorial highlights mechanisms by which glycated
Hb may contribute, as a causative factor, to the initiation
and development of atherosclerosis in diabetics.

HB GLYCATION ACCENTUATES
INTRACELLULAR OXIDATIVE STRESS
AND INCREASES ERYTHROCYTE
FRAGILITY

Besides albumin, hemoglobin comprises a major
fraction of circulating proteins that are susceptible
to early and advanced glycation events. Glycation is
accelerated in diabetics!" where glucose uptake by
erythrocytes is insulin independent and highly uncon-
trolled. Furthermore, glycated Hb is more readily
oxidized and degraded by erythrocyte proteolytic
enzymes than unglycated Hb™**! enhancing oxidative
stress by increasing the release of heme and free iron
in association with free radicles®®?*). The released
ferrous iron (II) reacts with hydrogen peroxide via the
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Fenton reaction forming ferric iron (II) and hydroxyl
radicals’®®, These reactive species contribute to further
oxidative stress damaging lipids and proteins that
alter cell membrane properties and lead to increased
erythrocyte fragility®?®!, High exposure to oxygen
during gas transport render erythrocytes even more
vulnerable to oxidative damage. However, damage
is normally prevented by anti-oxidant factors that
maintain a balanced intracellular oxidation status. This
balanced environment maintains an intact Hb structure
which itself exerts a stabilizing effect on erythrocyte
membrane structure. When Hb structure is altered due
to persistent glyco-oxidative stress, Hb becomes more
susceptible to degradation decreasing the life span of
erythrocytes. Studies have shown a decreased life span
of 6.9 d for 1% increase in glycated Hb levels™.

HB GLYCATION AFFECTS BLOOD
VISCOSITY AND CONTRIBUTES TO
ENDOTHELIAL INFLAMMATION AND
VASCULAR DYSFUNCTION

Intracellular glyco-oxidative stress may contribute
to vascular endothelial damage through several
mechanisms: (1) accumulation of intracellular free
radicals alters erythrocyte membrane properties
leading to erythrocyte aggregation, increased blood
viscosity and impaired blood flow. Shear stress, due
to thicker abrasive blood consistency, affecting the
vascular endothelium and triggering an inflammatory
response that contribute to subsequent atherogenic
events®*?7?83%. (2) buildup of free radicles promotes
the oxidation of ferrous Hb (Hb-Fe**) into ferric Hb
(Hb-Fe®*) (methemoglobin), which is further modified,
through several oxidation steps, into ferryl hemoglobin
(Hb-Fe**/Fe**). The ferryl iron (Fe**) is unstable and
regains the Fe’* state by reacting with specific amino
acids in hemoglobin forming covalently cross-linked
Hb multimers®®!. The altered Hb structure promotes
cellular damage and releases ferryl Hb into the
subendothelial matrix. Silva et a/®* demonstrated
that ferryl Hb, rather than Hb, or methemoglobin,
increased endothelial permeability and production
of pro-inflammatory monocyte adhesion proteins
that promote macrophage accumulation and a local
inflammatory reaction preceding plaque formation; (3)
Free Hb penetrates the vascular smooth muscle layer™
and inactivates endothelium-dependent relaxation
induced by acetylcholine®* possibly through binding
to nitric oxide (NO) which is a potent vasodilator which
initiates vaso-relaxation in response to stimuli. Nitric
oxide also inhibits formation of oxidized LDL™*" which
detrimental to endothelial integrity. Inactivation of NO is
a major marker of endothelial dysfunction manifested in
impaired vasoactive responsest, Rodriguez-Mafas et
al*®" demonstrated that highly glycosylated Hb inhibited
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nitric oxide mediated relaxation to a larger extent than
low glycated and unglycated Hb. The authors suggested
that Hb-AGEs may exacerbate this effect as abundant
in vitro and in vivo evidence demonstrates that AGEs
inhibit nitric oxide production and function®; and (4)
Furthermore, accelerated degradation of erythrocytes
releases heme which sensitizes endothelial cells to
oxidative damage and promotes oxidation of endothelial
proteins and low density lipoproteins (LDLs)"".

Altogether, these adverse modifications trigger
a proliferative inflammatory response in the suben-
dothelial space which involves recruitment of a myriad of
inflammatory and immune factors including monocytes,
platelets, lymphocytes and increased production of
various growth factors and cytokines such as IL-1
and TNF-a and adhesion molecules®”, Oxidized LDL
particles are subsequently scavenged by macrophages
forming lipid rich foam cells that contribute to the
formation of fatty streaks and subsequent build-up of
plaque. As atherosclerotic plaque builds up, further
insult to the endothelium activates a vicious cycle of
inflammatory/oxidation events and further progression
of atherosclerosis™®. The list of endothelial mediators
that contribute to this inflammatory/atherogenic process
continues to grow. Interleukin-17 (IL-17), produced by
T-helper cells, induces chemokines such as IL-6, IFN-y
and TNF-a to recruit monocytes and neutrophils to the
site of inflammation. Recent evidence points to additional
allergic/hypergic responses, induced by IL-17, which
involve cytokines such as IL-8 and eotaxin believed
to play a role in atherogenesis. IL-17 induces eotaxin
secretion from smooth muscles, macrophages and fat
tissue in the atheromatous plaque®®. The recruitment
of eosinophils by eotaxin during the inflammatory
process was recently linked to vascular inflammation
and cardiovascular disease®”. Exploring the relation
between these inflammatory mediators and oxidative
modification of glycated Hb may provide new avenues
for understanding the progression of atherogenic
events.

In summary, accumulating evidence suggests that
glycation of Hb and formation of Hb-AGE in diabetics
exacerbate cellular oxidative stress releasing potent
oxidants which contribute to endothelial oxidative
damage and trigger a vicious cycle of oxidative/inflam-
matory responses. Recruitment of inflammatory
mediators contributes to the progression of athero-
genesis and the development of diabetic vascular
complications. Designing preventive and therapeutic
measures that target hemoglobin glyco-oxidative
pathways may be useful tools for the management and
control of atherosclerosis progression and cardiovascular
disease in diabetics.
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Abstract
Adipose tissue-derived stem cells (ADSCs) are
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adult stem cells that can be easily harvested from
subcutaneous adipose tissue. Many studies have demon-
strated that ADSCs differentiate into vascular endothelial
cells (VECs), vascular smooth muscle cells (VSMCs), and
cardiomyocytes /n vitro and in vivo. However, ADSCs
may fuse with tissue-resident cells and obtain the
corresponding characteristics of those cells. If fusion
occurs, ADSCs may express markers of VECs, VSMCs,
and cardiomyocytes without direct differentiation
into these cell types. ADSCs also produce a variety of
paracrine factors such as vascular endothelial growth
factor, hepatocyte growth factor, and insulin-like growth
factor-1 that have proangiogenic and/or antiapoptotic
activities. Thus, ADSCs have the potential to regenerate
the cardiovascular system via direct differentiation into
VECs, VSMCs, and cardiomyocytes, fusion with tissue-
resident cells, and the production of paracrine factors.
Numerous animal studies have demonstrated the
efficacy of ADSC implantation in the treatment of acute
myocardial infarction (AMI), ischemic cardiomyopathy
(ICM), dilated cardiomyopathy, hindlimb ischemia, and
stroke. Clinical studies regarding the use of autologous
ADSCs for treating patients with AMI and ICM have
recently been initiated. ADSC implantation has been
reported as safe and effective so far. Therefore, ADSCs
appear to be useful for the treatment of cardiovascular
disease. However, the tumorigenic potential of ADSCs
requires careful evaluation before their safe clinical
application.

Key words: Adipose tissue-derived stem cells; Cardio-
vascular disease; Acute myocardial infarction; Ischemic
cardiomyopathy; Hindlimb ischemia; Stroke

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Adipose tissue-derived stem cells (ADSCs) have
been used for the treatment of cardiovascular disease
with the efficacy of ADSC implantation demonstrated
in animal models. However, the mechanisms under-
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lying the capacity of ADSCs for regenerating the car-
diovascular system remain controversial. ADSCs may
differentiate into blood vessels and cardiomyocytes,
fuse with other cell types, obtaining the characteristics
of those cells, and secrete paracrine factors that have
proangiogenic and/or antiapoptotic activities. This
review also discusses recently initiated clinical trials
using autologous ADSCs.

Suzuki E, Fujita D, Takahashi M, Oba S, Nishimatsu H. Adipose
tissue-derived stem cells as a therapeutic tool for cardiovascular
disease. World J Cardiol 2015; 7(8): 454-465 Available from:
URL: http://www.wjgnet.com/1949-8462/full/v7/i8/454.htm
DOI: http://dx.doi.org/10.4330/wjc.v7.i8.454

INTRODUCTION

Cardiovascular disease (CVD) is a leading cause of
morbidity and mortality worldwide. Despite advances in
the treatment of acute myocardial infarction (AMI) using
percutaneous coronary intervention, the treatment of
heart failure (HF), which occurs as a result of the death
of myocardial tissues and subsequent tissue remodeling,
is still a challenging problem. As cardiomyocytes are
terminally differentiated cells with minimal regenerative
capacity, heart transplantation is currently the only
treatment option for end-stage ischemic heart disease.
The development of new therapies for AMI and HF is
required to meet this substantial clinical requirement.
Thus, stem cell therapy for CVD has recently gained
substantial attention.

Stem cells are defined as cells capable of self-
renewal and differentiation into a variety of pheno-
types!), Stem cells comprise embryonic stem cells
(ESCs) and adult stem cells (ASCs). ESCs were originally
isolated from the inner cell mass of blastocysts®®, and
are pluripotent stem cells capable of giving rise to all
three germ layers. However, several issues, including
ethical concerns and teratoma formation, limit the
clinical use of ESCs. Induced pluripotent stem (iPS) cells
are also pluripotent stem cells that have very similar
characteristics to ESCs™*. As ethical problems can be
avoided, iPS cells represent a potentially promising
option for stem cell therapy. However, cancer formation
is @ major issue that needs to be overcome before
widespread acceptance of the use of iPS cells in clinical
settings. ASCs are multipotent stem cells that reside
in various adult tissues. Among ASCs, bone marrow-
derived mesenchymal stem cells (BMMSCs) and adi-
pose tissue-derived stem cells (ADSCs) are the most
extensively studied. BMMSCs are reported to have the
potential to differentiate into various cell types including
bone, cartilage, cardiac muscle, skeletal muscle, vas-
cular endothelial cells (VECs), and vascular smooth
muscle cells (VSMCs)®®!, BMMSCs have been used to
treat CVD in clinical settings, with promising results
reported in a number of studies””**, although other
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studies failed to demonstrate positive outcomes!***®!,

ADSCs have gained substantial attention recently as
subcutaneous adipose tissues are abundant and can be
easily harvested using liposuction, a procedure that is
less invasive than bone marrow aspiration, with minimal
donor discomfort. Adipose tissue contains a significantly
greater proportion of stem cells than the bone marrow
(5% vs 0.01%) and is therefore a convenient source
of stem cells™”), Furthermore, ADSCs reportedly do not
express class II major histocompatibility complexes!*®*,
suggesting that ADSCs may be suitable for allogenic
transplantation in addition to autologous transplantation.
In this review, we discuss the characteristics of ADSCs
and their potential use in the treatment of CVD.

CLASSIFICATION OF ADSCS

ADSCs can be obtained from subcutaneous adipose
tissues with the use of collagenase digestion. Freshly
isolated ADSCs (fADSCs) are known to be hetero-
geneous and contain hematopoietic cells (CD45*
and/or CD34") and VECs (CD34*/CD31%) in addition
to stem cells (CD44" and CD105")®%. fADSCs can
be cultured on plastic dishes in the presence of fetal
bovine serum (FBS). Non-adherent cells, those that do
not attach to plastic dishes, can be removed to obtain
cultured ADSCs (cADSCs), a relatively homogeneous
population that expresses stem cell markers, such
as CD44 and CD105, but not hematopoietic lineage
markers, including CD11b, CD45, and CD34 or the
VEC marker CD31%"?!, Artificially-modified ADSCs
(mADSCs) are a type of ADSCs produced through the
introduction of specific genes'**?* or pre-treatment with
drugs®®! before administration. The purpose of artificial
modification is to improve the function of ADSCs, such
as proangiogenic and antiapoptotic activities. cADSCs
have been the most widely used type, particularly
in animal studies. However, fADSCs may be more
suitable for clinical applications for several reasons.
First, fADSCs can be rapidly prepared compared with
CADSCs as cell culture is not required while preparing
fADSCs. The rapid preparation and administration
of stem cells may be required to achieve sufficient
recovery from tissue ischemia when treating AMI or
critical hindlimb ischemia. Second, the preparation of
fADSCs is technically less challenging compared with
that of cCADSCs as it does not require the use of foreign
materials such as FBS. ADSCs used in clinical settings
must not contain any foreign materials derived from
animals or humans other than the individual patient
receiving the stem cell therapy. Therefore, it is desirable
to avoid culturing in the preparation of ADSCs for clinical
applications.

DIFFERENTIATION POTENTIAL OF

ADSCS IN VITRO
ADSCs have the potential to differentiate into cartilage,
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Table 1 Differentiation potential of adipose tissue-derived stem cells /n vitro

Cell type Expression of Expression of VSMC markers Expression of cardiomyocyte Production of Ref.
VEC markers markers paracrine factors
Human fADSCs CD31, vWF NE NE NE Miranville et al®”
Human cADSCs CD31, vWF NE NE NE Planat-Benard et al®"
Human cADSCs NE SMA, calponin, caldesmon, NE NE Rodriguez et al™
myosin heavy chain, SM22a
Human cADSCs NE SMA, calponin, SM22q. NE NE Jeon et al™
Rabbit cADSCs NE NE Myosin heavy chain, sarcomeric NE Rangappa et al™
o-actinin, troponin I
Human cADSCs NE NE Sarcomeric a-actinin, desmin, NE Gaustad et al™
cardiac troponin
Murine fADSCs NE NE GATA-4, Nkx2.5 NE Planat-Bénard et al®™
Human cADSCs NE NE NE VEGF, HGF, Rehman e al**
TGF-B
Murine cADSCs ND ND NE VEGF, HGF Nakagami et al*”
Human cADSCs NE NE NE VEGF, IGF-1 Sadat et al"!

NE: Not examined; ND: Not detected; ADSCs: Adipose tissue-derived stem cells; VEC: Vascular endothelial cell; TGF: Transforming growth factor; VSMC:
Vascular smooth muscle cell; HGF: Hepatocyte growth factor; IGF-1: Insulin-like growth factor-1; vVWF: von Willebrand factor.

bone, tendon, and fat when cultured under lineage-
specific conditions™®®?%!, Furthermore, ADSCs have
the potential to differentiate into VECs, VSMCs, and
cardiomyocytes in vitro (Table 1), the main com-
ponents of the cardiovascular system. Miranville et a/*”
isolated and examined the characteristics of human
fADSCs. Human fADSCs were found to express CD34
(27.6%-63.4%) with CD34 positive cells shown to
be composed of two populations: CD34"/CD31" cells
(probably VECs) and CD34*/CD31" cells. The authors
demonstrated CD34"/CD31" cells expressed CD31
and von Willebrand factor (vVWF) when cultured in a
medium containing vascular endothelial growth factor
(VEGF) and insulin-like growth factor (IGF). Planat-
Benard et a/®" used relatively fresh human cADSCs
cultured on plastic dishes for 3 d without passaging.
Approximately 90% of these cells were found to express
CD34, and they expressed VEC markers, including
CD31 and vWF, when cultured in a semisolid medium.
Rodriguez et al*® studied human cADSCs cultured in
MCDB 131 medium supplemented with 1% FBS. The
authors found these cells expressed VSMC markers,
including a-smooth muscle actin (SMA), calponin,
caldesmon, myosin heavy chain, and smooth muscle
protein 22-a (SM22a). Furthermore, differentiated
cells contracted in response to carbachol demonstrated
contractile capacity. Jeon et al** demonstrated the
use of sphingosylphosphorylcholine (SPC) to induce
the differentiation of human cADSCs into VSMCs, as
determined by SMA, calponin, and SM22a. expression.
They also found that SPC-induced differentiation of
ADSCs into VSMCs depended on transforming growth
factor-p (TGF-B), shown to be secreted by ADSCs in an
autocrine manner. Rangappa et al**! incubated rabbit
cADSCs with 5-azacytidine. The authors demonstrated
that these cells differentiated into spontaneously beating
cardiomyocytes with expression of myosin heavy chain,
sarcomeric o-actinin, and troponin I. Gaustad et a/t*”
incubated human cADSCs with rat cardiomyocyte

Raishidenge ~ WJC | www.wjgnet.com

456

extracts and demonstrated ADSC expression of
cardiomyocyte markers, including sarcomeric o-actinin,
desmin, and cardiac troponin I. Differentiated cells
were also shown to beat autonomously. Planat-
Bénard et al*® cultured murine fADSCs in a semisolid
methylcellulose medium without 5-azacytidine and
found that ADSCs expressed cardiac-specific markers,
such as transcription factors, GATA-4, and Nkx2.5.
These cells demonstrated spontaneous beating with
acceleration in response to isoproterenol, a p-agonist,
and deceleration in response to carbamylcholine, an
acetylcholine agonist.

