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Abstract
Heart failure (HF) is a major public health problem with a prevalence of 1%-2% in
developed countries. The underlying pathophysiology of HF is complex and as a
clinical syndrome is characterized by various symptoms and signs. HF is classified according to left ventricular ejection fraction (LVEF) and falls into three
groups: LVEF ≥ 50% - HF with preserved ejection fraction (HFpEF), LVEF < 40% HF with reduced ejection fraction (HFrEF), LVEF 40%-49% - HF with mid-range
ejection fraction. Diagnosing HF is primarily a clinical approach and it is based on
anamnesis, physical examination, echocardiogram, radiological findings of the
heart and lungs and laboratory tests, including a specific markers of HF - brain
natriuretic peptide or N-terminal pro-B-type natriuretic peptide as well as other
diagnostic tests in order to elucidate possible etiologies. Updated diagnostic
algorithms for HFpEF have been recommended (H2FPEF, HFA-PEFF). New
therapeutic options improve clinical outcomes as well as functional status in
patients with HFrEF (e.g., sodium-glucose cotransporter-2 - SGLT2 inhibitors) and
such progress in treatment of HFrEF patients resulted in new working definition
of the term “HF with recovered left ventricular ejection fraction”. In line with
rapid development of HF treatment, cardiac rehabilitation becomes an increasingly important part of overall approach to patients with chronic HF for it has
been proven that exercise training can relieve symptoms, improve exercise
capacity and quality of life as well as reduce disability and hospitalization rates.
We gave an overview of latest insights in HF diagnosis and treatment with special
emphasize on the important role of cardiac rehabilitation in such patients.
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Core Tip: Diagnostic methods and treatment of heart failure (HF) are evolving rapidly.
Making a firm diagnosis of HF with preserved ejection fraction is a challenge, and
although diagnostic algorithms have been recommended further research is needed for
better classification. Therapeutic options improve morbidity, mortality, as well as
functional status of patients with HF with reduced ejection fraction and the new term HF with recovered left ventricular ejection fraction is a result of successful therapy.
Only a small part of patients with chronic HF participates in cardiac rehabilitation
programs. Cardiac rehabilitation in patients with HF is an important part of care and
should be implemented as a part of holistic approach because it improves exercise
capacity and quality of life, reduces disability and hospitalization rates.

Citation: Sopek Merkaš I, Slišković AM, Lakušić N. Current concept in the diagnosis, treatment
and rehabilitation of patients with congestive heart failure. World J Cardiol 2021; 13(7): 183203
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INTRODUCTION
Heart failure (HF) is one of the major public health problems with a prevalence of 12% in developed countries (varies by definition and region), and it increases with age
(rising to over 10% in people over 70 years of age)[1]. Approximately 33% of men and
28% of women at the age of 55 have a lifetime risk of developing HF[1].
The pathophysiology of HF is complex and it is therefore a clinical syndrome
characterized by various symptoms and signs, which is caused by structural and/or
functional abnormalities of the heart. HF can be a terminal stage of many cardiovascular diseases, including myocardial infarction, heart valve disease, tachyarrhythmias, congenital heart defects, and cardiomyopathies[1]. Most commonly, HF
develops as a consequence of a myocyte injury caused by coronary artery disease,
uncontrolled arterial hypertension, valvular heart diseases and diabetes mellitus, and
it is important to consider pulmonary disorders such as chronic obstructive pulmonary disease or pulmonary arterial hypertension as causes that can lead to HF[1-3].
The main pathophysiological mechanisms leading to HF are increased hemodynamic overload, ischemia, myocardial dysfunction and remodelling, excessive neurohumoral stimulation - chronic sympathetic nervous system overactivity as one of the
key pathophysiological mechanisms (in the acute phase, this upregulated sympathetic
activity is an essential compensatory response initiated in order to compensate for
reduced contractility, and cardiac output but in the long-term, it contributes to cardiac
dysfunction as it leads to cardiac hypertrophy and cell dysfunction), activation of the
renin-angiotensin-aldosterone system (RAAS), excessive or inadequate proliferation of
the extracellular matrix, accelerated apoptosis, and genetic mutations[3-6] (Figure 1).
HF is associated with a variety of complications, such as frequent hospitalizations,
fatal arrhythmias, and death in the advanced stage of the disease.

CLASSIFICATION
As mentioned, HF is caused by a number of conditions, causing left and right ventricular dysfunction[6-8]. The most common classification of HF refers to the left
ventricular ejection fraction (LVEF). Accordingly, HF is classified into three groups:
with preserved left ventricular ejection fraction LVEF ≥ 50% - HFpEF, with reduced
ejection fraction LVEF < 40% - HFrEF, and patients with a mid-range ejection fraction
are between these two groups LVEF 40%-49% - HF with mid-range ejection fraction
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Figure 1 Pathophysiological mechanisms in chronic heart failure (data from[3]). RAAS: Renin-Angiotensin-Aldosterone System; SNS: Sympathetic
nervous systems.

(HFmrEF)[1,2].
HF is often considered as a left-sided failure when caused primarily by left heart
pathologies (e.g., left ventricular, mitral valve, or aortic valve dysfunction). The
ventricle fails in its ability to eject blood, or can do so only at the cost of high filling
pressures[6,7]. Right-sided or right ventricular HF also has a complex pathophysiology
and it is influenced by multiple factors (such as volume status, pulmonary vascular
resistance, right ventricular, pulmonic valve, or tricuspid valve dysfunction, left
ventricular function) and usually occurs as a result of left ventricular HF[8,9]. Left and
right ventricular HF may overlap or occur separately and most patients with right HF
have some elements of left HF.
Considering the clinical presentation, HF is divided into acute and chronic[1,2].
Patients with a low LVEF and no symptoms or signs of HF are characterized as
asymptomatic patients with a reduced left ventricular systolic function. Those who
have signs and symptoms of HF belong to the group of patients with chronic HF, and
those who do not experience worsening of symptoms within at least a month are
considered stable patients with chronic HF[6]. Acute HF includes the worsening of
chronic HF, pulmonary oedema, and cardiogenic shock. There are a number of factors
that can trigger acute HF, e.g., myocardial disfunction, pericardial tamponade, and
acute valve insufficiency, which are among the most frequent primary cardiac causes
of acute HF[1,2]. Decompensation of chronic HF can occur without known precipitant
factors, but infection, uncontrolled hypertension, rhythm disturbances, exacerbation of
chronic obstructive pulmonary disease, or non-adherence to medicaments can be the
cause of decompensation[1,2].
Chronic HF is a complex of multiorgan dysfunction, characterized by the impaired
function of the heart, kidney, and skeletal muscles, with increased stimulation of the
sympathetic nervous system and numerous humoral and neuroendocrine disorders.
The severity of symptoms in chronic HF is classified according to the New York Heart
Association (NYHA)[10] and American College of Cardiology/American Heart
Association (ACC/AHA)[11] in four stages[2] (Table 1). The NYHA functional classi-
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Table 1 Comparison of American College of Cardiology/American Heart Association Stages of HF and New York Heart Association
Functional Classifications (data from[2])
ACC/AHA Stages of HF
A At high risk for HF but without structural heart disease or
symptoms of HF (e.g., diabetes, arterial hypertension)
B

NYHA Functional Classification

Restriction of physical activity

/

/

Structural heart disease but without symptoms of HF

I

Regular physical activity does not cause
dyspnea and fatigue – asymptomatic

No limitation of physical activity

C Structural heart disease with prior or current symptoms
of HF

I

Regular physical activity does not cause
dyspnea and fatigue – asymptomatic

No limitation of physical activity

II

Moderate physical activity results in milder
dyspnea and fatigue

Slight limitation of physical activity

D Refractory HF requiring specialized interventions

III No difficulty at rest; minimal physical activity
leads to exhaustion, dyspnea, and fatigue

Marked limitation of physical
activity

IV Symptomatic at rest

Unable to carry on any physical
activity without symptoms of HF

IV Symptomatic at rest

Unable to carry on any physical
activity without symptoms of HF

ACC/AHA: American College of Cardiology/American Heart Association; HF: Heart failure; NYHA: New York Heart Association.

fication is an independent predictor of mortality and it is widely used in clinical
practice[12].

CLINICAL PRESENTATION
Clinical signs and symptoms of HF include shortness of breath, dyspnoea (initially
with severe physical exertion, and in the advanced stage at rest and worsening in the
supine position), orthopnoea (dyspnoea in the supine position), paroxysmal nocturnal
dyspnoea (sudden onset of shortness of breath at night), poor mobility, dizziness, lack
of appetite, fatigue, and muscle weakness due to early fatigability. Due to compensatory mechanisms, in the early phase of HF patients do not have to present with all
the specific symptoms and physical signs, such as those related to fluid retention. In
the advanced stages, physical examination and auscultation can reveal abnormal
pulmonary phenomena (wheezing, crepitation), the third heart murmur (S3 gallop)
that can rarely be heard, presence of an oedema (generalized or localized), and cardiac
cachexia (loss of muscle mass). The signs of predominantly right-sided HF are
distended jugular veins, ascites, hepatojugular reflux (pressing the hands on the
abdomen leads to a more pronounced filling of the jugular veins), and oedema of the
legs[1-4].

DIAGNOSIS
The cornerstone in the diagnosis of HF is primarily established by a clinician’s
assessment and it is based upon a careful medical history (coronary heart disease,
arterial hypertension, diabetes, valve disease, cardiotoxic drugs, irradiation, etc.), a
physical examination, an electrocardiogram (ECG), an ultrasound of the heart
(echocardiography), radiological findings of the heart and lungs, laboratory tests,
including a specific markers of HF - brain natriuretic peptide (BNP) or N-terminal proB-type natriuretic peptide (NT-proBNP), as well as other diagnostic tests, in order to
elucidate possible aetiologies [e.g., invasive coronary angiography, magnetic resonance
(MR), or computed tomography (CT)][1,6-8].
Even though a decreased left ventricular ejection fraction identifies patients with
HFrEF, the echocardiogram alone does not establish or exclude the diagnosis of HF,
since approximately half of the patients with HF have a preserved left ventricular
ejection fraction. The most common patients with HFpEF are elderly women with
hypertension, ischemic heart disease, atrial fibrillation, obesity, diabetes mellitus, renal
disease, or obstructive lung disease[13]. Echocardiography is important in revealing
findings that go along with HF and in verifying possible causes of HF (e.g., left
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ventricular diastolic dysfunction, left ventricular systolic dysfunction, valve dysfunction, regional wall motion abnormalities, left ventricular hypertrophy, left atrial
enlargement).
Two algorithms, Heavy, 2 or more Hypertensive drugs, Atrial Fibrillation, Pulmonary hypertension, Elder age > 60, elevated Filling pressures (H2FPEF)[14] and HF
Association Pre-test assessment, Echocardiography and natriuretic peptide, Functional
testing, Final aetiology (HFA-PEFF)[15] may facilitate a HFpEF diagnosis[13]. The
H2FPEF score, which relies on simple clinical characteristics and echocardiography,
enables the discrimination of HFpEF from noncardiac causes of dyspnoea and assists
in the determination of the need for further diagnostic testing[14]. Elevated natriuretic
peptides support a diagnosis of HFpEF[16] but normal levels do not exclude it.
Echocardiography has a relevant role in HFpEF and is used for the non-invasive
hemodynamic assessment of high LV filling pressures (indirectly pulmonary capillary
wedge pressure, PCWP). Early (E) transmitral filling velocities that are measured at
the mitral leaflet tips by pulse wave Doppler, Tissue Doppler echocardiography which
is performed to measure early (e′) diastolic tissue velocities at the septal and lateral
mitral annulus, and the mean of the septal and lateral E/e′ ratio is used to estimate the
PCWP[16,17]. Other important measures include the left atrial volume index, the LV
mass index, the LV relative wall thickness, tricuspid regurgitation velocity, and the LV
global longitudinal systolic strain[15]. According to the consensus recommendation
from the HF Association (HFA) of the European Society of Cardiology (ESC) and the
definition of HFA-PEFF score, the major (2 points) and minor (1 point) criteria were
defined from these measures[15]. The score has functional, morphological, and
biomarker domains (Figure 2). Within each domain, a major criterion scores 2 points or
a minor criterion 1 point. If several major criteria within a single domain are positive,
this domain still contributes 2 points. If no major but several minor criteria are positive
the contribution still is 1 point. Major and minor criteria are not additive in a single
domain and points are added only when they come from different domains[15].
Patients with mild or moderate HF may appear normal on physical examination,
with normal vital signs. Euvolemic patients with chronic dyspnoea, symptoms of HF,
and normal cardiac filling pressures at rest may have abnormal hemodynamic responses during exercise, suggesting that the chronic symptoms are related to HF[1821]. These patients with normal cardiac output at rest have an inability to increase
cardiac output during exercise without an excessive increase in filling pressures,
resulting in fatigue and intolerance. Elevated resting E/e′ strongly supports the
presence of high PCWP and thus HFpEF, but a normal resting E/e′ does not exclude
HFpEF[15,18]. Exercise stress echocardiography on a bicycle or a treadmill with
imaging during exercise is recommended, but there are no universally adopted
protocols[15]. Exercise echocardiography should be considered abnormal if the average E/e’ ratio at peak stress increases to ≥15, with or without a peak tricuspid
regurgitation (TR) velocity of >3.4 m/s[15]. An increase in only TR velocity should not
be used to diagnose HFpEF because it might be a result of the normal hyperdynamic
response to exercise (with increased pulmonary blood flow) without the LV diastolic
dysfunction. For selected patients with suspected HF with uncertain diagnosis despite
the evaluation, as described above, the clinical gold standard for the diagnosis of HF is
the identification of an elevated PCWP on an invasive hemodynamic test (right heart
catheterization with the PCWP assessed at rest or during exercise)[15,18]. The patient
must have symptoms consistent with HF and PCWP ≥ 15 mmHg at rest or ≥ 25 mmHg
during exercise for establishing a diagnosis of HF[18]. If these criteria are not fulfilled,
further evaluation for other causes of dyspnoea is required. To summarize, echocardiography may help rule out HFpEF, although approaches to exclude HFpEF based
solely on data at rest are of questionable accuracy, and furthermore, there is evidence
that reinforces the value of exercise testing using invasive and non-invasive hemodynamic assessments to definitively confirm or rule out the diagnosis of HFpEF[18].