DIFFERENTIATION POTENTIAL OF

ADSCS /N VIVO

It has also been suggested that ADSCs express VEC,
VSMC, and cardiomyocyte markers in vivo (Table 2). For
example, cADSCs administered in a hindlimb ischemia
model® and AMI model™” were reportedly incorporated
into tissues and were found to express VEC markers,
such as CD31 and vWF. ADSC implantation has been
shown to improve blood flow in a murine hindlimb
ischemia model™, Jack et a*® injected human cADSCs
into the bladder and urethra and demonstrated the
expression of SMA, a marker for VSMCs, by engrafted
cells. Valina et al®”! injected porcine cADSCs into the
coronary artery following the induction of AMI and
found that a proportion of engrafted cells expressed
SMA. The authors also found that left ventricular
function recovered following administration of ADSCs.
Strem et al** prepared fADSCs from Rosa 26 mice
ubiquitously expressing p-galactosidase and injected
these cells into the intraventricular chamber following
myocardial cryoinjury. The authors demonstrated co-
expression of B-galactosidase with myosin heavy chain,
Nkx2.5, and troponin I. Yamada et ai*” transplanted
the CD29 positive fraction of murine cADSCs into the
infarct border zone of an AMI model and demonstrated
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Table 2 Differentiation potential of adipose tissue-derived stem cells /i vivo

Cell type Animal model Expression of  Expression Expression of Functional Ref.
VEC markers of VSMC cardiomyocyte markers recovery
markers
Human cADSCs Murine hindlimb ischemia CD31 NE NE Yes Planat-Benard et al™
Porcine cADSCs Porcine AMI vWF SMA NE Yes Valina et al™
Human cADSCs Bladders and urethras of NE SMA NE NE Jack et al®
athymic rats and SCID mice
Murine fADSCs Murine AMI NE NE Myosin heavy chain, Yes Strem et al®”
Nkx2.5, troponin I
Murine fADSCs Rat AMI NE NE Sarcomeric actin, GATA-4 Yes Yamada et al'*”!
Conditioned medium Murine hindlimb ischemia NE NE NE Yes Bhang et al*’
from human cADSCs

NE: Not examined; VSMC: Vascular smooth muscle cell; ADSCs: Adipose tissue-derived stem cells; vVWF: von Willebrand factor; VEC: Vascular endothelial

cell; SMA: Smooth muscle actin; AMI: Acute myocardial infarction.
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Figure 1 Schematic representation of LacZ expression following the
excision of a floxed stop codon by Cre recombinase.

the expression of cardiomyocyte markers, such as
sarcomeric actin and GATA-4. Furthermore, improved
left ventricular function was observed in this study.
However, cell fusion should be considered carefully
before concluding that ADSCs have the potential to
differentiate into VECs, VSMCs, or cardiomyocytes in
vivo. The in vivo fusion of administered ADSCs with
tissue-resident VECs, VSMCs, and/or cardiomyocytes
may lead to ADSCs acquiring the phenotypes of the
corresponding fused cell types, making it appear as if
ADSCs are directly differentiating into these cell types.
In fact, cell fusion has been shown to occur with the
in vivo administration of BMMSCs. Alvarez-Dolado
et al*! used R26R mice that contain a /acZ reporter
gene downstream of a stop codon flanked by loxP
sites (floxed). The /acZ reporter gene was therefore
only expressed when the loxP-flanked stop codon was
excised by Cre recombinase (Figure 1). The authors
lethally irradiated these mice and transplanted BMMSCs
from mice that ubiquitously express Cre recombinase
and green fluorescent protein (GFP). If cells from the
donor and recipient fused, the Cre enzyme would
excise the Lox P-flanked stop codon, thereby allowing
the expression of the /lacZ gene. The results of this
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study revealed p-gal® (fused) and GFP" cells in the
brain, heart, and liver of recipients, at 2 and 4 mo post-
transplantation. Thus, BMMSCs potentially fuse with
other cell types in vivo. There have been no reports
so far clearly demonstrating the fusion of ADSCs with
other cell types in vivo. Bai et al** injected both human
fADSCs and cADSCs into murine hearts and examined
the occurrence of cell fusion using fluorescence in
situ hybridization to detect human X chromosomes
and murine Y chromosomes. The authors did not
detect co-localization of human X chromosomes with
murine Y chromosomes in individual cells, excluding
the possibility of cell fusion events. However, similar
techniques used to detect cell fusion by BMMSCs (e.g.,
the transplantation of ADSCs derived from transgenic
mice expressing Cre recombinase into recipients expre-
ssing a lacZ reporter gene downstream of a floxed
stop codon) should be used to conclusively determine
whether ADSCs fuse with other tissue-resident cell
types. Interestingly, Metzele et a/** artificially fused
human cADSCs with neonatal rat cardiomyocytes
using hemagglutinating virus of Japan. The authors
demonstrated spontaneous beating of fused ADSCs and
the expression of human troponin I, suggesting fused
ADSCs produced cardiomyogenic proteins. Furthermore,
fused ADSCs were positive for the cell proliferation
marker Ki67, suggesting proliferating capacity in marked
contrast to terminally differentiated cardiomyocytes
that are unable to proliferate. Therefore, ADSCs may
stimulate the regeneration of heart muscles through in
vivo fusion with cardiomyocytes.

PRODUCTION OF PARACRINE FACTORS
BY ADSCS

ADSCs have been shown to produce a variety of
proangiogenic and antiapoptotic factors. Rehman et
al"*¥ examined the production of paracrine factors
by human cADSCs. The authors showed that ADSCs
produced VEGF, hepatocyte growth factor (HGF), and
TGF-B. VEGF production increased five-fold when
ADSCs were cultured under hypoxic conditions. Condi-
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Figure 2 Possible mechanisms underlying the effect of adipose tissue-
derived stem cells on regeneration of the cardiovascular system. ADSCs:
Adipose tissue-derived stem cells; VEGF: Vascular endothelial growth factor;
HGF: Hepatocyte growth factor; IGF-1: Insulin-like growth factor-1; bFGF: Basic
fibroblast growth factor.

tioned medium (CM) obtained from hypoxic ADSCs
significantly increased the proliferation and survival
of VECs. Furthermore, the administration of these
ADSCs significantly improved perfusion in a hindlimb
ischemia model. Nakagami et al**' reported murine
cADSCs produce VEGF and HGF. The authors also
administered ADSCs in a mouse hindlimb ischemia
model and found transplanted ADSCs improved blood
flow. However, transplanted ADSCs did not express
VEC or VSMC markers, suggesting that ADSCs did not
differentiate into vascular components in this study.
Sadat et al*® demonstrated human cADSCs produce
VEGF and IGF-I and that these cytokines contribute to
the antiapoptotic effects of ADSCs on cardiomyocytes.
The authors implicated the secretion of VEGF by ADSCs
in the ADSC-induced stimulation of tube formation by
VECs. Yeghiazarians et al*”’ administered BMMSCs and
their lysates into the heart in @ murine AMI model. The
authors revealed that both BMMSCs and their lysates
improved cardiac function and histology to similar
extents, suggesting cytokines produced by BMMSCs, but
not cells per se, are required for the recovery of cardiac
function. Bhang et a/*® used a three-dimensional
spheroid culture of human ADSCs to prepared CM. The
authors injected CM into ischemic regions in a murine
hindlimb ischemia model. They detected restoration of
blood perfusion in this model. Albersen et a*® injected
rat cADSCs and their lysates into the penis in a rat
model of cavernous nerve injury. The authors found that
both ADSCs and their lysates restored erectile function
to similar extents. These results suggest substances
secreted by ADSCs, rather than cells per se, are critical
for their regenerative function. Collectively, these results
suggest that paracrine factors produced by ADSCs
play a major, if not all, role in the regeneration of the
cardiovascular system, although the differentiation and
cell fusion of ADSCs may also be involved. The possible
mechanisms underlying the regenerative effects of
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ADSCs on the cardiovascular system are summarized in
Figure 2.

SURVIVAL OF ADSCS /N VIVO

The survival and engraftment of ADSCs in vivo have
been examined within 30 d of ADSC implantation
in the majority of studies™*°*, Yin et a** injected
swine cADSCs into the coronary artery following
induction of AMI and examined the fate of ADSCs 8 wk
after injection. The authors found that many ADSCs
expressed troponin T and o-sarcomeric actin, indicating
the ability of ADSCs to survive for 8 wk. Bai et a/t*”
introduced a luciferase reporter gene into human
cADSCs and transplanted these cells into the murine
heart muscle using an AMI model. The authors detected
luciferase-positive ADSCs by bioluminescence imaging.
Bioluminescence was observed 16 wk after ADSC
transplantation, indicating that some ADSCs survived
for 16 wk. However, murine cADSCs transplanted in a
hindlimb ischemia model were found to barely remain in
ischemic tissues 28 d after transplantation*!, Therefore,
the survival and engraftment of ADSCs in recipient
tissues appear to vary according to the animal species
and experimental models used.

APPLICATION OF ADSCS TO TREAT
CvD

AMI and ischemic cardiomyopathy

Many studies have demonstrated the efficacy of ADSC
administration in recovering cardiac function in AMI
models. cADSCs have been predominantly used in
animal modelsP7?%%>1371 " glthough fADSCs™ and
mADSCs™****¥ have also been used. ADSCs have
been transplanted via the coronary artery!®”:>*>%%"1
and directly into cardiac muscles!?*2>39:40:51,53:36,58,59]
in previous studies. Although ADSC implantation
into the heart showed efficacy in recovering cardiac
function in most studies, the underlying mechanisms
remain controversial. Transplanted ADSCs expressed
VEC, VSMC, or cardiomyocyte markers in numerous
studies!?’%4052:35575%1. however, the “differentiation”
of ADSCs was either not detected or examined in
other studies®?>°"*%*® Baj et al** transplanted both
fADSCs and cADSCs in a murine AMI model and
found both cell types recovered cardiac function to a
similar extent. A proportion of transplanted fADSCs
and cADSCs were found to express cardiomyocyte
markers, including troponin I and connexin 43. These
results are encouraging as fADSCs may be more
suitable for clinical applications than cADSCs for reasons
outlined above. ADSCs differentiated into specific cell
types have been used to treat chronic MI. Okura et
al® induced the differentiation of human cADSCs
into cardiomyoblast-like cells (CLCs) in vitro and
transplanted these cells into the swine coronary arteries
4 wk following the induction of MI. Cardiac function was
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recovered by CLC implantation. Furthermore, implanted
CLCs expressed human a-cardiac actin, Nkx2.5, and
GATA-4. Several studies have used a monolayer sheet
to transplant ADSCs into chronic MI models. Miyahara
et al®" cultured rat ADSCs on a temperature-responsive
polymer to prepare a monolayer of ADSCs. The authors
transplanted these cells onto scarred myocardium at 4
wk following coronary ligation. Transplanted cells grew
in situ to form a thick stratum containing newly-formed
blood vessels. The transplantation of monolayered
cells prevented ventricular wall scarring and improved
cardiac function. Okura et a/®” induced the differen-
tiation of human cADSCs into CLCs in vitro and pre-
pared monolayer sheets of human CLCs and ADSCs
using a temperature-responsive polymer. The authors
then transplanted these cells onto the infarcted areas
of rats 4 wk following the induction of MI. The authors
demonstrated that the implantation of CLCs, but not
ADSCs, resulted in a long-term recovery of cardiac
function and improved survival. Furthermore, CLCs, but
not ADSCs, were found to express human troponin I.

Clinical trials of ADSCs in the treatment of AMI have
recently been initiated. The AdiPOse-derived stem
celLLs in the treatment of patients with ST-elevation
myOcardial infarction (APOLLO) trial is a double-blind,
placebo-controlled, phase I/Ila trial®®®. Autologous
fADSCs were transplanted into the coronary artery
of AMI patients with ST-segment elevation following
successful revascularization. During the 6-mo follow-
up period, improvements in the left ventricular ejection
fraction and myocardial perfusion and reductions in
the infarct size were demonstrated. The subsequent
phase II/II trial, called ADVANCE, is currently ongoing.
In this trial, AMI patients with ST elevation are treated
with intracoronary implantation of autologous fADSCs.
The primary endpoint is reduction in the infarct size as
measured by magnetic resonance imaging. The adiPose-
deRived stEm Cells In the treatment of patients with
non revaScularizable ischEmic myocardium (PRECISE)
trial enrolled patients who had chronic ischemic cardio-
myopathy (ICM) not amenable to any revascularization
procedurest®, Autologous fADSCs were transplanted
into cardiac muscles from endocardial sites. Maximal
oxygen consumption and total left ventricular mass
were significantly improved by ADSCs implantation.
The ATHENA trial is an ongoing clinical trial intending to
treat patients who have chronic ICM with HF symptoms
using autologous fADSCs. The endpoints of this trial
include peak oxygen consumption, perfusion defects,
HF symptoms, left ventricle end-systolic and diastolic
volume, and ejection fraction.

Dilated cardiomyopathy

Several studies have demonstrated the efficacy of
ADSC implantation in the recovery of cardiac function
using dilated cardiomyopathy (DCM) models. Lin et
al®! used a rat DCM model induced by the injection
of porcine myosin and implanted cADSCs into cardiac
muscle. The effect of combination therapy with ADSCs
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and sildenafil, a phosphodiesterase type-5 inhibitor,
was also evaluated. This study found that either ADSCs
implantation alone or sildenafil treatment alone was
effective for the recovery of cardiac function, with
combination therapy being the most effective. Hamdi
et al®® transplanted a monolayer sheet of murine
cADSCs onto the heart surface in a murine DCM
model, in which a floxed serum response factor gene
is conditionally deleted using the expression of Cre
recombinase. The authors found many blood vessels
in transplanted sheets and some transplanted ADSCs
in the cardiac muscle, a proportion of which expressed
CD31. The authors further demonstrated the recovery
of cardiac function and significant reduction of cardiac
fibrosis following ADSC transplantation. Pinarli et a/®”
transplanted cADSCs into a doxorubicin-induced HF
model. They further examined combination therapy of
ADSC transplantation with resveratrol, a polyphenolic
compound found in red grapes with an antioxidant
activity. This study found either ADSC implantation
alone, or resveratrol administration alone, was effective
in recovering cardiac function, although combination
therapy was found to be most effective.

Hindlimb ischemia

A number of studies have demonstrated that ADSC
implantation improves blood flow in animal hindlimb
ischemia models. fADSCsP%®!, cADSCs[?!#48:69-76],
and mADSCs"”! have all been used in these studies.
Although the efficacy of ADSC administration in the
recovery of blood flow appears conclusive, the mecha-
nisms underlying the ability of ADSCs to recover blood
flow remain controversial. ADSCs have been shown to
engraft and express VEC and/or VSMC markers in some
studiest?31#9707275771  However, other studies have
shown that engraftment was either not observed or
examined™®’® or paracrine factors secreted by ADSCs
appeared to predominantly mediate the recovery of
blood flow! 70717374771 | ee et al’® performed the
transplantation of autologous cADSCs in 15 patients
with critical limb ischemia. Although this was a pilot
study, ADSC implantation caused no complications
during the follow-up period and clinical improvement
was observed in 66.7% patients. Larger-scale clinical
studies are required to conclusively evaluate the efficacy
and safety of ADSC transplantation in the treatment of
limb ischemia.

Stroke

Several studies have demonstrated ADSC implantation
induces functional recovery following brain ischemia
in animal models of cerebral infarction (CI)”*®". Kang
et al”® occluded the middle cerebral artery (MCA)
to induce CI and transplanted human cADSCs into
the lateral ventricle. Transplanted ADSCs migrated to
the border zone of the injured area and intact brain
tissue and into injured areas. A proportion of ADSCs
were found to express microtubule-associated protein
2 (MAP2), a neuron marker, and glial fibrillary acid
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protein (GFAP), an astrocyte marker. Furthermore,
ADSC implantation improved motor and somatosensory
behavior following CI, although no reduction in the
area of CI was observed following ADSC implantation.
Gutiérrez-Fernandez et a/”®! injected cADSCs intra-
venously following MCA occlusion in rats and found
a significant recovery of motor function, although
no reduction in the infarct size or ADSC engraftment
into damaged tissues was observed. Furthermore,
the expression of VEGF, synaptophysin, a neuron
marker, and neurofilament was significantly increased
following ADSC injection, although it was not examined
whether ADSCs per se produced these molecules.
Liu et a® transplanted human cADSCs into the right
corpus striatum and cerebral cortex of rats following
MCA occlusion. Neurological deficits were significantly
attenuated by ADSC administration. Significantly
increased expression of brain-derived neurotrophic
factor (BDNF), nerve growth factor, and basic fibroblast
growth factor mRNA and increased protein levels
of BDNF and Bcl-2 were observed following ADSC
transplantation, although it was not examined whether
ADSCs produced these molecules.