TREATMENT
The therapy for HFrEF aims to improve quality of life, reduce the rate of hospitalizations, as well as morbidity and mortality. Care for patients with HFrEF includes an
overall approach - the treatment of possible causes and associated conditions (e.g.,
hypertension, diabetes mellitus, and thyroid dysfunction, anemia) of HF, pharmacologic therapy, monitoring, education and cardiac rehabilitation, palliative care,
device therapy and cardiac transplantation.
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Figure 2 Heart failure – classification and criteria in diagnosis (data from[1,15]). HFrEF: Heart failure with reduced ejection fraction; HFmrEF: Heart
failure with mid-range ejection fraction; HFpEF: Heart failure with preserved ejection fraction; LVEF: Left ventricular ejection fraction; LVH: Left ventricular
hypertrophy; LAE: Left atrial enlargement; BNP: B-type natriuretic peptide; NT-proBNP: N-terminal pro B-type natriuretic peptide; LV: Left ventricle; TR: Tricuspid
regurgitation; GLS: Global longitudinal strain; LAVI: Left atrial volume index; LVMI: Left ventricular mass index; RWT: Relative wall thickness; ECHO:
Echocardiography.

Antagonism of neurohormonal activation is the foundation of the modern HF
therapy. The pharmacological treatment aims to alleviate the symptoms and to
improve the quality of life, prevent complications and the need for hospitalization, and
thereby reduce high mortality. Diuretics are used to facilitate the symptoms of
congestion. Meta-analyses show that diuretics, compared with placebo, appear to
reduce the risk of death and reduce symptoms, and compared with an active control,
appear to improve the functional capacity of patients with HFrEF[22,23]. The progression of the disease of the heart muscle itself can be prevented by acting on the reflex
mechanisms that are activated in the body when HF occurs.
The first line of treatment is angiotensin converting enzyme inhibitors (ACEi) and
beta-adrenergic receptor blockers (beta-blockers), regardless of the aetiology of HF[1,2,
24]. If the patient does not tolerate ACEi or they are contraindicated, then angiotensin
receptor blockers (ARBs) are used. ACEi have been shown to reduce morbidity and
mortality in patients with HFrEF[25-27], and data suggests that there are no differences among the available ACEi regarding their effects on symptoms or on survival[28].
The usage of beta-blockers showed an improvement of LVEF and a reduction of
mortality and the number of hospitalizations[29]. Unlike ACEi, beta-blockers have no
class effect and evidence of beneficial effects in the treatment of HF has been reported
for bisoprolol, prolonged-release metoprolol, carvedilol, and nebivolol[30,31]. Therapy
with ACEi and beta-blockers is complementary and can be started together. Betablockers are recommended as a start for clinically stable patients at a low dose,
followed by titration to the maximum tolerated dose[1].
Mineralocorticoid receptor/aldosteron antagonists (MRA) - spironolactone and
eplerenone are recommended in all symptomatic patients (who are on ACEi and betablocker therapy) with LVEF ≤ 35%[1,2]. Inhibition of aldosterone action results in
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decreased endothelial inflammation and decreased stimulation of the sympathetic
system and RAAS systems with an antifibrotic effect. Studies show reduction of allcause mortality (for spironolactone 30%[32]) and lower rate of hospitalization in
patients treated with MRA[33-35]. Possible side effects are hyperkalemia, hyponatremia, reversible increase in blood urea and creatinine levels in patients with impaired
renal function, hypotension in patients with low blood pressure (although recent study
shows that MRA treatment had little effect on systolic blood pressure in patients with
HFrEF and therefore low systolic blood pressure is not a reason to withhold MRA
therapy in patients with HFrEF[36]). Spironolactone binds to both androgen and
progesterone receptors, so men can experience breast enlargement - gynecomastia,
while women can develop excessive farsightedness - hirsutism, and postmenopausal
bleeding[8]. Due to its selective binding to the mineralocorticoid receptor, eplerenone
has no endocrine side effects, has a lower risk of hyperkalemia, and it is a better choice
in diabetics[8]. Caution should be exercised in the use of MRA in patients with
impaired renal function and serum potassium level greater than 5.0 mmol/L[1].
If symptomatic HF persists (NYHA class II or III), replacement of ACEi (or ARB if
used) by angiotensin receptor neprilysin inhibitor (sacubutril) - ARNI (angiotensin
receptor neprilysin inhibitor) is recommended to further reduce morbidity and
mortality[1,24,37]. Neprylisin inhibits natriuretic peptides (NP), bradykinin, adrenomedullin, and the β-amyloid (Aβ) peptide[37]. The combination of the renin–angiotensin system and neprilysin inhibition showed to be superior to a separate approach
[38], but in clinical trials, the combination of ACEi and neprilysin was associated with
serious angioedema[39,40]. Combined molecule LCZ696 consisting of sacubutril and
valsartan minimizes the risk of serious angioedema, and the mechanism of action is
inhibition of the neprilysin via the active metabolite of sacubitril and blocking of the
angiotensin II receptor via valsartan[41,42]. There is an increase in the number of
peptides that neprilysin degrades, such as A-type natriuretic peptide (ANP) and BNP,
which bind to NP receptors. This results in vasodilation, the enhancement of natriuresis and diuresis, increased glomerular filtration, the inhibition of renin and
aldosterone release, decreased sympathetic activity, as well as antihypertrophic and
antifibrotic effects[43]. Considering described mechanism of action, BNP concentrations rise with neprilysin inhibition and the clinical validity of measuring BNP in
patients treated with sacubitril/valsartan has been questioned. The use of NT-proBNP
is preferred and recommended in assessing the effectiveness of therapy, although
either biomarker predicts the risk of major adverse outcomes in patients treated with
ARNI[44]. Monitoring of blood pressure and renal function is necessary in these
patients and accordingly the dose increases to the maximum tolerated dose. The longterm use of ARNI has possible side effects such as amyloid deposition and cognitive
disfunction, and these side effects may be associated with specific polymorphisms in
individuals[45,46]. One small study on healthy individuals showed increase of βamyloid protein in the soluble rather than the aggregable form, which may indicate
cerebral safety[47]. Long-term safety, especially in patients at risk of Alzheimer
disease, needs to be assessed[1,46].
Sodium-glucose cotransporter-2 (SGLT2) inhibitors are an insulin-independent class
of oral antihyperglycemic medication that are used in the treatment of type 2 diabetes.
They reduce blood glucose by the inhibition of glucose reabsorption at the proximal
tubule of the kidney which results in glycosuria and natriuresis[48]. Effects in lowering
body weight and decreasing systolic blood pressure, as well as side effects such as
genital tract infections, lower leg amputations, electrolyte disturbances, bone fractures
are noted[48]. According to the latest recommendations on HF, empagliflozin should
be considered in patients with type 2 diabetes mellitus (T2DM) in order to prevent or
delay the onset of HF or prolong life, and canagliflozin and dapagliflozin should also
be considered for patients with T2DM and either established cardiovascular (CV)
disease or at high CV risk[49]. Newest studies show that SGLT2 inhibitors reduce the
risk of cardiovascular death or hospitalization in patients with HFrEF regardless of the
presence or absence of diabetes[50,51]. Beneficial effects of SGLT2 inhibitors may
complement and improve the effects of first line HF therapy (increase in natriuresis,
decreasing LV wall stress, preload, afterload and interstitial oedema), alongside with
clinically important benefit such as improving renal function in HF patients[50,51].
Therefore, compelling evidence suggest that SGLT2 inhibitors should be added to the
current recommended treatments of HFrEF, even in the absence of diabetes (Figure 3).
In addition to the maximum tolerated dose of betablocker, ACEi (or ARB), and the
MRA, ivabradine should also be considered in symptomatic patients with increased
heart rate (more than 70 / min), in sinus rhythm and EFLV < 35%, to reduce the risk of
HF hospitalization or cardiovascular death (or in patients who are unable to tolerate or
have contraindications for a beta-blocker)[1,24].
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Figure 3 Heart failure medication therapy (data from[1,51]). HFrEF: Heart failure with reduced ejection fraction; ACEi: Angiotensin-converting enzyme
inhibitors; ARB: Angiotensin receptor blocker; MRA: Mineralocorticoid receptor antagonist; ARNI: Angiotensin receptor neprilysin inhibitors; SGLT2: Sodium-glucose
co-transporter-2; LVEF: Left ventricular ejection fraction.

In symptomatic patients (NYHA Class II-IV) with HFrEF who cannot tolerate ACEi
nor ARB (or they are contra-indicated), hydralazine and isosorbide dinitrate may be
considered to reduce the mortality[1,52]. Digoxin may be considered in symptomatic
patients in sinus rhythm despite optimal medical therapy to reduce the risk of hospitalizations[1,53]. It is also used in patients with HF and atrial fibrillation (AF) to slow a
rapid ventricular rate, but it is only recommended when adequate heart rate is not
achieved with other therapeutic options[54,55]. Optimal ventricular rate for patients
with HF and AF has not been well established but resting ventricular rate of 7090/min is recommended based on current opinion (acceptable up to 110/min), rather
than insisting on strict lower ventricular heart rate[56].
Non-dihydropyridine calcium-channel blockers (CCBs) are not recommended for
the treatment of patients with HFrEF[1] (diltiazem and verapamil are considered to be
unsafe in patients with HFrEF[57]). In case of compelling indications amlodipine and
felodipine can be used in patients with HFrEF[1].
Statins (3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors) reduce the
mortality and morbidity in patients with atherosclerotic disease, but there is no
evidence of benefit or improvement of the prognosis in patients with HFrEF[58].
Patients who already receive statin because of coronary artery disease or hyperlipidemia should continue to use this therapy[1]. The n-3 polyunsaturated fatty acid
(PUFAs) is not a routinely used supplement in patients with HFrEF since the randomized trial demonstrated minimal to no benefit[59].

Novel therapeutic approaches
The effect of a novel oral soluble guanylate cyclase stimulator – vericiguat was tested
in patients with HFrEF and the result of the new randomized trial showed that the
incidence of death from cardiovascular causes or hospitalization for HF was lower
among subjects who received vericiguat in comparison to those who received placebo
(HF hospitalizations were significantly reduced, while cardiovascular deaths were not
significantly diminished)[60].
Omecamtiv mecarbil is a cardiac-specific myosin activator that improves cardiomyocyte contraction which is being studied for a potential role in the treatment of left
ventricular systolic HF[61]. The latest trial showed a significant reduction of HF event
or death from cardiovascular causes in subjects who received omecamtiv mecarbil
twice daily in contrast to those who received the placebo[62].
The effect of the anticoagulant therapy in HF patients in sinus rhythm is being
assessed since HF is associated with activation of thrombin-related pathways, which
predicts a poor prognosis. Studies with rivaroxaban (factor Xa inhibitor) hypothesized
that the treatment could reduce thrombin generation and improve outcomes for
patients with worsening chronic HF and underlying coronary artery disease[63,64].
Rivaroxaban did not reduce HF hospitalization but did reduce the rate of stroke[63].
Thromboembolic events occurred frequently in patients with HF, coronary artery
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disease, and sinus rhythm. A post-hoc analysis revealed that rivaroxaban may reduce
the risk of thromboembolic events in this population, but these events are not the
major cause of morbidity and mortality in patients with recent worsening of HF where
rivaroxaban had no effect[64]. Rivaroxaban at dose 2.5 mg twice daily in addition to
aspirin may be considered for ambulatory patients with coronary artery disease (CAD)
and chronic HF in NYHA class I/II with an LVEF > 30%, in order to reduce the risk of
stroke and CV death[49,64]. For chronic HF patients in NYHA class III/IV and recent
HF hospitalization, initiation of treatment with rivaroxaban is not recommended, as no
benefit was shown[49].
The treatment of comorbidities that are present in chronic HF patients is an
important part of holistic approach and improves outcomes of these patients. Iron
deficiency is common in patients with and without anemia and has unfavorable
clinical and prognostic consequences in patients with HFrEF. Important clinical trials
have been conducted with ferric carboxymaltose (FCM)[65-67], and the treatment with
FCM may result in the improvement of functional capacity, symptoms and quality of
life (whether FCM is associated with an improved outcome in these high-risk patients
needs further study). The trial including iron deficient patients hospitalized for acute
HF showed that intravenous FCM compared to placebo was associated with reduction
of total HF hospitalizations and CV death[68].
To conclude, there are important advances in the medicament treatment of HFrEF
and therapeutic development is accelerated. These new therapeutic options improve
clinical outcomes and functional status[69]. Accordingly, new working definition of
HF with recovered left ventricular ejection fraction (HFrecEF) has been proposed[69,
70]. HFrecEF is a complex clinical entity and definition includes: (1) Documentation of
a LVEF < 40% at baseline, combined with (2) a ≥ 10% absolute improvement in LVEF;
and (3) A second measurement of LVEF > 40%[69,70]. The proportion of patients with
HFrecEF varies widely (10%-40%) and should be followed every 6 mo to 1 year, with
imaging obtained every 3-5 years to monitor LV function[70]. HFpEF has a significant
morbidity and mortality and so far, no treatment has clearly demonstrated an improvement of outcome in HFpEF, but rather it is limited to symptom relief, which
effectively improves the quality of life[13,71,72]. The emphasis is on treatment of
comorbidities - hypertension, atrial fibrillation, obesity, diabetes mellitus, renal
disease, obstructive lung disease, or ischemic heart disease. Regular exercise program
is an important part in the treatment of these patients[13].

Device therapy
Implantable cardioverter-defibrillator (ICD) is effective in correcting potentially lethal
ventricular arrhythmias. Some antiarrhythmic drugs might reduce the rate of tachyarrhythmias and sudden death, however they do not reduce overall mortality and may
even increase it[1]. An ICD is recommended in secondary prevention to reduce the risk
of sudden death and all-cause mortality in patients who have recovered from a
ventricular arrhythmia causing hemodynamic instability, and who are expected to
survive for more than one year with good functional status[1,73,74]. ICD therapy is
recommended for primary prevention of sudden cardiac death to reduce total mortality in selected patients at least 40 days after myocardial infarction with LVEF of 35%
or less, symptomatic while receiving optimal medical therapy, and who have reasonable expectation of survival for more than one year with good functional status[1,
24,75,76]. There is no benefit in patients who had an ICD implanted within 40 d after a
myocardial infarction[77]. Decision about ICD implantation should be made for each
patient individually, taking into consideration patient’s opinion and their quality of
life, the LVEF (survival benefit) and other diseases that can be cause of death within
the following year[1,73,74]. ICD therapy is not recommended in patients in NYHA
Class IV with severe symptoms refractory to pharmacological therapy if they are not
candidates for CRT, a ventricular assist device, or cardiac transplantation[1,78,79].
Cardiac resynchronization therapy (CRT) is recommended for symptomatic patients
in sinus rhythm, with left bundle branch block (LBBB) QRS morphology, QRS ≥ 150
ms (and in patients with QRS duration of 130–149 ms) and EFLV ≤ 35% despite
optimal medical therapy to improve symptoms and reduce morbidity and mortality[1,
2,80-82]. For patients with ECG non-LBBB QRS morphology and QRS ≥ 150 msec CRT
should be considered and CRT may be considered in patients with QRS 130–149 ms
non-LBBB QRS morphology (in sinus rhythm)[1,2,80,83]. CRT rather than right ventricular pacing is recommended for patients with HFrEF regardless of NYHA class
who have an indication for ventricular pacing in order to reduce morbidity, although
no clear effect on mortality was observed (this also includes individualized decision
for patients with atrial fibrillation)[84-86].
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Patients with severe symptoms despite optimal medical and device therapy are
potentially eligible for mechanical circulatory support - mechanical ventricular assist
VAD); left - sided (LVAD) or right - sided (RVAD), biventricular (BiVAD)[1,87]. Heart
transplantation is the last line of treatment for patients with the end-stage chronic HF
[1,88]. These patients need to be motivated, well informed, emotionally stable, capable
of complying with the intensive treatment required postoperatively and in order for
transplantation to be successful and increase survival, proper selection criteria need to
be applied[88].