Coronary artery restenosis

Balloon injury of the carotid artery and wire injury of
the femoral artery have been widely used as models of
coronary artery restenosis. We implanted rat cADSCs
around the femoral artery from the adventitial side
following wire injury of the femoral artery and found
that ADSC implantation significantly inhibited neointimal
formation and stimulated re-endothelialization®®™. We
also demonstrated that ADSCs produced angiopoietin-1
(Ang-1) and that the effect of ADSC administration
diminished when expression of Ang-1 was suppressed
using small interfering RNA (siRNA) against Ang-1*
(Figure 3), indicating that Ang-1 produced by ADSCs
plays a critical role in the inhibition of neointimal forma-
tion. Although drug-eluting stents (DES) are widely
used and they potently inhibit restenosis, the use of
DES does not always improve patient outcomes, most
likely due to increased risk of late thrombosis®*®,
Because DES inhibit the proliferation of VECs as well
as VSMCs by secreting antiproliferative drugs, DES
may delay re-endothelialization, resulting in thrombus
formation. Therefore, agents that stimulate re-endothe-
lialization, such as Ang-1, may be more suitable for
the suppression of neointimal formation than currently
used inhibitors of cell proliferation. Systematic analysis
of ADSC cytokine production is required to identify
molecules that inhibit neointimal formation and stimu-
late re-endothelialization.

FUTURE DIRECTIONS

Careful examination of the following points is required
before the safe and effective clinical application of
ADSCs.
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Tumorigenesis

Although ADSCs may be less prone to forming tumors
than ESCs, it has been reported that BMMSCs form
tumors in vivo®. Furthermore, several reports have
suggested ADSCs promote the proliferation of cancer
cells both in vitro and in vivo®™®. Therefore, ADSCs
may stimulate the growth of pre-existing tumors even if
ADSCs per se do not form tumors.

Effects of age and comorbid diseases on the function of
ADSCs

Patients suffering from CVD are often older and have
comorbid diseases, such as hypertension and diabetes.
When considering the autologous transplantation of
ADSCs in these patients, it is necessary to examine
whether age and comorbid diseases affect the function
of ADSCs. Several studies have demonstrated that
ADSCs collected from aged patients have less capacity
for proliferation and differentiation compared to those
collected from young donors®* 3, Furthermore, seve-
ral reports have shown that ADSCs collected from
diabetic mice, hemodialysis patients, and HF patients
have less capacity for proliferation, differentiation, or
proangiogenic cytokine production®°*, Therefore,
patients requiring ADSC transplantation for the treat-
ment of CVD may not have access to high-quality auto-
logous ADSCs. Allogenic transplantation of ADSCs may
be required in these patients.

Improved ADSC survival and function

The use of mMADSCs may improve the survival and/
or function of ADSCs. The incubation of ADSCs with
chemical compounds, culture in hypoxic conditions,
or the introduction of ectopic genes are all potential
methods for the pre-implantation modification of ADSCs.
It is noteworthy that ADSCs cultured under hypoxic
conditions have demonstrated increased capacity for
proliferation, proangiogenic cytokine production, and
maintenance of stemness™®®®, The incubation of fADSCs
under hypoxic conditions prior to implantation into
patients may be a feasible strategy for improving the
results of ADSC implantation.

Identification of paracrine factors

ADSCs produce a variety of paracrine factors, as
aforementioned, and these factors appear to play a
major role in the regeneration of the cardiovascular
system. Elucidation of cytokine combinations with the
greatest efficacy in the regeneration of the cardiovascular
system may remove the need for ADSC implantation in
the future.

CONCLUSION

Evidence accumulated from animal studies has indicated
that ADSCs show efficacy in the treatment of CVD
including AMI, ICM, and critical limb ischemia. Clinical
trials have reported the safety and efficacy of ADSC
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Figure 3 Ang-1 is implicated in Adipose tissue-derived stem cell-induced suppression of neointimal formation. A: ADSCs produce Ang-1, particularly when
cultured in medium containing growth factors for VECs. Rat ADSCs were plated in 24-well plates and cultured in control medium (open circles) or medium containing
growth factors for VECs (EGM: closed circles) for 1 wk. After washing with PBS, the medium was replaced with serum-free Dulbecco’s modified Eagle medium and
incubated for the indicated periods. Ang-1 accumulation was measured with an enzyme-linked immunosorbent assay kit. °P < 0.05, °P < 0.01 vs 0 h (n = 6 per group); B:
Effect of knockdown of endogenous Ang-1 in ADSCs and forced expression of Ang-1 on neointimal formation. ADSCs were infected with lentivirus expressing negative
control siRNA (NCsiRNA), which does not suppress the expression of mammalian mRNA, or lentivirus expressing Ang-1 siRNA (Ang-1siRNA). ADSCs not infected
with lentivirus were used as positive controls (ADSC). ADSCs were cultured in EGM for 1 wk. ADSCs (10° cells) were seeded from the adventitial side immediately
after wire injury of the rat femoral artery. Adenoviruses expressing green fluorescent protein (AdGFP) or Ang-1 (AdAng-1) were also injected into the femoral artery
from the adventitial side following wire injury. Femoral arteries were harvested 14 d after injury for histological analyses. Arrowheads indicate the position of internal
elastic lamina. Bars represent 100 um; C: I/M ratios were compared among the groups (n = 8 per group). °P < 0.05 vs NCsiRNA infection and °P < 0.01 vs AAGFP
infection. PBS: Phosphate-buffered saline; ADSCs: Adipose tissue-derived stem cells; VECs: Vascular endothelial cells.
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implantation in the treatment of CVD. ADSCs may
regenerate tissues through a number of mechanisms
including direct differentiation into VECs, VSMCs, and
cardiomyocytes, fusion with tissue-resident cells, and
secretion of proangiogenic and antiapoptotic cytokines.
The malignant potential of ADSCs should be carefully
examined in the future.
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Abstract

Early repolarization syndrome (ERS), demonstrated
as J-point elevation on an electrocardiograph, was
formerly thought to be a benign entity, but the recent
studies have demonstrated that it can be linked to
a considerable risk of life - threatening arrhythmias
and sudden cardiac death (SCD). Early repolarization
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characteristics associated with SCD include high -
amplitude J-point elevation, horizontal and/or down-
slopping ST segments, and inferior and/or lateral leads
location. The prevalence of ERS varies between 3%
and 24%, depending on age, sex and J-point elevation
(0.05 mV vs 0.1 mV) being the main determinants.
ERS patients are sporadic and they are at a higher
risk of having recurrent cardiac events. Implantable
cardioverter-defibrillator implantation and isoproterenol
are the suggested therapies in this set of patients.
On the other hand, asymptomatic patients with ERS
are common and have a better prognosis. The risk
stratification in asymptomatic patients with ERS still
remains a grey area. This review provides an outline of
the up-to-date evidence associated with ERS and the
risk of life - threatening arrhythmias. Further prospective
studies are required to elucidate the mechanisms of
ventricular arrhythmogenesis in patients with ERS.

Key words: Early repolarization syndrome; Early
repolarization; Sudden cardiac death; J-wave

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Early repolarization syndrome (ERS), demon-
strated as J-point elevation on an electrocardiograph,
was formerly thought to be a benign entity, but the
recent studies have demonstrated that it can be linked
to a higher risk of ventricular arrhythmias and sudden
cardiac death. The prevalence of ERS varies between 3%
and 24%, depending on age, sex and J-point elevation
(0.05 mV vs 0.1 mV) being the main determinants.
ERS patients are sporadic and they are at a higher
risk of having recurrent cardiac events. Implantable
cardioverter-defibrillator implantation and isoproterenol
are the suggested therapies in this set of patients.
On the other hand, asymptomatic patients with ERS
are common and have a better prognosis. The risk
stratification in asymptomatic patients with ERS still
remains a grey area. This review provides an outline of
the up-to-date evidence associated with ERS and the
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risk of life - threatening arrhythmias. Further prospective
studies are required to elucidate the mechanisms of
ventricular arrhythmogenesis in patients with ERS.
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INTRODUCTION

Sudden cardiac death (SCD) is defined as natural death
due to cardiac causes in a person who may or may
not have previously recognized heart disease but in
whom the time and mode of death are unexpected..
In the context of time, “sudden” is defined for most
clinical and epidemiologic purposes as 1 h or less
between a change in clinical status heralding the onset
of the terminal clinical event and the cardiac arrest
itself!). The overwhelming majority of SCD cases are
related to cardiac arrhythmias™. The commonest
electrophysiologic mechanisms leading to SCD are
ventricular arrhythmias. About 10% of the cases of SCD
are related to primary electrophysiological disorders
with known (e.g., Brugada syndrome) or unknown (e.g.,
idiopathic VF) ion-channel abnormalities™*®,

Early repolarization (ER), also recognized as “J-wa-
ves” or “J-point elevation™ is an electrocardiographic
abnormality consistent with elevation of the junction
between the end of the QRS complex and the beginning
of the ST segment in 2 contiguous leads®'®. Grant et
al""! are considered to be the first who used the term
ER to describe ST-segment deviations and related
T wave inversion and premature repolarization was
thought to be the underlying aetiology.

The so - called “early repolarization syndrome (ERS)”
was unanimously and indisputably regarded as “normal,”
a “normal variant”, or a “benign early repolarization”
until 2000™4, However, numerous more recent reports
have suggested a relationship between ER and an
increased risk of death from cardiac arrhythmias®*",

ERS is an electrocardiographic (ECG) entity charac-
terized by J-point elevation manifested either as either
QRS slurring (at the transition from the QRS segment
to the ST-segment) or notching (a positive deflection
inscribed on terminal S wave), ST segment elevation
with upper concavity and prominent T-waves in at least
two contiguous leads®®” (Figure 1).

PREVALENCE

The ERS is commonly seen in athletes, cocaine
users, hypertrophic obstructive cardiomyopathy and
defects and/or hypertrophy of interventricular septal
defects!®*, Prevalence of ERS varies between 3%
and 24% in the general population, depending on
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the population studied and methods used for ECG
interpretation. Young individuals, especially those predis-
posed to vagotonia, males, African Americans, and
athletes are subpopulations known to have a higher
prevalence of ERS!"**”, Tikkanen et al*’ demonstrated
that the location (inferior vs lateral leads) as well as
J-point elevation of > 0.2 mV are linked to a significant
risk of death from cardiac arrhythmias (adjusted relative
risk, 2.98; 95%CI: 1.85-4.92; P < 0.001).

HISTORICAL PERSPECTIVE

The J-deflection presenting as either QRS slurring or
notching was first described in 1936 by Shilpey et ai*
and was considered a normal ECG variant. In 1938,
Tomaszewski®®! presented the case of an accidently
frozen man whose ECG demonstrated a very slowly
inscribed deflection between the QRS complex and the
earliest part of the ST segment, representing a J wave.
In 1953, Osborn™®”! described a “current of injury” later
named “the Osborn wave” in acidotic and hypothermic
dogs at rectal temperatures < 25 C.

In 1961, Wasserburger et a/*® further defined ER
as a 1-4 mm takeoff of the ST-segment at the end of
the QRS complex with a distinct notch or slur on the
downslope of the R wave in the mid to left precordial
leads.

In 1999, Gussak et al* suggested that ER may be
malignant in some cases, based on observations that an
ER pattern in arterial perfused wedge preparations can
easily convert to one which gives rise to polymorphic
ventricular tachycardia.

In 2000, evidence supporting above hypothesis
was provided by Kalla et a/®” and Takagi et a*"; they
reported VF in patients with prominent J-wave and ST
segment elevation in inferior leads without structural
heart diseases and postulated that idiopathic VF with
an ER pattern in inferior leads may represent a variant
of the Brugada syndrome. In 2008, Haissaguerre et
al® and Nam et a/®® described a strong relationship
between J-waves and many different forms of ven-
tricular arrhythmias in the absence of known heart
disease.

CELLULAR, MOLECULAR AND GENETIC

CONSIDERATIONS

The pathophysiologic basis of the ER is currently not
fully understood. The most discussed hypothesis
incriminates that this may be related to either an
increased susceptibility or vulnerability to cardiac arrest
in critical ischemic conditions such as acute coronary
syndromest?, or to subtle changes in the cardiac action
potential®. ER in its simplest form occurs in early
phase of the cardiac action potential and is caused by
the cardiac transient outward potassium current (Iw).
If a situation arises where there is a reduced density
of the I channels in the endocardium compared with
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Classic definition of early repolarization: ST elevation

A

ST elevation

Classic early repolarization without a J-wave

New definitions of early repolarization

C

New J-point

Terminal QRS slurring

Slurred QRS downstroke without STE

/ J-wave/New J-point

Classic early repolarization with a J-wave

J-wave or the new "J-point elavation" without STE

Figure 1 Examples of the classic and new definitions of early repolarization. Examples of the original (classic) and emerging (new) definitions of early
repolarization (ER). A and B show the classic form of STE-type ER, which is the form identified by ECG software algorithms. Notice the presence of a J wave in (B),
followed by an ascending/upsloping ST segment. Both forms are considered benign; C and D show the malignant form of ER demonstrated as slurring at the end of

QRS complex (C) or a discrete notch/J wave (D) followed by a horizontal/downslopping ST segment (no ST elevation). Reproduced from re

the publisher. STE: ST elevation type ER; ECG: Electrocardiographic.

Normal individual

AP

ECG

£ with permission from

ER patient

Endocardial AP Epicardial AP

Figure 2 Schematic representation of the possible mechanisms underlying J-wave occurrence. Action potentials from epicardium and endocardium from
normal individuals (left) and early repolarization (ER) patients (right) as well as the respective electrocardiograms are shown. A prominent phase I-notch and the loss of
epicardial dome in phase - 2 (thick arrow) results in transmural dispersion of repolarization (dashed arrows) and appearance of the J-wave and ST-segment elevation on

the surface ECG. AP: Action potential; ECG: Electrocardiogram; ER: Early repolarization; RP: Resting potention. Reproduced with permission, from rei

epicardium or mid-myocardium®, a large Ito current
can occur that results in electrocardiographic ER and
large voltage gradients that may generate ] wave
elevation (Figure 2) and have the propensity to initiate
life threatening arrhythmias®***,

Another hypothesis regarding the mechanism causing
ER suggests an association of localized depolarization
abnormalities with repolarization anomalies, as it
happens in type 1 Brugada syndrome!**>?,

The genetic basis of ER syndrome continues to be
elucidated, with the evidence restricted to either case
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reports or preliminary studies that fall short of clearly
identifying the genetic basis of ER“**!, The reported
implicated gene mutations involve the KCNJ8 gene
(responsible for the ATP sensitive potassium channel
Kir6.1 - Ixarr current), CACNA1C, CACNB2, CACNA2D1
genes (responsible for the cardiac L-type calcium
channel - Icac current), and the SCN5A gene (responsible
for the sodium channel - Ina current)“®*4, All of these
might enhance the underlying inward - outward
current imbalance responsible for accelerated epicardial
repolarization.
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Figure 3 Benign early repolarization: Electrocardiogram showing ST segment elevation by at least 0.1 mV from the baseline. Reproduced with permission,

from ref.®,

CLINICAL MANIFESTATIONS OF ERS

The clinical presentation of patients with ERS can be
subdivided into two main groups. The first includes
those that manifest recognized symptoms of ERS, i.e.,
high risk patients with syncope and survivors of cardiac
arrest!®, A study by Abe et al**! demonstrated that
the ER was noticed in 18.5% in patients with syncope
compared to 2% in healthy controls, this equates to
almost 10 - fold increase risk of syncope in patients
with ERS. Although very rare, this group is highly
likely to have recurrent cardiac events. In his study,
Haissaguerre demonstrated 41% risk of arrhythmia
recurrences in this cohort, when he followed up 64 ERS
patients for a median of 51 mo™.

The second and the most common group are asymp-
tomatic patients who are incidentally noted to have an
ER pattern on their ECG'™, Overall, this group is less
likely to have adverse cardiac events, and the challenge
here lies in distinguishing those with risk of sudden
cardiac death from those that are likely to run a benign
course of the condition™’*%,

ECG DIAGNOSIS OF ERS

The electrocardiographic hallmark of ERS is elevation
(> 1 mm above baseline) of the QRS - ST junction
manifested as either QRS slurring or notching, ST-
segment elevation with upper concavity, and prominent
T-waves in two or more contiguous inferior and/or
lateral leads in a patient resuscitated from otherwise
unexplained ventricular arrhythmia®”. Recent studies
omitted ST segment elevation from the definition of ERS,
and state that the J point changes described above is
sufficient to diagnose ERS™. The inclusion or exclusion
of right precordial leads is also an area for debate.
Haissaguerre et af’® argue that in order to differentiate
ERS from Brugada Syndrome, right precordial leads
should be excluded, while others state that, the dis-
tinction is less straightforward. The latter group are
backed by recent data pointing out the similarities in
mechanism, overlapping genetic predisposition and the
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clinical findings of both conditions. Indeed, the term
“J-Wave Syndrome” has been suggested to describe
ERS and Brugada Syndrome as a spectrum of a clinical
condition™®,

Antzelevitch et a/®® described three subtypes of
ERS, and highlighted a pattern of risk profile: (1) type
1: It shows ER in the lateral precordial leads that is
seen in healthy male athletes and has the lowest risk
of malignant arrhythmias (Figure 3); (2) type 2: It
shows ER in the inferior and inferolateral leads and is
associated with a greater risk of malignant arrhythmias;
and (3) type 3: It shows ER pattern in all ECG leads
(Figure 4) and has the highest risk of malignant arrhy-
thmias and electrical storms.