ROLE OF CARDIAC REHABILITATION IN PATIENTS WITH CHRONIC HF
Although survival after diagnosis of HF has improved, the prognosis in such patients
remains poor and quality of life severely reduced. The meta-analysis (2019), including
over 1.5 million all-type HF patients, estimated the 1, 2, 5 and 10-year survival to be
87%, 73%, 57% and 35%, respectively[89]. Analysis about long-term outcomes among
patients hospitalized with HF (including all three groups – HFrEF, HFmrEF, HFpEF;
2017) shown very high 5-year mortality rate of 75%, regardless of LVEF[90].
Chronic HF reduces the ability of physical activity in patients, which has
detrimental effects on their daily life activities and reduces quality of life. Patients with
HF have limited exercise capacity because of dyspnea and fatigue, so these symptoms
make patients fearful of being active, moreover because exercise-induced dyspnea can
be interpreted as worsening of their disease. In patients with stable HF, exercise
training can relieve symptoms, improve the exercise capacity and quality of life, as
well as reduce disability, hospitalization and mortality[91-93]. The Cochrane systematic review (2014) reported that exercise-based cardiac rehabilitation (CR) compared
to no exercise control shows improvement in health-related quality of life (HRQoL)
and hospital admission among people with HF, as well as possible reduction in
mortality over long term[94]. A single large randomized controlled trial (RCT) with
medically optimized and stable patients with systolic HF (LVEF ≤ 35%) showed a
modest and non-significant reduction in the primary composite outcome of all-cause
mortality or all-cause hospitalization, but improvement in self-reported health status
compared with usual care without training that persisted over time[95,96]. Recent
systematic review and meta-analysis (2019)[97], a meta-analysis of randomized trials
(2018)[98] and the Cochrane meta-analysis (2019)[99] that included a total of 5783
patients, predominantly HFrEF (NYHA class II and III receiving center-based exercisebased CR programs) but also patients with HFpEF, showed that exercise rehabilitation
reduced hospital admissions overall, as well as for HF, and clinically important
improvement in HRQoL was shown. In patients with HFpEF clinically relevant
improvements in exercise capacity can be achieved, without significant changes in LV
function or structure[100,101], regardless of training modality[102].
In practice, it is reasonable to advise patients to avoid stimuli that cause worsening
of the disease symptoms. There are many pathophysiological mechanisms of exercise
intolerance in HF: cardiac (systolic and/or diastolic dysfunction, reduced stroke
volume, elevated filling pressures, secondary pulmonary hypertension and right
ventricle disfunction, mitral regurgitation, reduced chronotropic reserve), ventilatory
system (exaggerated minute ventilation relative to CO2 production, ventilation/perfusion mismatch, alveolar edema), skeletal muscle (reduced muscle mass, reduced
enzymes for oxidative metabolism and generation of ATP), endothelial function
(reduced nitric oxide, increased reactive oxygen compounds, reduced vasodilatory
response), neurohumoral system (increased sympathetic activity, low vagal activity,
increased levels of pro-inflammatory cytokines)[103]. However, in chronic HF, poor
exercise tolerance and quality of life can be successfully improved by dosed and
tailored exercise training (ET)[96,104-107]. ET reduces sympathetic tone and increases
the influence of the parasympathetic tone at rest, restores baroreflex sensitivity and
decreases chemoreflex sensitivity in HF which is important in term of autonomic
nervous system imbalance and chronic sympathetic nervous system overactivity as
one of the key pathophysiological mechanisms in HF leading to vasoconstriction,
altered renal blood flow and adverse remodeling – hypertrophy and cell disfunction.
ET in HF also results in reduction of reactive oxygen species and a concomitant
increase in nitric oxide signaling, a reduction in Angiotensin II type 1 receptor signaling and a restoration of the imbalance of Angiotensin converting enzyme (ACE)
and ACE2 expression, as well as a decrease in circulating pro-inflammatory cytokines,
all of which contribute to the improvement of autonomic imbalance[103,108].
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The guidelines of the European Society of Cardiology[1], American College of
Cardiology/American Heart Association[2] and Canadian Cardiovascular Society[109]
have included evidence-based recommendations for the use of exercise training in the
management of chronic HF. Exercise training (or regular physical activity) is safe and
effective in the improvement of symptoms and functional capacity (Class I, level of
evidence A)[1,2,109], the reduction of the risk of hospitalization from HF (Class I, level
of evidence A)[1] and in the improvement of exercise duration, HRQoL and reduction
of mortality (Class IIa, level of evidence B)[2].
A consensus document of the HF Association and the European Association for
Cardiovascular Prevention and Rehabilitation[110] emphasizes that cardiac rehabilitation program for patients with HF should include multiple components such as
medical evaluation and baseline patient assessment, appropriate evaluation of many
risk factors associated with such patients (e.g., concomitant diseases -anaemia, valvular
heart disease, renal function, patients age), education concerning medication
adherence, psychosocial support, as well as exercise training and physical activity
counseling. In addition to adopting a change in lifestyle that includes daily life
activities (e.g., housework, gardening, walking, recreation, proper nutrition), conducting structured physical activity and ET is important for further maintenance of
stable condition of these patients. Implementation of ET requires appropriate patient
selection, training protocol identification, intensity level determination, and progression monitoring. ET is recommended for stable New York Heart Association (NYHA)
class I–III HF patients[110]. Early mobilization of patients after an episode of acute HF
is also recommended. At this stage, gradual mobilization, respiratory exercises, and
small muscle groups exercises is needed to establish clinical stability and help patients
to achieve a sufficient level of functional capacity and trust prior to conducting a
symptom-limited cardiopulmonary exercise test (CPET) and initiating regular ET.
Exercise modalities are known to be safe for HF patient when given at the right
intensity and duration. The overall concept in ET is to be done gradually and individualized. When clinical stabilization is achieved, it is necessary to assess whether there
are contraindications for conducting rehabilitation (Table 2). This includes reassessment of the patient’s condition and functional evaluation (history, clinical examination, electrocardiogram, ultrasound of the heart and CPET, and if the patient is unable
to perform, then six-minute walking test)[110].
The choice of exercise modality should take into account patients associated
diseases, work habits, preferences and abilities, limitations as well as the availability of
rehabilitation itself. Determining the appropriate level of ET intensity is key in
achieving the desired effects, while simultaneously having control over the potential
risks associated with these patients. There is no general agreement on modalities of
exercise, instead an individual approach is recommended, with careful clinical
assessment, taking into consideration patient’s preferences[110,111]. Exercise protocols
can be different depending on the variables: intensity (aerobic and anaerobic), type
(endurance, resistance, strength), method (continuous and intermittent/interval),
application (systemic, regional area, respiratory muscles), control (supervised and
non-supervised), setting (hospital and rehabilitation center or home-based). Three
exercise modalities in different combinations have been proposed[110,111].