The Heart Rhythm Society/European Heart Rhythm
Association/Asia Pacific Heart Rhythm Society (HRS/
EHRA/APHRS) consensus statement on the diagnosis
and management of primary inherited arrhythmia
syndromes recommended criteria for the diagnosis of
ER is shown in Table 1%,

DIFFERENTIAL DIAGNOSIS

Early Repolarisation syndrome have a wide differential
including Brugada Syndrome, short and long QT synd-
romes as well as other conditions causing ST segment
elevation (ST segment elevation MI, acute pericarditis
and idiopathic VF). Brugada sydnrome (BS), perhaps the
closest clinical entity to ERS, is a primary repolarisation
disorder characterized by a prominent J-wave causing a
pattern of incomplete right bundle branch block and ST-
segment elevation in the right precordial leads (V1-V3)
(Figure 5) and significant risk of sudden cardiac death
in individuals with no known structural heart disease™".,
BS, an autosomal dominant condition, is more common
in males and has a variable penetrance®**, Symptoms
of BS include syncope with or without any warning
signs, seizures and nocturnal agonal respiration;
however, ECG remains the cornerstone of diagnosis of
BS™*. However, the Brugada ECG feature of provocation
by sodium channel blocker is not observed in ERP, In
fact, sodium channel blockers in most patients with ER
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Figure 4 Malignant early repolarization: J-wave elevation (arrows) as slurring (lead II) and notching in the inferior and lateral leads and ascending ST

segment in most leads. Reproduced with permission, from ref.®.,

Table 1 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society consensus statement on the

diagnosis and management of primary inherited arrhythmia syndromes recommended criteria for the diagnosis of early repolarization

ER expert consensus recommendations on early repolarization diagnosis

ER syndrome is diagnosed in the presence of J-point elevation = 1 mm in = 2 contiguous inferior and/or lateral leads of a standard 12-lead ECG in a

patient resuscitated from otherwise unexplained VF/polymorphic VT

ER syndrome can be diagnosed in an SCD victim with a negative autopsy and medical chart review with a previous ECG demonstrating J-point elevation

= 1 mm in = 2 contiguous inferior and/or lateral leads of a standard 12-lead ECG
ER pattern can be diagnosed in the presence of J-point elevation = 1 mm in = 2 contiguous inferior and/or lateral leads of a standard 12-lead ECG

ER: Early repolarization; ECG: Electrocardiogram; SCD: Sudden cardiac death. Reproduced from ref.*”, with permission from the publisher.

attenuate the J-point, whereas the J-point is augmented
by sodium-channel blockers in the right precordial leads
in patients with a Brugada ECG.

In acute pericarditis, there is J-point elevation with
resultant ST segment elevation, as seen in ER. Symptom
presentation is distinctly different in the two conditions.
Unlike ER, most patients with acute pericarditis have
ST elevations diffusely in most or all limb and precordial
leads. Additionally, patients with acute pericarditis often
have deviation of the PR segment, which is not present
in ER.

While patients with acute myocardial injury due to
ST elevation myocardial infarction (STEMI) can initially
have J-point elevation with concave ST segment
elevation, the ST segment elevation typically becomes
more pronounced and convex (rounded upward) as the
infarction persists. However, the primary distinguishing
factor between ER and acute myocardial injury is the
presence of clinical symptoms such as chest pain or
dyspnoea. ER and notching of the terminal QRS need
to be considered in risk stratification for arrhythmias in
patients with coronary artery disease and after coronary
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artery bypass grafting.
Table 2 gives a list of conditions with J-wave on the
ECG.

BENIGN OR MALIGNANT

The identification of high-risk patients with ERS remains
challenging. Currently, surface ECG is the only available
tool in order to differentiate between the benign and the
malignant forms of ERS. A horizontal or descending ST-
segment elevation has been associated with adverse
outcomes (compared with a rapidly ascending ST-
segment elevation) following J-point elevation®**”). The
extent of the J-point elevation may also have prognostic
implication: a slurred or notched J-point elevation = 2
mm (0.2 mV) appears to be associated with a higher
risk™**”). Other abnormalities, such as localization of the
ER pattern in inferior or inferolateral (compared with
lateral) leads™ or extension of ER into a BrS pattern,
may also represent a worse prognosis!*®**>),

The benign type of ERS is commonly associated with
young age group, left ventricular hypertrophy on ECG,
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Figure 5 Brugada electrocardiogram-types. Type-1 is characterized by a complete or incomplete right bundle-branch block pattern with a coved morphology ST-
segment elevation of = 2 mm in the right precordial leads (V1-V3) followed by a negative T-wave. In type-2, ST-segment elevation has a saddleback appearance
with a high takeoff ST-segment elevation of > 2 mm, a trough displaying > 1-mm ST-elevation followed by a positive or biphasic T-wave. Type-3 has an ST-segment
morphology that is either saddleback or coved with an ST-segment elevation of < 1 mm. Reproduced with permission, from ref.*.

Table 2 Conditions with J-wave on the electrocardiogram

Conditions with predominant J-waves

Hypothermia

Hypercalcaemia
Hyperkalaemia

Vasospastic angina

Brugada syndrome

Early repolarization syndrome
Short QT syndrome

Hypoxia

Acidosis

Pulmonary embolism
Arrhythmogenic right ventricular cardiomyopathy
Subarachnoid haemorrhage

f [501

Reproduced from ref.””, with permission from the publisher.

lower blood pressure and lower heart rate, which are all
features of healthy, physically active individuals. On the
other hand, the malignant form of ERS, characterized
by horizontal or descending ST-segment variation
(Figure 6), is associated with older individuals and ECGs
suggestive of ischaemic heart disease™”,

It appears that the morphology of the ST-segment
could help in distinguishing “benign” from “malignant
ER""; nonetheless, there is no way to know who would
be at considerable risk when presenting with slurring
or notching of the QRS unless they have had a cardiac
arrest’™,

TREATMENT

The ER pattern is a benign incidental finding, without
any specific signs or symptoms attributed to it. There is
no current risk stratification strategy for asymptomatic
patients with ER pattern in general population and
within families with ER pattern that would allow for
identification of higher risk individuals with the ER
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pattern who might be candidates for treatment. The
current consensus is that these patients do not require
specific investigations or therapeutic interventions™®.

Among the survivors of SCD due to idiopathic VF,
the reported rate of recurrent VF ranges between 22%
and 37% at two to four years®®. Because these patients
have no structural heart disease, they have an excellent
prognosis for long-term survival if VF is treated. As a
result, such patients are best treated with an implan-
table cardioverter-defibrillator (ICD)"%"%%, HRS/EHRA/
APHRS consensus statement on the diagnosis and
management of primary inherited arrhythmia synd-
romes recommendations for therapeutic interventions
in ERS are shown in Table 3®%,

It has been demonstrated that patients with VF and
ER have a higher prevalence of recurrence of VF than VF
patients without ER (43% vs 23%, P < 0.001) during
a five years follow-up™. In a multicenter observational
cohort study of 122 patients (90 males, mean age 37
+ 12 years) with ER in the inferolateral leads and more
than three episodes of idiopathic VF (including those
with electrical storm), isoproterenol was effective for
the acute suppression of VF, immediately suppressing
electrical storms in seven of seven patients®!, In
terms of long term therapy, VF recurrences have been
demonstrated to be effectively suppressed by quinidine
therapy™®. Encouraging results recently emerged from
a study by Gurabi et a**, who demonstrated that in
addition to quinidine, cilostazol, and milrinone suppress
the hypothermia - induced VT/VF in a canine left
ventricular model.

However, there exists a “gray area” in between the
two ends of the spectrum, where no clear guidelines
exist. Examples include patients with syncope who
may have a “malignant” ER pattern and/or a significant
family history of sudden cardiac death. The current
guidelines suggest that ICD implantation may be
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Figure 6 Malignant early repolarization: Horizontal ST-segment after early repolarization.

Table 3 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society consensus statement on

the diagnosis and management of primary inherited arrhythmia syndromes recommendations for therapeutic interventions in early
repolarization syndrome

Expert consensus recommendations on early repolarization therapeutic interventions

Class 1 1
Class ITa

ICD implantation is recommended in patients with a diagnosis of ER syndrome who have survived a cardiac arrest
2 Isoproterenol infusion can be useful in suppressing electrical storms in patients with a diagnosis of ER syndrome
3 Quinidine in addition to an ICD can be useful for secondary prevention of VF in patients with a diagnosis of ER syndrome
Class IIb 4 ICD implantation may be considered in symptomatic family members of ER syndrome patients with a history of syncope in
the presence of ST-segment elevation > 1 mm in 2 or more inferior or lateral leads

5 ICD implantation may be considered in asymptomatic individuals who demonstrate a high-risk ER ECG pattern (high
J-wave amplitude, horizontal/descending ST segment) in the presence of a strong family history of juvenile unexplained
sudden death with or without a pathogenic mutation

Class I 6 ICD implantation is not recommended in asymptomatic patients with an isolated ER ECG pattern

ER: Early repolarization; ECG: Electrocardiogram; ICD: Implantable cardioverter-defibrillator.

considered in high-risk individuals with unexplained
syncope™,

SCREENING FAMILY MEMBERS

There are no current recommendations can be given
to do ECG screening of the families of individuals
with asymptomatic ER pattern or individuals with
strong family history of ER or ER with VF. There are
no recognized provocative tests that would help in
diagnosing concealed ER in family members of patients
with ERS, although preliminary observation advocate
that concealed ER cases may be recognized by Valsalva
maneurve™",

CONCLUSION

In the recent years, ER syndrome has been associated
with a significant risk of life - threatening arrhythmias
and cardiac death. It is currently not possible to identify
asymptomatic individual patients with ER who are at
a higher risk of having cardiac arrhythmias with any
clinically useful degree of accuracy. It is also not possible
to identify asymptomatic individuals with a primary
arrhythmogenic disorder attributable to ER. All patients
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with ER should continue to have modifiable cardiac risk
factors addressed.

Until we have a better knowledge, physicians are
left with the observation that in patients with ER in
the inferolateral leads, life-threatening ventricular
arrhythmias may occur and may lead to sudden cardiac
death. Since there are a large number of patients who
fit such a criteria but do not appear to have excess
risk of arrhythmias, further data is needed to reveal
how to identify the group of patients who would be at
a significant risk and what measures can be taken to
prevent it.
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Abstract
Left ventricular twist is an essential part of left ventricular

Raishidenge ~ WJC | www.wjgnet.com

function. Nevertheless, knowledge is limited in “the
cardiology community” as it comes to twist mechanics.
Fortunately the development of speckle tracking
echocardiography, allowing accurate, reproducible and
rapid bedside assessment of left ventricular twist,
has boosted the interest in this important mechanical
aspect of left ventricular deformation. Although the
fundamental physiological role of left ventricular twist
is undisputable, the clinical relevance of assessment
of left ventricular twist in cardiomyopathies still needs
to be established. The fact remains; analysis of left
ventricular twist mechanics has already provided
substantial pathophysiological understanding on a
comprehensive variety of cardiomyopathies. It has
become clear that increased left ventricular twist
in for example hypertrophic cardiomyopathy may
be an early sign of subendocardial (microvascular)
dysfunction. Furthermore, decreased left ventricular
twist may be caused by left ventricular dilatation or
an extensive myocardial scar. Finally, the detection of
left ventricular rigid body rotation in noncompaction
cardiomyopathy may provide an indispensible method
to objectively confirm this difficult diagnosis. All this
endorses the value of left ventricular twist in the field
of cardiomyopathies and may further encourage the
implementation of left ventricular twist parameters in
the “diagnostic toolbox” for cardiomyopathies.

Key words: Left ventricular mechanics; Left ventricular
twist; Cardiomyopathy
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Core tip: Left ventricular twist is an essential part of
left ventricular function. Nevertheless, knowledge is
limited in “the cardiology community” as it comes to
twist mechanics. It has become clear that increased
left ventricular twist in for example hypertrophic car-
diomyopathy may be an early sign of subendocardial
(microvascular) dysfunction. Furthermore, decreased
left ventricular twist may be caused by left ventricular
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dilatation or an extensive myocardial scar. Finally,
the detection of left ventricular rigid body rotation
in noncompaction cardiomyopathy may provide an
indispensible method to objectively confirm this difficult
diagnosis. All this endorses the value of left ventricular
twist in the field of cardiomyopathies and may further
encourage the implementation of left ventricular twist
parameters in the “diagnostic toolbox” for cardiom-
yopathies.

Kauer F, Geleijnse ML, van Dalen BM. Role of left ventricular
twist mechanics in cardiomyopathies, dance of the helices. World
J Cardiol 2015; 7(8): 476-482 Available from: URL: http://www.
wjgnet.com/1949-8462/full/v7/i8/476.htm DOI: http://dx.doi.
org/10.4330/wjc.v7.i8.476

INTRODUCTION

As early as the 16™ century Leonardo da Vinc™? wrote
about the twisting deformation of the heart and Richard
Lower compared the myocardial contraction with “the
wringing of a linen cloth to squeeze out the water” in
his observations of myocardial contraction in 1669, A
complex spiral architecture is the mechanical basis for
this wringing motion™®!, The left ventricle comprises of
obliquely orientated multiple layers of cardiomyocytes,
transforming from a subendocardially located (smaller-
radius) right-handed helix to a subepicardial (larger-
radius) left-handed helix.

This helix generates a torsional motion pattern
caused by rotation in a clockwise direction (as seen from
the apex) at the level of the mitral valve (basal level)
and counter clockwise rotation of the apex (apical level).
This twisting deformation performs a fundamental part
in the mechanical efficiency of the heart resulting in a
60% ejection fraction with only 15% fibre shortening”.
Furthermore, left ventricular untwisting is essential in
actively aiding diastolic filling™. The physiology of left
ventricular twist and changes of left ventricular twist in
different cardiomyopathies are reviewed in this paper.

[1,2]

ASSESSMENT OF LEFT VENTRICULAR
TWIST

By his first description of left ventricular twist, Leonardo
da Vinci'* has been a constant inspiration for scientists
in their pursuit to comprehend the functioning of
the human heart. Nevertheless, reliable quantitative
measurement of left ventricular twist in a non-invasive
manner has not been possible until recently.

Speckle tracking echocardiography is based on
automated tracking of a specific portion of myocardial
tissue being visualized by a pattern of gray values, a
speckle pattern, on an ultrasound image. These gray
values are the result of the analysis of the reflection
of ultrasound interfering with the myocardial tissue.
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Therefore, movement of speckle patterns represent
motion of myocardial tissue™.

In case a of suitably high frame rate, the pattern
of speckles is conserved from frame to frame!'®. By
following a specific pattern of speckles, the motion
of the corresponding myocardial segment can be
tracked, thus allowing to quantify deformation of the
myocardium and, as a function of time, deformation
rate (Figure 1). Several validation studies'*?! showed
good correlation between left ventricular twist assess-
ment by commercially available speckle tracking soft-
ware and magnetic resonance imaging. Also, speckle
tracking derived left ventricular twist has been shown to
be feasible and reproducible, and may thereby be used
as a method to follow-up patients™.

PHYSIOLOGY OF LEFT VENTRICULAR
TWIST

After the first description of left ventricular twist by
Da Vinci, it lasted until the late 1960s before a more
detailed description of twist was provided by Streeter
et al®! in a study of post-mortem canine hearts.
Generally, myofibre position changes gradually from
+60 degrees (circumferential axis as a reference)
subendocardially to -60 degrees at the subepicardium.
The counter coiled helix of subepi - and subendocardial
fibres generates twist. The direction of basal and apical
rotation is dominated by the larger - radius fibres at
the subepicardium, caused by their longer arm of
movement™, The significance of the direction of fibres
has been demonstrated in patient studies as well™®. Left
ventricular twist showed a linear relation with sphericity
index (as a measure of change in left ventricle fibre
orientation, because in more spherically shaped hearts
fibres are supposed to be oriented more horizontally)
in patients with a dilated cardiomyopathy, supporting
the hypothesis on twist mechanics and the influence
of the direction of fibres on the twisting left ventricular
deformation™.

The influence of aging on twist was studied by
several groupst'®*®, In all these studies, aging appeared
to be related to an increase of left ventricular twist. As
the function of the fibres at the subendocardium deterio-
rates when getting older, even in normal hearts®**,
the reduction of the opposing rotational forces of the
subendocardium will result in an increase of apical
rotation by the already dominant subepicardial fibres
and consequently in an increase of left ventricular
twist. This increase of left ventricular twist appears to
be a part of “physiological cardiac aging”. One may
hypothesize that this increase of twist contributes to
the conservation of left ventricular stroke volume with
ageing.

Untwisting begins after left ventricular twist rea-
ches its peak, usually shortly before end-systole.
Systolic twisting leads to storage of potential energy
in the compressed coil of twisted fibres of the left
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Figure 1 Example of QLAB workstation speckle-tracking analysis. Upper
panel: 2D echo image of the basal left ventricular short axis. The software fully
automatically draws the epicardial and endocardial contour of the myocardium.
Lower panel: The software calculates the change in angle between the left
ventricular (LV) wall and the virtual LV center during the cardiac cycle (green
line). The blue and yellow line represent the angulation of the epicardial en
endocardial angulation, respectively.

ventricular wall'®. During isovolemic relaxation this coil
springs open and releases this energy. Fibres at the
subepicardium that are still depolarized and are at that
time - in contrast to systole - not overruled by active
contraction of the fibres located at the subepicardium,
might dynamically reinforce this role of untwisting in
diastole™®??, It was shown by magnetic resonance
imaging that there is an important dissociation of
time of untwist and filling, approximately 40% of the
untwist takes place during isovolumic relaxation®*.
Furthermore, the extent of the diastolic intraventricular
pressure gradient is strongly related to untwisting.
Even more so, untwist precedes the development of
this pressure gradient, thereby potentially being an
important indicator of suction during early diastole™**,

TWIST MECHANICS IN
CARDIOMYOPATHIES

Hypertrophic cardiomyopathy
Left ventricular twist in patients with hypertrophic
cardiomyopathy is moderately increased, in particular
the left ventricular basal rotation*”. This augmented
rotation at mitral valve level is probably caused by
reduced counteraction of the subendocardial fibres,
due to subendocardial ischemia caused by endocardial
microvascular insufficiency and increased oxygen
demand®®?", This is supported by the phenomenon
of increased rotation being most pronounced in the
hypertrophic segments®. A larger difference in radius
between the subepicardium and subendocardium will
increase the arm of effect on the already dominant
fibres of the subepicardium and consequently will
increase rotation at mitral valve level (basal rotation)™®’.
There is a significant relation between the pattern
of hypertrophy on apical rotation and twist. If the

Raishidenge ~ WJC | www.wjgnet.com

478

septum has a sigmoid curvature, rotation of the apex
is more pronounced than in reverse septal curvature
hearts. Outflow tract obstruction is more common
in patients in whom the septum has a sigmoid curva-
ture. The resulting intraventricular forces from these
outflow tract gradients can lead to microvascular
insufficiency and thereby to more (sub)endocardial
ischemia. Subsequently, this lack of oxygen might
cause impairment of the countereffect of contraction of
the subendocardially located myocardial fibres on left
ventricular twist.

The necessity to objectively demonstrate diasto-
lic dysfunction in hypertrophic cardiomyopathy has
caused an ongoing pursuit for a non invasive and load
independent technique for quantifying the severity
of diastolic dysfunction. For instance Takeuchi et a/*?
examined the effect of left ventricular hypertrophy
in hypertensive patients on untwisting of the left
ventricle. In moderate to severe hypertrophy, untwis-
ting was reduced and delayed as compared to heal-
thy individuals, supposedly resulting in decreased
function of left ventricular diastole. In hypertrophic
cardiomyopathy™* and also in aortic stenosis** the
untwisting rate, being the mean untwisting velocity
during the isovolumic relaxation phase, is decreased
and as a result untwisting is delayed™”. In hypertro-
phic cardiomyopathy this was most obvious in the
affected segments®”*!, Also, compromised elastic
characteristics lead to suboptimal transformation
of the potential kinetic energy stored in the twisted
heart. Peak diastolic untwisting velocity is reduced in
hypertrophic cardiomyopathy whereas it is augmented
in aortic stenosis. In aortic stenosis twist is increased
more severe. Release of the relatively high amount of
potential energy results in increased untwisting, possibly
compensating for otherwise diastolic dysfunction!*’**.,
In hypertrophic cardiomyopathy twist is just discreetly
increased, weakening this effect®”**,

Dilated cardiomyopathy
Twist in non-ischaemic dilated left ventricles is known
to be reduced. The abnormal shape of the left ventricle
in dilated cardiomyopathy may cause a change in fibre
orientation. This fibre orientation is of importance in
left ventricular twist as described earlier. This influence
was found as an independent linear relation between
left ventricular sphericity index and peak systolic twist.
The more dilated the left ventricle, the more decreased
the left ventricular twist. Actually, also in patients with
dilated cardiomyopathy and comparable left ventricular
ejection fraction, sphericity index was still significantly
related to left ventricular twist™. Nonetheless, derange-
ment of myocardial fibre architecture is not the only
cause for decreased left ventricular twist in patients
with non-ischaemic dilated cardiomyopathy as fibrosis
appeared to play a role in decreased left ventricular
twist.

The extent of myocardial fibrosis in dilated cardiom-
yopathy has been evaluated by cardiac magnetic
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Overview of cardiomyopathies with corresponding abnormalities in twist mechanics

Normal
left ventricle

Normal basal clockwise
rotation, normal apical
counterclockwise rotation
results in normal twist

Hypertrophic
cardiomyopathy

Increased basal clockwise
rotation, normal apical
counterclockwise rotation
results in increased twist

Dilatated
cardiomyopathy

Reduced basal clockwise
rotation, reduced apical
counterclockwise rotation
results in reduced twist

Non compaction
cardiomyopathy

Basal and apical rotation
in the same direction
results in rigid body
rotation

Figure 2 Overview of cardiomyopathies with corresponding abnormalities in left ventricular twist mechanics.

resonance imaging with late gadolinium enhancement.
Fibrosis proved to be related to twist®, Reduction of
twist indicated more extensive cardiac fibrosis.

As explained earlier, very rapid left ventricular untwi-
sting is known to play a prominent part in fast filling
in early diastole. However, in dilated hearts untwisting
is delayed, leading to an apex-to-base-rotation
delay. This will interfere with early diastolic suction
and might harm filling of the left ventricle in dilated
cardiomyopathy!’~="1,

Noncompaction cardiomyopathy

Noncompaction cardiomyopathy is still subject to
debate because of the shortcoming on consensus on its
pathogenesis, diagnosis and treatment®**!,

In the final embryonic development of the heart
the myocardial tissue is transformed in a compact
myocardium together with the formation of epicardial
and endocardial fibre as oppositely wound helices'®*?.
As noncompaction cardiomyopathy is supposed to be
caused by intrauterine arrest of cardiac embryogenesis
during this transformation™®, distorted left ventricular
twist features may be expected, even more than in the
situation of reduced systolic function and a normally
compacted myocardium. This was recognised in clinical
studies™**®! where noncompaction cardiomyopathy
patients displayed a twist pattern with basal and
apical rotation in the same direction, resulting in
almost full absence of left ventricular twist. This rota-
tion pattern is known as left ventricular rigid body
rotation**?!, Rigid body rotation demonstrated, in a
relative large study, to have a good predictive value
for the diagnosis of noncompaction cardiomyopathy™”’.
Even more interesting, all familial noncompaction
cardiomyopathy patients showed rigid body rotation.
The fact that noncompaction cardiomyopathy diagnosis
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is most definite in these patients underscores the
good sensitivity of rigid body rotation in diagnosing
noncompaction cardiomyopathy.

The clinical importance of left ventricular rigid body
rotation was shown in more recent studies, where rigid
body rotation was found in a majority of noncompaction
cardiomyopathy patients as well®®*!1, but the patients
with rigid body rotation and noncompaction cardiomyo-
pathy proved to have a lower NYHA functional status as
compared to the patients without rigid body rotation !,

Ischemic cardiomyopathy

An optical device attached to the apex was used in a
canine model to study the early effects of myocardial
ischemia®®. Ischemia was inflicted by occluding the
anterior descending coronary artery. Early after indu-
ction of ischemia, there was a paradoxical increase of
apical rotation. This finding was ascribed to secluded
ischemia of the subendocardium, resulting in a
declined counteractive effect of the fibres located at the
subendocardium®™’*?,

Also, Moen et al** used speckle-tracking echocardio-
graphy on eight anesthetized pigs to define regional
myocardial function in anterior wall ischemia. They
discovered left ventricular twist remained normal until
there was extensive impairment of perfusion of the left
anterior descending artery.

Sun et a™¥ induced a myocardial infarction in 7
pigs, leading to decreased twist, specifically in the
area perfused by the occluded coronary artery™>*.
Hence, it was suggested that twist might be used to
assess wall motion abnormalities in order to localize
cardiac ischemia. Conversely, in a clinical study using
dobutamine stress echo in 125 patients with myocardial
infarction or ischemia, the influence of myocardial
infarction on left ventricular twist proved to be related
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to size rather than localisation of infarction. In addition,
stress-induced myocardial ischemia did not influence left
ventricular twist™. Other studies on anterior myocardial
infarction patients showed a decreased apical rotation in
the infarcted left ventricle however with a preserved left
ventricular basal rotation®**”,

When left ventricular myocardial infarction was compli-
cated by left ventricular aneurysm formation, rotation
of the apex was lost or even reversed, consequently
losing left ventricular twist. Restorative surgery as a
treatment of this problem is rather complex: the aim
is to reconstruct a near normal ventricular chamber
after aneurysm formation and thus reducing left ven-
tricular volume and improving ejection fraction®™®.
Setser et al™ did not see a significant improvement
in their patients left ventricular twist after traditional
left ventricular reconstruction. Much more interesting
however; when an improved restoration technique was
used, where residual myocardium around the defect
was re-approached endeavouring to redirect fibre
orientation displaced by infarct scar toward a more
physiological gross disposition, left ventricular twist did
improve in all patients’®. This encouraging concept of
fibre orientation based surgical reparative surgery, could
expand the potential of repairing the failing heart.

CONCLUSION

Left ventricular twist is an essential part of left
ventricular function. Nevertheless, knowledge is limited
in “the cardiology community” as it comes to twist
mechanics.

Fortunately, evolution of echocardiography, per-
mitting speckle tracking to precisely assess left
ventricular twist, has boosted the awareness of
this fundamental feature of cardiac mechanics. The
vital role of twist in the physiology of the heart is
undisputable. Nevertheless, the significance of twist
assessment in daily clinical practice in patients with a
cardiomyopathy still has to be established®”’. On the
other hand, twist analysis has contributed substantially
to the understanding of pathophysiology in a diversity
of cardiomyopathies (Figure 2). Increased twist in for
example hypertrophic cardiomyopathy may be an early
sign of subendocardial (microvascular) dysfunction.
Furthermore, decreased twist might be initiated by
left ventricular dilatation or an extensive myocardial
scar. Finally, the detection of rigid body rotation in
noncompaction cardiomyopathy could serve as an
indispensible method to accurately diagnose this
challenging entity. All this highlights the importance of
left ventricular twist in the field of cardiomyopathies
and may further encourage the implementation of left
ventricular twist parameters in the “diagnostic toolbox”
for cardiomyopathiest®”.,
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Abstract

Lactate, as a metabolite of easy and quick assessment,
has been studied over time in critically ill patients in
order to evaluate its prognostic ability. The present

Raishidenge ~ WJC | www.wjgnet.com

review is focused on the prognostic role of lactate levels
in acute cardiac patients (that is with acute coronary
syndrome, cardiogenic shock, cardiac arrest, non inclu-
ding post cardiac surgery patients). In patients with ST-
elevation myocardial infarction treated with mechanical
revascularization, hyperlactatemia identified a subset
of patients at higher risk for early death and in-hos-
pital complications, being strictly related mainly to
hemodynamic derangement. The prognostic impact of
hyperlactatemia on mortality has been documented in
patients with cardiogenic shock and in those with cardiac
arrest even if there is no cut-off value of lactate to be
associated with worse outcome or to guide resuscitation
or hemodynamic management. Therapeutic hypothermia
seems to affect per se lactate values which have been
shown to progressively decrease during hypothermia.
The mechanism(s) accounting for lactate levels dur-
ing hypothemia seem to be multiple ranging from the
metabolic effects of reduced temperatures to the hemo-
dynamic effects of hypothermia (/.e., reduced need of
vasopressor agents). Serial lactate measurements over
time, or lactate clearance, have been reported to be
clinically more reliable than lactate absolute value also
in acute cardiac patients. Despite differences in study
design, timing of lactate measurements and type of
acute cardiac conditions (/.e., cardiogenic shock, cardiac
arrest, refractory cardiac arrest), available evidence
strongly suggests that higher lactate levels can be
observed on admission in non-survivors and that higher
lactate clearance is associated with better outcome.

Key words: Lactate; Acute coronary syndrome; Cardio-
genic shock; Cardiac arrest; Therapeutic hypothermia;
Extracorporeal membrane oxygenation; Prognosis

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The present review is focused on the prog-
nostic role of lactate levels in acute cardiac patients
(acute coronary syndrome, cardiogenic shock, cardiac
arrest). The prognostic impact of hyperlactatemia on
mortality has been documented in cardiogenic shock
and cardiac arrest even if there is no cut-off value of
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lactate to be associated with worse outcome or to
guide resuscitation or hemodynamic management.
Lactate clearance was reported to be clinically more
reliable than lactate absolute value in these patients.
Despite differences in study design, timing of lactate
measurements and type of acute cardiac conditions
(7.e., cardiogenic shock, cardiac arrest, refractory
cardiac arrest), available evidence strongly suggests
that higher lactate levels can be observed on admission
in non-survivors and that a more favorable outcome is
observed in patients with higher lactate clearance.

Lazzeri C, Valente S, Chiostri M, Gensini GF. Clinical significance
of lactate in acute cardiac patients. World J Cardiol 2015;
7(8): 483-489 Available from: URL: http://www.wjgnet.
com/1949-8462/full/v7/i8/483.htm DOI: http://dx.doi.
org/10.4330/wjc.v7.i8.483

INTRODUCTION

Hyperlactatemia is known to be associated with adverse
outcome in critical illness!*™!. However, the source,
patho-physiology and metabolic function of lactate
remain unclear probably because lactate is widely
produced and it is cardinal to many energy-related
pathways™.

In recent years, available evidence strongly suggests
that stress hyperlactatemia is due to increased aerobic
lactate production with or without lactate clearance
and that it is probably due to adrenergic stimulation. In
other words, increased lactate levels are indicative of a
stress response and lactate is a source of energy and
not a waste product.

Lactate, since it is easy and quick to measure even
at the bedside, has been widely investigated in critically
ill patients to assess its prognostic role!®’,

The present review is focused on the prognostic
role of lactate levels in acute cardiac patients (acute
coronary syndrome, cardiogenic shock, cardiac arrest).
Post cardiac surgery patients are not included.

LACTATE IN THE HEART

In a normal heart, at rest, p-oxidation of fatty acids
provides about 60%-90% of Adenosine triphos-
phosphate (ATP) while pyruvate produces 10%-40%
of ATP®. However, fatty acids show lower production
efficiency and increased intracellular free fatty acids
activate uncoupling proteins, so that protones leak into
the mitocondria without generating ATP”.. That is why
inhibition of B-oxidation is associated to an increased in
mechanical efficiency of the left ventricle.

Lactate is an important fuel for the stressed heart®.
During exercise the uptake of lactate by the myocar-
dium and its use increase as well as during B-adrenergic
stimulation and shock™?,

In presence of increased lactate concentrations,
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lactate might represent up to 60% of cardiac oxidative
substrate. During shock, lactate is the most important
fuel for the heart. Indeed, in laboratory animals, lactate
depletion is associated with shock and mortality!®*"
while lactate infusion increased cardiac performance in
cardiogenic and septic shock!*?,

Hyperlactatemia can be viewed as part of the stress
response including increased metabolic rate, sympa-
thetic nervous system activation, accelerated glyco-
lysis and a modified bioenergetic supply. In animals
with cardiogenic shock™ and in patients with cardio-
genic shock, a marked increment in glycolysis and
gluconeogenesis associated with hyperlactatemia was
described™., In healthy subjects and in cardiogenic
shock™, it was observed, using an infusion of labelled
lactate, that 50% of this lactate was oxidized and 20%
used for glucose synthesis, without differences between
the two subgroups. All these data strongly suggest that
lactate is a source of energy in stress conditions.

PROGNOSTIC SIGNIFICANCE OF
LACTATE

Acute coronary syndrome

Few investigations assessed whether lactate values
are a diagnostic tool in patients with chest pain. In 129
patients with chest pain!*”!, lactate values measured on
arrival identified those chest pain patients with critical
cardiac illness (i.e., severe congestive heart failure)
while lactate concentrations within the normal range
had a high negative predictive value for diagnosis of
acute myocardial infarction (AMI). In patients arriving
at the emergency department for suspected AMI!®,
lactate values on arrival were highly sensitive for the
diagnosis of AMI, mainly in those patients with more
than 2 h of chest pain. In 229 patients admitted to
coronary care unit!’’! admission lactate showed the
greatest predictive power for shock development.

To date, the prognostic significance of lactate in
acute coronary syndrome (ACS), that is unstable angina,
no ST elevation myocardial infarction and ST elevation
myocardial infarction (STEMI), has been investigated in
observational, mainly single-center, studies™**"’.

In 1176 STEMI patients®®”, hyperlactatemia mea-
sured at arrival in the catheterization laboratory was
associated with worse outcome measures [increased
30-d mortality, larger enzymatic infarct size and
increased use of intra-aortic balloon pump (IABP)].
Among non survivors with admission lactates = 1.8
mmol/L, the fifty percent died within a day after
percutaneous coronary intervention (PCI). Hypotension,
higher heart rate, poor Thrombolysis in myocardial
infarction-flow, diabetes and non-smoking were inde-
pendently associated with hyperlactatemia. In 253
STEMI non-diabetic patients with STEMI®Y, lactate,
measured after PCI, was an independent predictor of
mortality together with C-peptide and homeostatic
model assessment, an index of acute insulin resistance.
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In 807 STEMI patients treated with PCI®*, our
group observed that lactate values were independently
associated with early mortality only in the subgroup
of patients in advanced Killip classes. Lactate concen-
trations (measured in the early phase of STEMI) were
influenced by the degree of hemodynamic impairment
(as indicated by Killip class), of myocardial ischemia (as
inferred by Tn I), and by glucose values.