Aerobic/endurance training
Metabolic function can be assessed by maximum oxygen uptake which depends on the
ability of the respiratory and cardiovascular systems to deliver oxygen from the
atmosphere to the muscle and the ability of the working muscles to utilize oxygen. The
volume of oxygen (VO2) measured in patients with chronic HF at the end of the
exercise test is not the maximum VO2 value because such patients cannot reach it.
Instead of the term VO2max we use the term VO2peak, by symptom-limited CPET.
The CPET will give insight into the degree of cardiac impairment and will objectively
measure VO2peak and help to determine training intensity and perform training
adjustments[110]. The most used and evaluated exercise modality, the cornerstone of
cardiac rehabilitation programs, is moderate continuous exercise (MCE)[112-114]. The
intensity of training is thus usually prescribed relative to VO2peak, and the recommended intensity is 40%-50% at the beginning, with an increase during the exercise
process to 70%-80% of VO2peak[110]. CPET is not always available in everyday
clinical practice, so indirect methods have been proposed to assess the intensity of ET.
In practice, heart rate (HR) reserve (HRR) - the difference between the basal and peak
HR (the training in the range of 40%-70% HRR is recommended), and rating of
perceived exertion (RPE) (training of 10/20–14/20 of the Borg RPE is recommended)
are used. The intensity of physical training of 60% VO2peak corresponds to RPE from
12 to 13, and from 85% VO2peak corresponds to RPE 16[110]. High-intensity interval
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Table 2 Contraindications for exercise training and screening for increased risk for exercise training (data from[110])
Contraindications to exercise training

Increased risk for exercise training

Progressive worsening of exercise tolerance or dyspnea at rest over previous 3–5 d

> 1.8 kg increase in body mass over the previous 1-3 d

Significant ischemia during low-intensity exercise (< 2 METs, < 50 W)

Concurrent, continuous, or intermittent dobutamine therapy

Uncontrolled diabetes

Decrease in systolic blood pressure with exercise

Recent embolism

NYHA functional class IV

Thrombophlebitis

Complex ventricular arrhythmia at rest or appearing with exertion
Supine resting heart rate > 100 b.p.m.
Pre-existing co-morbidities limiting exercise tolerance

NYHA: New York Heart Association.

training (HIIT) programs have been considered as a valuable exercise modality for
low-risk HF patients[111,115]. HIIT is not superior to moderate continuous training
(MCT) in changing left ventricular remodeling or aerobic capacity[115] but the recent
meta-analysis showed that improves VO2peak and should be considered as a
component of care of HFrEF patients[116]. Aerobic training dominates among cardiac
rehabilitation programs, as in patients with chronic HF because it has the highest level
of evidence, and proven beneficial effects for this type of activity[110,111].

Resistance/strength training
Muscle contraction is performed against a specific opposite force and thus generating
resistance (e.g., lifting weights). It gradually overloads the musculoskeletal system,
strengthens and tones the muscles and it is suggested as an anabolic intervention due
to the risk of muscle mass loss[110]. A meta-analysis showed that resistance exercise as
a single intervention can increase muscle strength, aerobic capacity, and quality of life
in HFrEF patients, and may offer an alternative approach, especially for those unable
to participate in aerobic training[117]. It can be used as an adjunct to aerobic training
which is the mainstay in HF patients.
As HF patients suffer from easy fatiguability, the initiation of a resistance/strength
training (RST) program must be individually adjusted to the patient under medical
supervision and each patient must be individually introduced into the training
regimen. The amount of cardiovascular stress expected during RST depends on the
magnitude of the resistance [% of one repetition maximum (% 1-RM)], the size of the
working muscle mass and the relation between the duration of the muscle contraction
and rest period between repetitions[110]. The minimum recommendations for implementation of an RTS in three progressive steps are: 1. “Instruction phase” – pretraining to learn and practice slow conduction, without or at very low resistance (RPE
< 12, < 30% 1-RM). 2. “Resistance/endurance phase” – start of training with a high
number of repetitions and a low intensity (RPE 12-13, 30%-40% 1-RM). 3. “Strength
phase” – higher intensity (RPE < 15, 40%-60% 1-RM), increasing muscle mass[110].
Surveillance over each step is necessary because of the possibility of abdominal
straining and consequent blood pressure elevations so prescribing the appropriate
level of training according to the patient’s clinical stability, motivation, and experience
with RST is of great importance.

Respiratory training
The review of trials using inspiratory muscle training in patients with chronic HF
suggested that such an intervention may improve the functional capacity and quality
of life, especially in those with inspiratory muscle weakness[118]. Such additional
exercises in combination with standard aerobic training might be useful.
There are limited data about ET for a special group of patients with chronic HF and
implanted ICD or CRT. Evidence show that physical activity and exercise can be safely
applied with adequate supervision[119,120] and it was confirmed in the larger RCT
analysis of patients with ICD and HF[121]. It has been shown that physical activity can
almost double the improvement in functional capacity and quality of life in CRT
patients[122,123] and ET resulted in reduction of a number of ICD activations in the
exercise group[120,121]. Moreover, non-sustained ventricular tachycardia in the presence of an ICD is not a contraindication for aerobic training[121]. Patients with an
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ICD should begin training under medical supervision, and the HR must be monitored
if it is possible to reach a HR close to the programmed intervention zone of the device.
Patients who have symptomatic arrhythmias or ICD discharge should be directed to
exercise modalities in which brief loss of consciousness due to ICD discharge may be
less harmful (e.g., avoiding swimming or climbing)[110]. Medical staff caring for such
patients should be specially educated in understanding the possible challenges and
problems associated with such patients.
Although progress has been made in rehabilitating patients with chronic HF, further
RCT with large number of patients are needed to assess the effect and benefit from
each training modality. Education of medical staff on the beneficial effects of physical
exercise in patients with chronic HF and involvement of more patients in cardiac
medical rehabilitation programs are crucial in order to provide complete care to
chronic HF patients. A small part of patients with chronic HF participates in cardiac
rehabilitation programs (the data vary, only 2.6% retrospectively[124], and in one
observational study only 10% of eligible HF patients received cardiac rehabilitation
referral at discharge after hospitalization for HF[125]), and this is partly due to the fact
that chronic HF is not yet an indication for rehabilitation in many countries, at least
not as a first diagnosis. Developing adequate and effective training methods and
highlighting the beneficial effects of such an approach will result in improving the
quality of life and providing better medical care to patients with chronic HF.