Moreover, lactate represented an independent
marker for complications (acute pulmonary edema and
arrhythmia) observed during intensive cardiac care
unit (ICCU) stay in 445 STEMI patients'*®! and in 481
ACS patients with cardiogenic shock treated with IABP,
lactate was an independent predictor of IABP-related
complications (hemorrhagic, ischemic events) together
with use of inotropes and nadir platelet count’®”,

Overall, according to the available evidence hyper-
lactatemia in STEMI patients submitted to primary PCI
identified a subset of patients at higher risk for early
death and in-hospital complications, being strictly
related mainly to hemodynamic derangement. Similarly
in 754 consecutive patients with acute decompensated
heart failure (ADHF) (ACS in the 52%)™* admission
lactate values > 3.2 mmol/L were associated with
increased in-hospital mortality in ADHF patients either
with or without ACS.

Cardiogenic shock

In 2006, in 38 patients with cardiogenic shock (CS)
following acute myocardial infarction and retrospectively
analyzed, interleukin-6 concentrations were indepen-
dently associated with increased 30-d mortality while
lactate values were not™*. In the following years,
increasing evidence supported the notion of lactate as
a prognostic factor in circulatory shock™**, In 45 CS
patients complicating STEMI®, increased lactate values
(that is > 6.5 mmol/L) were independently associated
with in-hospital death. Similar results were reported in
other investigations?’?®,

The strict relationship relation between lactate and
hemodynamic impairment was documented in 25 CS
patients in whom a short-term increase in mean arterial
pressure with norepinephrine was associated with a
significant reduction in lactate levels, better cardiac
performance and improved microcirculatory variables®.

So far there is no cut-off value of lactate associated
with worse outcome®”. Lactate values higher than 2.0
mmol per liter was one of the diagnostic criteria for
impaired end-organ perfusion (together with altered
mental status; cold, clammy skin and extremities;
oliguria with urine output of less than 30 mL/h) in a
randomized multicenter trial, including 600 CS patients
complicating AMI randomized to intraaortic balloon
counterpulsation (301 patients) or no intraaortic balloon
counterpulsation (299 patients). Intra-aortic balloon
pump did not affect serum lactate concentration as well
as the length of ICU stay, catecholamine therapy (dose
and duration), and renal function and its use was not
associated with a reduced 30-d mortality.
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Cardiac arrest

The prognostic significance of lactate levels in cardiac
arrest was investigated mainly in observational studies,
not homogeneous for study design, inclusion criteria
(cardiac arrest of cardiac/not cardiac origin) and time
and number of lactate determination. The influence on
lactate value of treatments such as mild hypothermia
and support therapy like extracorporeal membrane
oxygenation (ECMO) are so far not completely eluci-
dated. Thus, there is no cut-off of lactate values in post-
cardiac arrest patients to be associated with increased
mortality and/or neurological impairment or to be use to
guide resuscitation or post-resuscitation hemodynamic
management.

Hyperlactatemia observed in the early phase in
cardiac arrest patients may be related to both the
ischaemia that occurs during arrest and to the inflam-
mation resulting from ischemia-reperfusion injury®®>%,

Hyperlactatemia in post cardiac patients has been
reported in several investigations®'?%. In 128 out-
of-hospital cardiac arrest patients”® it was reported
a progressive increased mortality associated with
hyperlactatemia (39% lactate < 5 mmol/L, 67% lactate
5 mmol/L to 10 mmol/L, and 92% lactate = 10 mmol/L;
P < 0.001). In out-of-hospital cardiac arrest (OHCA)
patients'® blood ammonia and lactate on arrival were
independent prognostic factors and, when combining
both biomarkers, the positive predictive value was nearly
100%.

An association between lactate levels and neuro-
logical outcome has been documented in recent
investigations™®. In 930 cardiac arrest patients who
underwent therapeutic hypothermia (TH) collected
from the Korean Hypothermia Network™” high levels
of lactate measured 1 h after return of spontaneous
circulation were related to early mortality and poor
neurological outcome. In 184 OHCA patients"™®, lactate
levels < 5 mmol/L and lower epinephrine doses (< 1.5
mg) were predictors of a normal Glasgow Coma Scale.
Lactate concentrations measured at 6, 12, 24 and
48 h were significantly lower in the good neurological
outcome group than in the poor neurological outcome
group, while admission lactate values were comparable
between the two subgroups. Moreover, in 76 OHCA
patients submitted to TH, lactate clearance (6-h and
12-h) was related to good neurological outcome also
when adjusted for confounding factors™.

However, data on the effect of therapeutic hypo-
thermia on lactate values are so far not uniform.
In a prospective trial comparing moderate induced
hypothermia with normothermia in OHCA survivors™”,
during hypothermia it was reported an increment
in lactate values, together with reduced pH values,
reduced MAP and increased glucose levels. On the
other hand, when comparing therapeutic hypothermia
and normothermia™!, no significant difference in
peak lactate values, arterial pressure, and need of
vasopressors was reported in comatose survivors of
ventricular fibrillation with STEMI. On the other hand,
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in 20 CS patients after successful resuscitation!,
the initially increased lactate levels were lower in the
hypothermic than the control group.

When measured serially during hypothermia in
cardiac arrest patients™”’, the lactate levels decreased
from induction (6.68 * 3.64; 0.5-1.7 mmol/L) to the
maintenance phase (3.29 £ 2.44) and normalized in the
rewarming phase.

Recently™, in 33 cardiac arrest patients treated
with TH, we observed that lactate values showed a
progressive reduction during hypothermia, reduction
which was independent of blood pressure variations,
since mean arterial pressure showed no significant
changes throughout hypothermia and of volemia
(central venous pressure remained unvaried). It can be
hypothesized that in patients submitted to TH lactate
values are influenced by more complex mechanism(s)
beyond perfusion (as indicated by mean arterial pre-
ssure) and/or volemia (as inferred by central venous
pressure). We can suppose that the metabolic effect(s) of
temperature may have contributed to lactate reduction,
since hypothermia induces a reduction in metabolic rate
(8% per degree centigrade drop in core temperature)™”’
and in oxygen consumption (as previously observed
when applying therapeutic hypothermia to critically ill
febrile patients)*®. In addition, pharmacological agents
may have affected lactate values, since vasoactive
pharmacological drugs influences the rate of glycolysis,
where the rate of pyruvate utilization does not meet the
rate of glycolysis, leading to lactate production”’. As a
matter of fact, in cardiac arrest patients*" a decrease in
vasopressor dose was observed during hypothermia.

In our series, lactate levels when measured during
hypotermia were associated with in-ICCU death and,
similarly, in 199 post cardiac arrest patients submitted
to hypothermia™®, lactate (at 12 and 24 h, respectively)
were significantly associated with adverse outcomes.

In the last years, a few reports analyzed the relation
between hyperlactatemia and mortality in patients with
refractory cardiac arrest treated with venous-arterial
ECMO support. In 57 patients with refractory cardiac
arrest who received ECMO during cardiopulmonary
resuscitation, recruited over a six-year period™®, lactate
values (measured on the first, third and seventh days,
respectively) showed a significant correlation with
weaning and survival. In 66 CA patients treated with
ECMO, lactate concentration = 21 mmol/L (measured
before cannulation) was associated with worse outcome
together with fibrinogen < 0.8 g/L, and prothrombin
index < 11%"". More recently, in 15 consecutive OHCA
patients due to acute coronary syndrome submitted
ECMO support, combination of base excess (less than -
10 mmol/L) and lactate (> 12 mmol/L), measured 3 h
after starting ECMO, can be used to predict multiorgan
failure occurrence and mortality in the following 21 h®*,

LACTATE CLEARANCE

Lactate clearance have been reported to be more
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reliable on clinical grounds than absolute value of lactate
for risk stratification in different critically ill conditions,
ranging from sepsis to trauma> .

Lactate clearance in acute cardiac patients has
been investigated to date in few reports, all including
observational single-center investigations performed
in different populations of acute cardiac patients.
Despite differences in study design, timing of lactate
measurements and type of acute cardiac conditions (i.e.,
cardiogenic shock, cardiac arrest, refractory cardiac
arrest), available evidence strongly suggests that higher
lactate levels can be observed on admission in non-
survivors and that higher lactate clearance is related to
more favourable outcome.

In 394 survivors from cardiac arrest®”, serum lac-
tate levels, measured on admission and at 48 h, was
retrospectively analyzed. Lactate values were lower
in survivors at 6-mo after cardiac arrest than in non-
survivors.

In 51 CS patients complicating STEMI®Y, we observed
that a 12-h lactate clearance < 10% was independently
associated with early death and with poor survival rate
at follow up. Since a more compromised renal failure (as
indicated by a lower estimated glomerular filtration rate)
was observed in patients with a low lactate clearance,
associated with a lack of differences in haemodynamics
(left-ventricular ejection fraction and mean arterial
pressure) and transaminase values (as indexes of liver
function), we supposed that a more compromised
renal function may have a role in the development of
persistent hyperlactataemia in these patients. Since no
differences were observed in mean arterial pressure, left
ventricular ejection fraction, and incidence of PCI failure
between patients with 12 lactate clearance < 10%
and those with 12 lactate clearance = 10%, it cannot
be ruled out that microvascular alterations (despite
global hemodynamic restoration) may be responsible
for persistent increased lactate values in patients who
exhibited a 12 lactate clearance < 10%.

Similarly, in 96 CS patients following AMI treated
with percutaneous cardiopulmonary support, lactate
clearance calculated at 48 h < 70% was one of the
independent predictors for in-hospital mortality®*
(together with older age = 67 years and unsuccessful
revascularization).

Data on the lactate clearance in patients with cardiac
arrest supported by ECMO are quite scarce and not
uniform.

In a heterogeneous series of 43 patients supported
by ECMO for cardiogenic shock or cardiac arrest,
hyperlactatemia at 6 h after ECMO implantation were
observed in patients who died within 30 d*®*.

In 51 patients who hadwitnessed out-of-hospital
refractory cardiac arrest and were supported by
ECMO upon arrival in the hospital®®, lactate clearance
(values were measured before and 1-2 h after ECMO
implantation) was greater in patients who survived.
Conversely, in 24 patients with refractory cardiac
supported by ECMO™ |actate values, measured on
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Figure 1 Admission lactate values.

admission, at 12 h and at 24 h, significantly decreased
over time, with no differences between non-survivors
and survivors and with no influence on outcome. A
strict relation was documented between lactate and
mean arterial (that is system perfusion) which increased
both in survivors and in non-survivors. This relation
probably explains why no difference was detectable
in the dynamic behavior of lactate values during the
first 24 h since admission between survivors and non
survivors. Moreover, since lactate values can be related
to mean arterial pressure (and not to renal function
or gluycemia) it can be supposed that they may be
considered a marker of perfusion, that is ECMO support
efficacy in these patients.

CONCLUSION

In patients with acute coronary syndrome, cardiogenic
shock and/or cardiac arrest, data on the prognostic
impact of hyperlactatemia mainly stem from obser-
vational investigations. However, hyperlactatemia in
these patients is associated with worse outcome, even if
a cut-off value of lactate is so far not available.

Serial lactate measurements or lactate clearance
have been reported to be more reliable for risk stratifi-
cation in acute cardiac patients and, on a clinical ground,
repeated measurement of lactate is highly advisable
especially in those patients who showed increased
values on admission (Figure 1). Further investigations
are needed to identify the cut-off value of lactate to
guide hemodynamic management.
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Abstract

AIM: To evaluate the safety and efficacy of the perma-
nent high interventricular septal pacing in a long term
follow up, as alternative to right ventricular apical
pacing.

METHODS: We retrospectively evaluated: (1) 244
patients (74 + 8 years; 169 men, 75 women) implanted
with a single (132 pts) or dual chamber (112 pts)
pacemaker (PM) with ventricular screw-in lead placed at
the right ventricular high septal parahisian site (SEPTAL
pacing); (2) 22 patients with permanent pacemaker and
low percentage of pacing (< 20%) (NO pacing); (3) 33
patients with high percentage (> 80%) right ventricular
apical pacing (RVA). All patients had a narrow spon-
taneous QRS (101 £+ 14 ms). We evaluated New York
Heart Association (NYHA) class, quality of life (QoL), 6
min walking test (6MWT) and left ventricular function
(end-diastolic volume, LV-EDV; end-systolic volume, LV-
ESV; ejection fraction, LV-EF) with 2D-echocardiography.

RESULTS: Pacing parameters were stable during
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follow up (21 mo/patient). In SEPTAL pacing group we
observed an improvement in NYHA class, QoL score and
6MWT. While LV-EDV didn't significantly increase (104
+ 40 mL vs 100 £ 37 mL; P = 0.35), LV-ESV slightly
increased (55 £ 31 mL vs 49 £ 27 mL; P = 0.05) and
LV-EF slightly decreased (49% % 11% vs 53% £ 11%;
P = 0.001) but never falling < 45%. In the RVA pacing
control group we observed a worsening of NYHA class
and an important reduction of LV-EF (from 56% =+ 6%
to 43% % 9%, P < 0.0001).

CONCLUSION: Right ventricular permanent high
septal pacing is safe and effective in a long term follow
up evaluation; it could be a good alternative to the
conventional RVA pacing in order to avoid its deleterious
effects.

Key words: Right ventricular septal pacing; Parahisian
pacing; Resynchronization therapy; Left ventricular
cardiac function; Permanent cardiac pacing

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: We evaluated the safety and efficacy of the
permanent high interventricular septal pacing in a long
term follow up, as alternative to right ventricular apical
pacing. We retrospective evaluated 244 patients with
a narrow QRS implanted with a single/dual chamber
pacemaker with ventricular screw-in lead placed at
the right ventricular high septal (parahisian) site.
Contemporary we checked the clinical evolution of two
control groups of patients: without ventricular stimulation
and with conventional right ventricular apical stimulation.
In a long term follow up we observed stability of pacing
parameters and ejection fraction, and improvement in
New York Heart Association class, quality of life and
exercise tolerance.

Occhetta E, Quirino G, Baduena L, Nappo R, Cavallino C,
Facchini E, Pistelli P, Magnani A, Bortnik M, Francalacci
G, Dell'Era G, Plebani L, Marino P. Right ventricular septal
pacing: Safety and efficacy in a long term follow up. World J
Cardiol 2015; 7(8): 490-498 Available from: URL: http://www.
wjgnet.com/1949-8462/full/v7/i8/490.htm DOI: http://dx.doi.
org/10.4330/wjc.v7.i8.490

INTRODUCTION

The treatment of atrioventricular block or sinus
node disease is represented by artificial pacemaker
implant; usually the ventricular catheter is placed in
right ventricular apical (RVA) position. This therapy
proved efficacious in long term follow up, granting
improvement in life expectancy and quality of life (QoL).
However, similarly to the negative hemodynamic and
clinical effects of spontaneous left bundle branch block,
new data have emerged showing negative effects of the
left bundle branch block-like activation determined by

Raishidenge ~ WJC | www.wjgnet.com

Occhetta E et a/. Right ventricular septal pacing
RVA pacing" .

Several published studies!®® demonstrated that
more than 40% of the heart beats are paced from the
right ventricular apex, an increase in the incidence of
atrial fibrillation, heart failure, hospitalizations and even
death is observed. When ventricular pacing is necessary
permanently or for long periods of time, sites for a
more physiologic pacing should be identified to avoid he
occurrence of ventricular desynchronization***),

A better way to pace the heart in case of intraven-
tricular conduction delay (especially left bundle branch
block) is biventricular pacing: comparing to RVA pac-
ing, it can improve left ventricular ejection fraction
and volumes and reduce mitral regurgitation and
sympathetic nervous system activity!***". His bundle
pacing may be considered as a reliable and effective
method to prevent mechanical desynchronization when
intraventricular conduction is preserved and QRS is
narrow!®*®!, However, it requires adjuntive skills and
may be more challenging and time-consuming; it is not
always applicable and higher pacing thresholds have
to be accepted”®. The right ventricular septal pacing in
the parahisian area, early penetrating the His-Purkinje
conduction system, produces a more physiological
ventricular activation, very similar to the one that is
achieved with direct His bundle pacing®*".

We aimed to evaluate feasibility, safety and long-
term clinical efficacy of permanent right ventricular
septal pacing in the parahisian area, performed to
obtain a shorter QRS duration than that resulting from
conventional right ventricular apical pacing.

MATERIALS AND METHODS

Population

From January 2001 to December 2011, we evaluated
244 patients implanted with a single or dual-chamber
pacemaker with the ventricular lead positioned in the
high interventricular septum (parahisian site): “SEPTAL
pacing” group.

The patients were implanted at the Cardiology
Clinic of Azienda Ospedaliero-Universitaria (AOU)
Maggiore della Carita in Novara (School of Medicine,
Study University of Piemonte Orientale, Italy) (181
patients), at the Division of Cardiology of the Ospedale
Civile in Ivrea, Italy (50 patients), and at the Division of
Cardiology of the Ospedale SS. Annunziata in Cosenza,
Italy (22 patients).