CONCLUSION
New diagnostic methods and treatment options of HF are evolving rapidly. Accordingly, the number of patients with recovered LVEF (HFrecEF) and improved
functional status is increasing. Beside medicament options to maintain future stable
state of the patients with HF, cardiac rehabilitation is an important part of care, ET is
proved to be safe in HF patients and should be implemented as a part of overall
approach. Nowadays it is important to emphasize the role of cardiac rehabilitation in
patients with chronic HF, raise consciousness that HF is not yet an indication for
rehabilitation in many countries, at least not as a first diagnosis, and nurture a holistic
approach to patients with HF.
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Abstract
Catheter-based closure of patent foramen ovale (PFO) is more effective than
medical therapy in the prevention of recurrent stroke[1]. It is likely that a
proportion of patients evaluated for potential transcatheter PFO closure has
actually different anatomical variants particularly common in the right atrium
such as eustachian valve, Chiari network, Thebesian valve and Crista Terminalis.
Notably, the eustachian valve may represent an increased risk factor for left
circulation thromboembolism beyond that associated with PFO size and shunting.
Such patients may benefit the most from percutaneous closure procedure.
Key Words: Eustachian valve; Chiari’s network; Patent foramen ovale; Right-to-left shunt;
Paradoxical embolism; Echocardiography
©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Eustachian valve is usually considered to be a benign finding in the absence
of associated cardiac anomalies. Moreover, eustachian valve is frequently found in
adult patients with septal abnormalities mainly patent foramen ovale. It may actively
facilitate the mechanism of paradoxical embolism by directing the blood from the
inferior vena cava towards the interatrial septum via patent foramen ovale into the left
atrium. Therefore, the presence of such anatomic variant may represent per se an
increased risk factor for left circulation thromboembolism.
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INTRODUCTION
Bartolomeo Eustachio (San Severino Marche, Macerata 1507 (?)–Fossato di Vico,
Perugia, Italy, 1574), also known by his latin name of Eustachius, was an Italian
anatomist and one of the founders of human and comparative anatomy. He had a
comprehensive humanistic education, in the course of which he acquired an excellent
knowledge of Greek, Hebrew and Arabic. Eustachio's greatest contributions to
anatomical science passed through many vicissitudes which kept his real merit from
being recognized until long after his death. His greatest work, which he was unable to
publish, is the “De dissensionibus et controversiis anatomicis” illustrated in the
Anatomical Engravings (Tabulae). Engraved on copper plates, these tables illustrated
the results of the dissections of Eustachio and were completed in 1552 but discovered
only in the early eighteenth century-after 162 years-in the possession of a descendant
of Pier Matteo Pini to whom Eustachio had bequeathed them. They were later
purchased by Pope Clement XI for 600 scudi and presented to Giovanni Maria Lancisi,
his physician and the successor to Eustachio in the chair of anatomy at the Sapienza in
Rome. Lancisi published the plates in 1714, together with the eight smaller ones that
had already appeared in 1564[2,3] (Figure 1). Although devoid of Eustachio’s planned
text, the plates alone assured him a distinguished position in the history of anatomy.
The fact that his book became a bestseller more than a century after his death shows
the extent of the religious restrictions on anatomists all through the Renaissance. In his
work on the azygos vein and its ramifications (Opuscula Anatomica, 1564), Eustachio
described the thoracic duct and particularly the “valvula venae cavae inferioris”
(known as Eustachian Valve) that lies at the junction of the inferior vena cava and right
atrium which serves to direct the blood through the foramen ovale into the left atrium,
indicating a careful and relatively advanced knowledge of heart’s structure. His
description of the fetal circulation was the most complete up to his time. This
constitutes the most important distinctive structural difference between the circulatory
apparatus of the adult and the child.
Incomplete regression of the right sinus valve of sinus venosus results in a spectrum
of vestiges such as Chiari network, eustachian valve (EV), Thebesian valve of the
coronary sinus and crista terminalis.
In particular, EV is a remnant of the embryonic valve of inferior vena cava (IVC),
which in fetal heart directs oxygenated blood (by the placenta) towards the foramen
ovale into the systemic circulation. It appears as a crescent-like membrane which
extends from the IVC to the lower part of the fossa ovalis. There is a large variability in
size, shape, thickness, texture and in the extent to which EV encroaches on
neighboring structures such as the atrial septum. Its average length is 3.6 mm ranging
from 1.5 to 23 mm[4]. Over time, EV disappears completely represented only by a thin
ridge or, most commonly, it appears as a crescentic fold of endocardium arising from
the anterior rim of the IVC orifice. The lateral horn of the crescent tends to meet the
lower end of the crista terminalis, while the medial horn joins the thebesian valve, a
semicircular valvular fold at the orifice of the coronary sinus (Figure 2). Sometimes, EV
may persist as a mobile, elongated structure projecting deeply into the right atrial
cavity, showing an undulating motion in real time echocardiography and, when it is
quite large, it may be confused with right atrial tumors, thrombi, or vegetations.
The superior vena cava, on the contrary, does not have any homologous valve.

WHAT IS THE EUSTACHIAN VALVE PREVALENCE AND THE
ANATOMICAL PATTERNS?
The prevalence of EV in the general population is not known, as the diagnostic criteria
vary in different studies. Yater[5] reported a rate of approximately 60% of persisting
EV in adults in a group of 120 consecutive necropsies. Limacher et al[4] found an
incidence of approximately 70% in children of various ages. On transoesophageal
echocardiography (TEE) a persisting EV was found in 4.2% of the patients and its
prevalence was similar in men and in women[6]. The features and the physiology of
the EV have been well described by 2D/3D echocardiography[7,8].
Three different anatomical patterns have been described: (1) Chiari network, found
in 2%-3% of normal hearts at autopsy[9], is a reticolous and filamentous membrane
with attachment to the upper wall of the right atrium along the ridge connecting the
vena cava and atrial septum; it often appears as a web-like structure with a variable
number of thread-like components[10]; (2) Eustachian ridge (ER), also known as
‘‘sinus septum’’ is prominently located between the fossa ovalis and the coronary
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Figure 1 Bartolomeo Eustachio, also known by his latin name of Eustachius, was a distinguished physician of the Renaissance period,
professor of anatomy at the medical faculty of Collegio della Sapienza in Rome and one of the founders of the science of modern human
anatomy.

Figure 2 Anatomical illustration (A) and two-dimensional transesophageal echocardiogram in sagittal (B) and in bicaval (C) views
showing the specific orientation of the eustachian valve directing the blood (white dotted arrow) toward the interatrial septum and patent
foramen ovale (orange arrow). SVC: Superior vena cava; IVC: Inferior vena cava; RA: Right atrium; LA: Left atrium; EV: Eustachian valve; Ao: Aorta; PFO:
Patent foramen ovale.

sinus ostium; the medial portion of the EV takes insertion on this structure and
continues in the tendon of Todaro, which runs on the ER towards the central fibrous
body[11]; and (3) EV, so called “valvula venae cavae inferioris”, which is characterized
by a mobile and fenestrated membrane without any anatomic connection[12] (Figures
3, 4 and Supplementary Videos 1, 2), often misdiagnosed as an intra-atrial thrombus.