The mean age of patients was 74 *+ 8 years; 169
patients were men (69%) and 75 patients were women
(31%). Inclusion criteria were: (1) permanent VVIR
pacing after AV node ablation for permanent atrial
fibrillation with uncontrolled (high) ventricular rate,
despite negative dromothropic therapy comprising
digoxin, beta-blockers and diltiazem as monotherapy
or associated (51 patients; 21%); (2) permanent VVIR
pacing in permanent atrial fibrillation with impaired AV
conduction and low ventricular frequency (81 patients;
33%); (3) permanent DDD(R) pacemaker in patients
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Table 1 Comparison of pre-implantation clinical features in the patient control groups (NO pacing and right ventricular apical

pacing) and parahisian pacing group

NO pacing RVA pacing PH pacing
Total patients 22 patients 33 patients 244 patients
Age (yr) 75+7 7749 74+8
Sex 13M/9F 21 M/12F 169M/ 75 F
NYHA class 1.09 £0.29 1.15+0.36 2.13 +0.46
LV ejection fraction (%) 57+5 55+8 53 +11
LV end-dyastolic volume (cc) 89 +25 98 +22 100 +37
LV end-systolic volume (cc) 38+13 47 +17 49 +27

Associated heart diseases Ischemic heart disease: 6/22 (27%)
Valvular heart disease: 2/22 (9%)
Hypertensive heart disease: 2/22 (9%)

No significant heart disease:

12/22 (55%)
Atrial fibrillation 1(5%)
Sinus rhythm 21 (95%)

Ischemic heart disease: 12/33 (37%)
Valvular heart disease:

Hypertensive heart disease:

Ischemic heart disease: 80/244 (33%)
Valvular heart disease: 29/244 (12%)
Hypertensive heart disease: 90/244 (37%)
No significant heart disease:

4/33 (12%)

3/33 (9%) 45/244 (18%)
No significant heart disease:
14/33 (42%)
4 (12%) 132 (54%)
29 (88%) 112 (46%)

Comparison of pre-implantation clinical features in the patient control groups [NO pacing and right ventricular apical (RVA) pacing] and parahisian (PH)

pacing group. NYHA: New York Heart Association; LV: Left ventricular.

with sinus rhythm and first and second degree AV block,
symptomatic for syncope/dizziness (82 patients; 34%);
and (4) permanent DDD(R) pacemaker in patients
with sinus rhythm and complete AV block (30 patients;
12%).

All patients had a narrow spontaneous QRS
complex (mean 101 £ 14 ms; always < 120 ms),
detected at standard ECG; in patients with AV node
ablation a narrow QRS was detected during junctional
escape rhythm after radiofrequency (RF) AV ablation;
in patients with atrial fibrillation not undergoing AV
ablation, a narrow QRS was documented during 24-h
Holter recording.

At the same time, we retrospectively evaluated
two other “control groups” of patients (all implanted
at the Cardiology Clinic of AOU Maggiore della Carita
in Novara, School of Medicine, Study University of
Piemonte Orientale, Italy): (1) 22 consecutive patients
with ventricular apical pacing (single or dual chamber
pacemakers) but percentage of permanent pacing <
20%, retrospectively detected by pacemaker telemetry,
owing to the presence of spontaneous AV conduction
and preserved intraventricular conduction (QRS < 120
ms): “NO pacing” control group; (2) 33 consecutive
patients with a ventricular or dual-chamber pacemaker
providing a high percentage of ventricular pacing
(> 80%) in the apex of the right ventricle, always
retrospectively detected by pacemaker memories: “RVA
pacing” group.

Before the implantation procedure, all patients were
planned to undergo a complete evaluation.

Following assessments were performed: (1) New
York Heart Association (NYHA) functional class; (2)
quality of life (QoL), evaluated with “Minnesota Living
with Heart Failure” questionnaire®®; (3) twenty-four
hour Holter monitoring; (4) six-minute walking test;
(5) standard 2D-echocardiogram with measurement of

Baishidenge ~ WJC | www.wjgnet.com

left ventricular end-diastolic (LV-EDV) and end-systolic
(LV-ESV) volumes computed according to a biplane
Simpson’s method, and left ventricular ejection fraction
(LV-EF).

Clinical characteristics of the population are pre-
sented in Table 1: enrolled patients presented LV-EF
values close to the lower limit of the normal range,
narrow QRS with normal electrical axis and moderate
compromission of functional class.

Implant procedure

In patients with permanent atrial fibrillation and AV
node ablation, pacing leads were placed after RF
ablation procedure. A quadripolar RF catheter was used
to map the His bundle and an active fixation bipolar
lead was placed as near as possible to the hisian dipole
of the catheter. A second conventional bipolar lead was
placed at the right ventricular apex. The septal and the
apical leads were then connected to the “atrial” and
“ventricular” pacemaker channels, respectively. The
pacemaker was programmed in "DDDR” mode with
“short” atrio-ventricular delay (i.e., 90 ms). Thus, if the
parahisian stimulation was effective through the “atrial”
channel, the following RVA pulse pacing was inhibited
or delivered during the refractory period through the
“ventricular” channel. While, in case of ineffective
parahisian stimulation, the RVA pulse pacing ensured
ventricular capture.

In patients with permanent atrial fibrillation and
bradyarrhythmia (without indication to AV node abla-
tion), a single chamber VVIR pacemaker was used and
connected to the lead positioned in the parahisian area,
without RVA back up lead.

In patients with sinus rhythm and advanced spon-
taneous AV block (first, second or third degree) a
conventional atrial lead was placed in addition to the
parahisian lead; both leads were connected to a DDD/

August 26, 2015 | Volume 7 | Issue 8 |



Occhetta E et a/. Right ventricular septal pacing

Figure 1 Antero-posterior (A) and left anterior oblique (B) fluoroscopic projections showing leads position after the “ablate and pace” procedure and
parahisian pacing. 1 = quadripolar radiofrequency catheter mapping the Hisian site; 2 = screw-in bipolar lead positioned near the His-bundle; 3 = bipolar lead

positioned in right ventricular apex.

DDDR pacemaker.

Following criteria were applied to obtain parahisian
pacing®®™: (1) positioning of the tip of the screw-in
lead as close as possible to the mapping dipole of the
electrophysiological catheter (distance < 1 cm in left
and right oblique projections) (Figure 1); (2) even if
larger than the spontaneous QRS, the duration of the
paced QRS had to be < 130 ms; (3) full concordance
between electrical axis of the paced QRS and that of
the spontaneous QRS; and (4) the pacing threshold
had to be < 1 V (pacing of the muscular portion of the
interventricular septum).

Control groups patients were implanted with a
conventional apical right ventricular lead (and conven-
tional atrial lead in dual chamber pacing).

Statistical analysis
Continuous variables with normal or Gaussian distri-
bution of each group of patients were expressed in
terms of average + SD. Pre-implantation and follow-
up data in the parahisian pacing group were analyzed
and compared by means of the parametric Student
t test for paired data. Similar parameters observed
in the three groups were compared by means of the
Student t test for numerically different samples with
the same variance. A value of P < 0.05 was considered
statistically significant.

The study was reviewed by our expert Biostatistic
Gabriele Dell'Era, MD.

RESULTS

Implant data

To obtain the parahisian high septal pacing we used:
(1) a bipolar catheter with 1.5 mm retractable screw
lead (CapsureFix 4068/5068/5076; Medtronic Inc.,
Minneapolis, Minnesota) in 172 patients; (2) a bipolar
catheter with 1.5 mm retractable screw lead (Cristalline
ICQO09B, Vitatron BV, The Netherlands) in 10 patients;
(3) a bipolar catheter with 1.5 mm retractable screw
lead (Tendril 1488T/1888T; St.Jude Medical, Inc. St.
Paul, Minnesota) in 12 patients; (4) a bipolar catheter
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with 3 mm retractable screw lead (10627 Medtronic
Inc., Minneapolis, Minnesota) in 5 patients (controlled
clinical evaluation); and (5) a bipolar, fixed screw,
steroid eluting lead (Select Secure 3830, Medtronic Inc.,
Minneapolis, Minnesota) in 45 patients.

The total radiological exposure time was 15 £ 9 min
(range from 3 to 68 min for the first implant with Select
Secure system). Electrical parameters at the parahisian
site were measured in bipolar configuration.

We excluded from the analysis 14 patients (6%), in
which the criteria for parahisian pacing were not met,
specifically the paced QRS was > 130 ms.

For patients in analysis, the average duration of the
basal QRS was 101 £ 14 ms, and 122 £ 9 ms during
parahisian pacing.

We obtained an average parahisian pacing threshold
of 0.6 £ 0.3 V (at 0.5 ms pulse duration), pacing
impedance 736 + 238 Q, endocavitary potential 10.1 £
5.3 mV; we never recorded high-amplitude “far-field”
type atrial potentials from the parahisian lead.

Parahisian pacing follow up

The average follow up of the 230 patients in analysis
was 21 mo/patient, with a maximum of 70 mo for the
first enrolled patient and a minimum of 12 mo for the
last one.

In one patient a 3 cm dislodgment of the parahisian
lead was reported. However, the paced QRS appeared
superimposable to that recorded at the end of the
implantation.

During long-term follow-up, the duration of the QRS
during parahisian pacing remained comparable to that
recorded at the implantation. Electrical measurements
from the parahisian position remained stable and
acceptable during time: pacing threshold was 0.6 £ 0.3
V at implantation and 0.8 £ 0.5 V at follow-up, mean
endocardial potential was 10.1 £ 5.3 mV at implantation
and 9.1 £ 4.4 mV at follow up, pacing impedance was
736 x 238 ohms at implantationand 540 £ 116 ohms
at follow up.

The clinical results at long-term follow-up were
(Table 2): (1) In 167/230 patients (73%) we compared
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Table 2 Long term follow up results of parahisian pacing

Basal Parahisian pacing P value
NYHA class (167 pts) 215+ 051 159 +0.55 <0.001
6-min walk (m) (70 pts) 354 + 90 400 + 88 0.03
QoL (score) (70 pts) 29+18 19+7 0.02
LV-EDV (mL) (121 pts) 100 + 37 104 + 40 035
LV-ESV (mL) (121 pts) 49+27 55 +31 0.05
LV-EF (%) (121 pts) 53+ 11 4911 0.01

NYHA: New York Heart Association; QoL: Quality of life; LV-EDV: Left
ventricular end diastolic volume; LV-ESV: Left ventricular end systolic
volume; LV-EF: Left ventricular ejection fraction.

Table 3 New York Heart Association functional class before
implantation and at follow-up, in patients with a low percentage

of stimulation (NO pacing), with apical pacing (right ventricular
apical pacing) and with parahisian pacing groups

NO pacing RVA pacing PH pacing
(22 pts) (33 pts) (167 pts)
Baseline 1.09 £0.29 1.15+0.36 215+ 0.51
Follow-up 1.22+0.52 1.88 £0.99 1.59 +0.55
Significance 0.32 (ns) P <0.05 P <0.001
Unchanged Worsening Improvement

RVA: Right ventricular apical; PH: Para hisian.

NYHA functional class measured before implantation
and at a mean follow-up of 18 £ 16 mo: the prolonged
parahisian pacing led to a significant improvement from
2.15 £ 0.51 to 1.59 £ 0.55; P < 0.001 (Figure 2); (2)
The quality of life score and exercise performances (6
min walk), performed in a sub-group of 70/230 patients
(30%), significantly changed after a mean follow up
of 14 £ 2 mo (QoL score from 29 + 18 to 19 £ 17, P
= 0.02; 6 min walk distance from 354 £ 90 m to 400
+ 88 m, P = 0.03) (Figure 2); (3) In 121/230 patients
(53%) we compared echocardiographic volumes and
ejection fraction before and after parahisian pacing
(Figure 3): LV-EDV went from 100 £ 37 to 104 + 40
mL, P = 0.35; LV-ESV from 49 £ 27 to 55 £ 31 mL, P
= 0.05; LV-EF from 53% £ 11% to 49% £ 11%, P =
0.01. Medium-long term evaluation of the LV-EF showed
values superimposable to enrollment values, confirming
that parahisian pacing can prevent deterioration of the
left ventricular function.

Control groups comparation

In RVA-paced patients QRS duration increased
significantly (average 165 £ 10 ms, with values always
> 130 ms).

In the “NO pacing” control group, the NYHA fun-
ctional class was good both at the baseline and during
follow-up; the conduction system disease did not
significantly affect the functional class, which did not
change during follow-up in the absence of ventricular
pacing. By contrast, in "RVA pacing” patients there
was a trend toward worsening NYHA functional class,
though the upper classes of overt heart failure were not
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Figure 2 Clinical data before pacemaker implant (basal) and after septal
pacing follow up. A: New York Heart Association functional class (NYHA); B:
Quality of life (QoL) minnesota score; C: Six-minute walking test (6mwt) (meters).

reached. Thus, during follow-up the NYHA functional
class was better in patients without stimulation and
those on PH stimulation (no significant difference
between these two groups) and worse in patients
stimulated at the apex (P < 0.05 vs unstimulated
patients and vs PH-stimulated patients) (Table 3).
QoL scores did not significantly differ among the three
groups: 21 + 19 score in NO pacing patients; 29 + 13
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Table 4 Evolution of echocardiographic parameters: end-
diastolic volume, end-systolic volume and ejection fraction in

the NO pacing group (22/22 patients), in the right ventricular
apical pacing group (33/33 patients) and in the parahisian
group (121/230 patients)

Basal Follow-up P

Contr EDV (mL) 88+ 25 99 + 46 0.23 (ns)
(22 pts) ESV (mL) 38+13 46 +29 0.11 (ns)

EF (%) 57+5 56+ 5 0.1 (ns)
RVA EDV (mL) 98 +23 139 +31 <0.0001
(33 pts) ESV (mL) 44+14 79 +22 <0.0001

EF (%) 56+ 6 43+9 < 0.0001
PH EDV (mL) 100 + 37 104 % 40 0.35 (ns)
(121 pts) ESV (mL) 49 +27 55 +31 0.05

EF (%) 53 +11 49 +£11 0.01

in RVA pacing patients; 19 £ 17 in PH pacing patients
(P < 0.06 RVA group vs NO pacing; P < 0.07 PH
group vs NO pacing). Exercise tolerance, expressed in
meters walked in 6 min, was better in patients without
persistent pacing (448 £ 110 m) than in PH-stimulated
patients (400 £ 88 m), but the difference was not
significant; on the contrary it was worse in RVA-stimu-
lated patients (338 = 158 m) (P < 0.05 vs both “NO
pacing” and PH-stimulated patients).

Left ventricular volumes and ejection fraction (EF)
values in the controls and parahisian pacing groups
of patients are shown in Table 4. In patients without
significant ventricular pacing (NO pacing group), left
ventricular function was almost unchanged during
follow-up; indeed, no significant changes in volumes and
EF were recorded (P = ns). All patients on ventricular
pacing, however, presented some differences. The
average end-diastolic and end-systolic volumes
increased markedly in the RVA group, while in the PH
group these volume increments were so modest as to be
almost comparable to those observed in control patients.
In RVA-paced patients, the increased left ventricular
volumes led to a significant reduction in the mean EF
to below normal values (post-pacing average of 43% =+
9% vs 56% £ 6% at the baseline; mean decrease of
13.2 percentage points, P < 0.0001); in PH patients, left
ventricular function was fairly well preserved (post-pacing
EF 49% % 11%, vs 53% £ 11% baseline; mean change
of 4 percentage points) (Figure 4).

DISCUSSION

Cardiac pacing aims at providing an adequate cardiac
rhythm, restoring a physiological excito-conduction of
the heart. Two elements are traditionally considered as
cornerstone for “physiologic pacing”: the maineinance
of a correct atrioventricular sequence and the presence
of chronotropic response (via rate-responsive sensors)
during exercise or stress; till recent times, dual-cha-
mber rate-response pacemakers were considered
“physiological”.

However, we know that conventional RVA pacing
has the potential to induce electro-mechanichal desyn-
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Figure 3 Echocardiographic data before pacemaker implant (basal) and
after septal pacing follow up. A: End diastolic left ventricular volumes (EDV);
B: End systolic left ventricular volumes (EDV); C: Left ventricular ejection
fraction (EF LV).

cronization, causing potential harm (negative remode-
ling and worsening heart failure) in less than normal
heart™®?Y,

Therefore, a real physiological pacing must: (1)
increase the cardiac frequency according to the meta-
bolic needs; (2) keep correct atrioventricular sequence
of activation; and (3) keep inter and intraventricular
synchrony.
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Figure 4 Average values of left ventricular ejection fraction at the baseline (1)
and after two years of follow-up (2) in patients without significant stimulation
(blue: control NO pacing), right ventricular apex paced patients (red: right
ventricular apical ) and parahisian paced patients (green: parahis). In control
patients and PH patients, the ejection fraction remained essentially normal (values
above 50%), while in RVA patients it declined significantly to average values of
around 40. RVA: Right ventricular; PH: Parahisian.

Biventricular pacing proved effective in improving
quality of life and cardiac function in patients with left
bundle branch block (spontaneous electromechanical
desynchronization)™**”), However, when intraventricular
conduction is preserved and an atrioventricular block
occurs, pacing must be as physiological as possible!®”,
His bundle pacing has already established itself as an
effective alternative to biventricular pacing for these
patients. Indeed, it uses the His-Purkinje system
without inducing intraventricular conduction delays™*?.,
Unfortunately, direct His bundle pacing may be challeng-
ing, needs high pacing electrical output and may pose
the risk of traumatic (post-screwing of the pacing lead)
His bundle block™®”.,

In our experience, a simpler and reliable method
to achieve physiological intraventricular conduction
is the so-called parahisian pacing: placing the tip of
the catheter in the upper muscular part of the inter-
ventricular septum, activation is granted through the
myocardium, but the His-Purkinje conduction system
is activated at the same time™'l. With this technique, a
fairly narrow (120-130 ms) QRS with an electrical axis
concordant to the non-paced QRS can be obtained™!,

We already presented data about the improvement
of hemodynamic and functional parameters obtained
with parahisian pacing compared to conventional right
apical pacing at a short follow up in patients undergoing
AV node ablation for permanent atrial fibrillation with
unsatisfactory rate control despite optimal therapy?*.,

Long-term follow-up confirms these results, showing
that parahisian pacing confers a durable improvement
of quality of life, functional class and exercise tolerance.
The improvement is sustained over time, modifying
the expected natural progression of the underlying
cardiopathy by means of a preserved atrioventricular and
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interventricular synchrony and by rate regularization;
ejection fraction was positively affected, too, avoiding
deterioration usually observed in paced patients.

Therefore, parahisian pacing should be considered
easy to apply, reliable and effective in preventing the
detrimental remodeling caused by non-physiological
right ventricular apical pacing™'. This kind of physio-
logical pacing may be proposed as first line in patients
needing high ventricular pacing percentage, presenting
with preserved intraventricular conduction and mild
systolic left ventricular dysfunction®*>?,

Limits of the study

The aim of the study was to evaluate the long term
safety of septal parahisian permanent cardiac pacing
and this has been definitively confirmed.

As for the long term efficacy of this pacing site, the
main limitation of the study was the heterogeneity of
our population: 54% of patients had atrial fibrillation
(21% with concomitant AV node ablation) and VVIR
pacing, 46% were in sinus rhythm with various AV block
degrees and DDD(R) pacing.

This can surely affect the general prognosis, but all
patients had an high percentage of ventricular pacing
and a more “physiological” site of stimulation, respect to
RVA pacing, could make the difference. In effect, basal
NYHA functional class, higher in parahisian group than
in control groups of patients, improved during the follow
up; on the contrary, patients with high percentage
RVA pacing had a NYHA class worsening (Table 3).
Unfortunately, we could not collect definite informations
about hospital readmission for heart failure and long-
term mortality of our patients: this is another limitation
to better establish the long term efficacy of parahisian
septal permanent pacing.

The second main limit of the the study was the
retrospective evaluation of patients; however, in every
group (NO pacing, RVA pacing and SEPTAL pacing) the
patients evaluated were consecutively enrolled and this
could reproduce a real world situation.

Surely, the superiority of parahisian septal vs RVA
permanent pacing should be evaluated and confirmed
with a prospective multicenter study.

COMMENTS

Background

The usual way to treat symptomatic severe bradycardia is to implant an artificial
pacemaker, with a stimulating lead in the apex of the right ventricle of the heart,
providing electrical stimuli that generate the pulse. Unfortunately, that kind of
stimulation can be detrimental in the long term, causing progressive heart failure
in a number of patients. Alternative strategies were attempted: one of the most
promising seems the placement of the stimulating lead in the upper region of the
interventricular septum (parahisian site, near the division between right and left
bundle branches), a position that can partly reproduce the physiological electrical
activation of a normal heart. This kind of cardiac stimulation is called “septal
parahisian pacing”.

Research frontiers
The authors’ group pioneered septal parahisian stimulation; the authors think
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that this kind of cardiac pacing must have a wide diffusion (as an alternative
to the usual way) and they provide support to their hypothesis with this paper,
reporting safety and efficacy in a long term follow up.

Innovations and breakthroughs

In the past, some concerns arose about long-term safety and efficacy of septal
pacing. In addition, some authors described it as difficult to perform for the
traditionally trained interventional cardiologists. This paper shows that septal
parahisian pacing can be easily obtained (some “tips and tricks” are provided
to attempt the procedure) and that long term safety is guaranteed; in addition,
better outcomes in term of exercise capacity, quality of life and cardiac function
are obtained.

Applications

Patients with symptomatic severe bradycardia will benefit from a physiologic
heart stimulation, if treated with septal parahisian pacing, avoiding unfavorable
long term effect of the conventional electrical therapy.

Terminology

Septal parahisian (PH) pacing is a kind of cardiac stimulation that uses a
transvenous lead placed in the upper region of the inter-ventricular septum, near
the division between right and left bundle branches, to determine “physiological”
ventricular electrical depolarization. The ejection fraction of the left ventricle
is the measure commonly used to quantify cardiac function, and is negatively
affected by conventional cardiac artificial pacemakers in a number of patients.

Peer-review

Very good work has been performed by Eraldo Occhetta et al comparing the
safety, efficacy and benefits of right ventricular septal pacing vs right ventricular
apical pacing. Congratulation to the authors for adding valuable data for the
long-term superiority of septal pacing above apical stimulation.
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Abstract

A 69-year-old man was admitted to our center to
undergo catheter ablation of paroxysmal atrial fibril-
lation refractory to antiarrhythmic drug therapy. This
procedure required access to the left atrium through
the interatrial septum. During hospitalization, the pati-
ent performed routinely pre-procedure transthoracic
echocardiography and gadolinium-enhanced cardiac
magnetic resonance showing a normal anatomy of both
the fossa ovalis and the interatrial septum. Access to
the left atrium proved difficult and several unsuccessful
attempts to perform the trans-septal puncture were
made under both fluoroscopy and intracardiac echocar-
diography guidance, even with radiofrequency energy
delivery. Finally, trans-septal puncture was successfully
carried out using a novel nitinol J-shaped “SafeSept”
trans-septal guidewire, designed to cross the interatrial
septum through the trans-septal needle thanks to a
special sharp tip. Moreover, thanks to its rounded J]
shape that reduces the risk of atrial perforation, the
“SafeSept” guidewire, when advanced into the left
atrium, becomes atraumatic.

Key words: Trans-septal puncture; “SafeSept” guide-
wire; Atrial fibrillation; Interatrial septum; Intracardiac
echocardiography

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: In recent years, the number of percutaneous
therapeutic techniques requiring trans-septal cathe-
terization has increased. We present the case of a
69-year-old man with a ten-year history of paroxysmal
atrial fibrillation. Access to the left atrium proved difficult
and several unsuccessful attempts to perform the trans-
septal puncture were made under both fluoroscopy
and intracardiac echocardiography guidance, even
with radiofrequency energy delivery. Finally, trans-
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septal puncture was successfully performed using a
novel nitinol “SafeSept” trans-septal guidewire. If the
interatrial septum is thickened, scarred, fibrous, too
mobile and/or aneurismal, the use of the “SafeSept”
guidewire may be a safe and effective option.

Zucchetti M, Casella M, Dello Russo A, Fassini G, Carbucicchio
C, Russo E, Marino V, Catto V, Tondo C. Difficult case of a
trans-septal puncture: Use of a “SafeSept” guidewire. World J
Cardiol 2015; 7(8): 499-503 Available from: URL: http://www.
wjgnet.com/1949-8462/tull/v7/i8/499.htm DOI: http://dx.doi.
org/10.4330/wjc.v7.18.499

INTRODUCTION

Atrial fibrillation (AF) catheter ablation is a common
therapeutic approach. The access to the left atrium,
required to perform the procedure, is usually achieved
through the interatrial septum. Trans-septal cathe-
terization during catheter ablation results in high
success rates with low complication incidence. Failure of
the trans-septal approach is often related to unfavorable
anatomical features of both the interatrial septum and
the fossa ovalis™?., In particular cases, trans-septal
puncture can prove difficult even with the support of
transesophageal or intracardiac echocardiographic
imaging®¥, or using radiofrequency energy to facilitate
trans-septal puncturing®®. In these cases, the use of
the “SafeSept” trans-septal guidewire can be a valid
alternative for achieving catheterization across the

interatrial septum'”,

CASE REPORT

We present the case of a 69-year-old man with a ten-
year history of paroxysmal AF. One year earlier, he had
undergone catheter cryoablation of a common typical
atrial flutter. After the procedure, several recurrences
of paroxysmal AF refractory to antiarrhythmic drug
therapy were recorded. The patient was then referred
to our hospital for pulmonary vein disconnection
by radiofrequency ablation. The patient had never
undergone a previous procedure requiring trans-septal
approach or heart surgery and did not have congenital
heart defects.

During hospitalization, the patient underwent a
baseline electrocardiogram that showed normal sinus
rhythm and an echocardiogram that demonstrated
a large left atrium (@ 54 mm). The membrane of
fossa ovalis was confirmed to be intact by gadolinium-
enhanced cardiac magnetic resonance imaging,
performed before ablation to assess left atrium and
pulmonary vein anatomy and merge morphological and
electroanatomic information during AF ablation.

At first a percutaneous trans-septal puncture
was attempted. A decapolar catheter was inserted
via femoral venous approach guided by fluoroscopy
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Figure 1 Intracardiac echo imaging. Correct localization of the puncture site
with tenting of the fossa ovalis without crossing the interatrial septum.

into the coronary sinus. A trans-septal needle (BRK,
St Jude Medical Inc.) was advanced through a long
sheath (SLO, 8 F, St. Jude Medical Inc., St. Paul, MN,
United States) against the septum. By a percutaneous
contralateral femoral venous approach, an ultrasound
catheter (AcuNav, Siemens Healthcare, Mountain
View, CA, United States) was advanced for intracardiac
echocardiography monitoring. This technique was used
to guide the needle to the correct position against the
fossa ovalis. Normal interatrial septum anatomy was
observed during the positioning.

Several unsuccessful attempts to obtain a trans-
septal puncture were performed by two expert electro-
physiologists despite changing site of puncture, needle
orientation, needle types and different curved sheaths.
During needle puncture, a strong resistance against
the septum was encountered; both fluoroscopy and
intracardiac echocardiography showed tenting of the
fossa ovalis, but puncturing was not achieved despite
the correct location of the needle (Figure 1).

An electrosurgical cautery generator was used to
facilitate trans-septal catheterization. A standard cautery
pen was placed upon the proximal portion of the
trans-septal needle, then a radiofrequency pulse was
delivered for few seconds at 45 W. Two unsuccessful
attempts with this technique were performed.

The previous techniques were unsuccessful because
of the anatomical features of the interatrial septum (i.e.,
unusual thickness of the fossa ovalis).

In order to get a successful fossa ovalis puncture,
a special trans-septal guidewire (“SafeSept” Pressure
Products, Inc., United States) was considered as an
option (Figure 2).

The “SafeSept” is a nitinol trans-septal guidewire
designed to easily cross the interatrial septum through
the trans-septal needle thanks to a special sharp tip
that allows it to penetrate the fossa ovalis without
the use of a particular hard contact. Moreover, the
“SafeSept” is non-traumatic when advanced into the
left atrium thanks to its rounded J shape, thus reducing
the perforation risk of the atrial wall. The trans-septal
guidewire’s distal end can be easily visualized thanks to
a radiopaque coil.
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Figure 2 “SafeSept” trans-septal guide wire. Details of
the radiopaque coil and the rounded J shape of the tip.

Figure 3 Sequence of fluoroscopy imaging of trans-
septal puncture in the same projection (left anterior
oblique view). A: The esotherm sound for the esophageal
temperature control and coronary sinus catheter are in
place. The “SafeSept” guidewire penetrates the fossa
ovalis; B: The “SafeSept” guidewire is visible in the left
atrium thanks to radiopaque coil; C: The trans-septal
assembly (needle, dilator and sheath) is placed in the right
atrium before crossing the fossa ovalis; D: The distal part
of trans-septal guidewire is positioned in the left superior
pulmonary vein.

Figure 4 Sequence of intracardiac echo imaging of trans-septal puncture. The “SafeSept” guidewire is advanced through the trans-septal needle; while tenting
constant force on the septum (A-C), the “SafeSept” easily crosses the fossa ovalis (D-F).
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The trans-septal assembly (needle, dilator and
sheath) was advanced over the guidewire. In particular,
under fluoroscopic and intracardiac echo guidance,
the “SafeSept” was advanced through the trans-septal
needle; while tenting and maintaining constant force
on the septum, the guidewire was advanced and easily
crossed the interatrial septum (Figures 3 and 4). The
wire (clearly visible thanks to its radiopaque coil) was
further positioned in the left superior pulmonary vein.

The trans-septal needle was then advanced through
the dilator and long sheath over the “SafeSept” across
the fossa ovalis into the left atrium. Then the long
sheath was placed in the left atrium and both trans-
septal guidewire and dilator were pulled out.

Afterwards, unfractionated heparin was administered
(100 U/kg) and pulmonary vein disconnection was
successfully performed by radiofrequency ablation
supported by the EnSite NavX electroanatomic mapping
system.

DISCUSSION

In recent years the number of percutaneous therapeutic
techniques requiring trans-septal catheterization has
significantly increased™?. The risks of complications
related to perforation of the posterior atrial wall or aortic
bulb remain limitations of this technique in the presence
of anatomical alterations (distorted and/or thickened
atrial septal tissue)™.

Usually the trans-septal puncture is performed
through fossa ovalis because it is the region offering the
least resistance. This site can be located fluoroscopically
and through the use of standard electrode catheters as
anatomical landmarks (His region or, bulb of the aorta
with a “pig-tail” catheter).

Intracardiac echocardiography was helpful to visua-
lize the fossa ovalis in order to guide trans-septal punc-
ture thus avoiding perforation of structures adjacent to
the atrial septum or pericardial tamponade®¥. In the
presence of unfavorable anatomy (i.e., a thickened atrial
septum, extremely elastic or aneurysmal fossa ovalis,
presence of fibrosis due to a previous catheterization),
trans-septal puncture may be challenging even with the
use of these methods.

A brief application of radiofrequency to the septum,
either through a dedicated radiofrequency catheter
system or the use of an electrosurgical cautery pen,
could be helpful in facilitating both fluoroscopy and
imaging guidance!™®,

In extremely difficult puncturing, “SafeSept” could
be a valid option to cross the interatrial septum!>*%,
After crossing the septum, the guidewire immediately
bends into a J shape, so as to be atraumatic when
advanced into the left atrium. Furthermore, a radio-
paque coil is positioned on the distal end of the wire to
provide a fluoroscopic visualization during every step of
the procedure.

In conclusion, trans-septal catheterization may
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be challenging if the interatrial septum is thickened,
scarred, fibrous, too mobile and/or aneurysmal. The use
of fluoroscopy, intracardiac ultrasound and RF energy
are helpful, but may sometimes not be enough to
achieve trans-septal catheterization. In these cases, the
use of the “SafeSept” trans-septal guidewire may be a
safe and effective option.
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COMMENTS

Case characteristics
A 69-year-old man affected by palpitations with diagnosis of paroxysmal atrial
fibrillation.

Clinical diagnosis
The patient had several recurrences of paroxysmal atrial fibrillation after the
cryoablation of a common typical atrial flutter.

Differential diagnosis
Difficult trans-septal puncture using fluoroscopy and intracardiac echocar-
diography, radiofrequency energy delivery and “SafeSept” trans-septal guidewire.

Laboratory diagnosis
The patient had no alterations of hematological values.

Imaging diagnosis

Transthoracic echocardiography and gadolinium-enhanced cardiac magnetic
resonance imaging showed a normal anatomy of the fossa ovalis and interatrial
septum.

Pathological diagnosis

Access to the left atrium proved difficult and several unsuccessful attempts
to perform the trans-septal puncture were made under both fluoroscopy and
intracardiac echocardiography guidance, even with radiofrequency energy
delivery.

Treatment
Trans-septal puncture was successfully carried out using a nitinol J-shaped
“SafeSept” trans-septal guidewire.

Related reports

Very few cases of unsuccessful trans-septal puncture that require the use of
nitinol J-shaped “SafeSept” trans-septal guidewire have been reported in the
literature.

Term explanation

The novel nitinol J-shaped “SafeSept” trans-septal guidewire is designed to cross
the interatrial septum through the trans-septal needle thanks to a special sharp
tip but simultaneously is a non-traumatic device due to its rounded J-shape that
reduces the risk of atrial wall perforation.

Experiences and lessons

Trans-septal catheterization may be challenging if the interatrial septum is
thickened, scarred, fibrous, too mobile and/or aneurysmal. The use of fluoroscopy,
intracardiac ultrasound and radiofrequency energy are helpful, but may some-
times not be enough to achieve trans-septal catheterization. In these cases, the
use of the “SafeSept” trans-septal guidewire may be a safe and effective aid.
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This manuscript showed a case of paroxysmal atrial fibrillation in whom SafeSept
was effective for trans-septal puncture. The case is peculiar and interesting.
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