CLUES FROM CLINICAL FEATURES ASSOCIATED WITH INCREASED
RISK OF PARADOXICAL EMBOLISM
A persisting EV in the absence of other structural heart diseases is believed to have no
pathological importance.
Nevertheless, EV is frequently found in adult patients with septal abnormalities,
mainly patent foramen ovale (PFO) but also atrial septal defect (ASD) and it may
participate in the mechanism of paradoxical embolism, by maintaining an embryonic
right atrial flow pattern into adult life and directing the blood from the IVC via PFO
into the left atrium (LA). Therefore, the presence of a prominent and large EV may
increase the chance of paradoxical embolization beyond that associated with PFO size
and the amount of shunting.
There are several reports documenting cyanosis in patients with ASD without an
increase in right heart pressures but in whom the congenital defect was associated
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Figure 3 Two-dimensional transthoracic echocardiogram in apical four-chamber views showing the eustachian valve as a mobile,
elongated structure (orange arrows) projecting into the right atrial cavity, showing an undulating motion during cardiac cycles. A: Systole;
B: Diastole. RA: Right atrium; RV, right ventricle.

Figure 4 Two-dimensional transesophageal echocardiogram bicaval views. A: systolic frame; B: diastolic frame showing a prominent elongated
eustachian valve (orange arrows) without any anatomic connection pointing towards the hypermobile septum primum. RA: Right atrium; LA: Left atrium; HSP:
hypermobile septum primum.

with a prominent EV, the valve thus being implicated as the possible source of the
right to left shunt[13]. The findings support the hypothesis that patients with a
cryptogenic stroke (CS) and ASD or PFO combined with a prominent EV may benefit
from interventional closure of the interatrial communication.
A persistent EV, particularly a prominent one, has been frequently observed in cases
of platypnea-orthodeoxia syndrome[14,15].
Furthermore, a large ER or a prominent EV may pose issues with device placement
because those right atrial structures limit the space available over the fossa ovalis on
the right atrial side and may cause a PFO device to sit away from the fossa ovalis. The
disc may rest on the ER or EV and result in the PFO tunnel being held open with a
persistent residual shunt. Comprehensive assessment on 2D/3D TEE imaging is
needed to accurately assess how such structures will impact on device choice and size.
In addition, EV has the potential to interfere with manipulation of the guidewire
and it can be caught in the device during deployment, interfering with the occluder
position or enhancing an embolic risk if drawn across the septum into the LA. A report
of a case series showed the practicability of using a steerable ablation catheter to
deflect the EV away from the interatrial septum during the procedure[16].
Complications related to the presence of EV may occur such as obstruction of the
inferior vena cava, thrombosis and possibly subsequent pulmonary embolism.
Occasionally, the EV crosses the floor of the right atrium from the orifice of the IVC
and inserts into the lower portion of the interatrial septum adjacent to the
atrioventricular valves. Higher insertion of a very prominent EV mimicking the
echocardiographic appearance of divided right atrium is very rare[17]. Such a config-
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uration of a large EV may also mimic a right atrial cystic tumor[18].

A SUMMARY OF ARGUMENTS SUPPORTING THE GUILTINESS OF
EUSTACHIAN VALVE AS A SERIAL PARTNER IN CRIME
EV redirects flow from the IVC to the interatrial septum through a right-to-left shunt
into the LA thus explaining the left circulation paradoxical thromboembolism event
Indeed, a multivariate analysis showed that the presence of prominent EV or Chiari’s
network was independently related to CS and have been included in risk prediction
models to identify patients at the highest risk of paradoxical embolism[19]. In
particular, the OR for EV or Chiari’s network as factors related to CS was 4.47 in
univariate analysis (P = 0.002) and 4.71 in multivariate analysis (P = 0.009).

EV predicts the prognosis and outcomes following percutaneous PFO closure
Large EV can predict the occurrence of residual shunt in patients who underwent PFO
closure for cryptogenic cerebral ischemia[20]. Inglessis et al[21] found that the
detection of EV on transthoracic echocardiography (hazard ratio: 9.04; 95% confidence
interval: 2.07 to 39.44; P < 0.0034) was significantly associated with the occurrence of
cerebrovascular events after PFO closure. Interestingly, the 3 patients with a
prominent EV who suffered a recurrent event had persistent residual shunt after PFO
closure.

EV may be nidus for thrombus formation
In situ or from adhesion of embolic material from another distant source (lower
extremity deep vein thrombosis). In this setting, PFO patients with hypercoagulable
states are at very high risk.

EV may be nidus for tumors
Rare (myxomas, cystic tumors, fibroelastic papillomas).

EV may interfere with the device placement
Presence of either EV or Chiari’s network may hinder the passage of wires, reduce the
available space in the right atrium or even interfere with device placement[22].

EV may interfere to IVC cannulation
A detailed echocardiographic right atrial anatomy inspection can help suggesting an
alternative plan and prevent complications during surgery[23].

EV may mimic ASD rim
EV may potentially complicate a simple percutaneous ASD device closure: the free end
can be confused in fact with superior rim on TEE bicaval view[24,25]. During surgery,
EV could be mistaken for the true septum and inadvertently incorporated into the
patch. This causes iatrogenic right to left shunt due to diversion of the IVC blood flow
into the LA[26].

CONCLUSION
Echocardiography plays a key role in the identification and understanding of the
eustachian valve and the other right atrial structural abnormalities, in order to avoid
misdiagnosis and to prevent complications during interventional patent foramen ovale
and before atrial septal defect closure procedures.
Large prominent eustachian valve has been found guilty at all the degrees of
judgment and represents an important risk factor fostering paradoxical thromboembolism in patients with right-to-left shunting via patent foramen ovale. Bartolomeo
Eustachio, the papal anatomist, would never have thought that his valve could have
been identified as a serial partner in crime.
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Abstract
BACKGROUND
Left ventricular (LV) noncompaction cardiomyopathy is a rare cardiomyopathic
subtype that has been recognized in recent years and is being diagnosed at an
increased rate. There is no consensus regarding the diagnosis of the disease, and
increased trabeculation rates that meet the existing diagnostic criteria may even be
present in healthy asymptomatic people. This indicates that differentiating criteria
for diagnosis are needed.
AIM
To examine the increase in myocardial trabeculation and the change in left
ventricular global and regional functions.
METHODS
This retrospective study included 65 patients (28 females, 37 males) diagnosed
with LV noncompaction cardiomyopathy who underwent cardiac magnetic
resonance imaging between January 2011 and August 2016 and had a noncompacted/compacted myocardial thickness ratio of over 2.3 in more than one
segment in the left ventricle. The distribution and ratios of trabeculations in
apical, midventricular, and basal regions were examined in short-axis images
obtained from cardiac magnetic resonance. In addition, by using short-axis cine
images, regional ejection fraction (EF) and global EF were calculated using the
Simpson method in the left ventricle at apical, basal, and midventricular levels.
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RESULTS
While the number of trabeculated segments were similar at the apical (3.2 ± 1.0)
and midventricular levels, a statistically significant level of involvement was not
observed at the basal level (0.4 ± 0.9) (P > 0.05). The highest noncompacted/compacted (trabeculation) ratio was observed at the apical level (3.9 ± 1.4), while this
ratio was higher at the anterior (59%-89.4%) and lateral (62%-84.8%) segments (P
> 0.05). Global EF was positively correlated with apical, midventricular, and basal
regional EF (P < 0.05). However, there was no significant correlation between
regional EF and the number of trabeculated segments or trabeculation ratio in all
three regions; nor was there a significant correlation between regional EF and the
number of trabeculated segments or trabeculation ratio in the entire LV (P > 0.05).
CONCLUSION
No global or regional relationship was observed between LV dysfunction and
trabeculation rate or the number of trabeculated segments. This limits the
usefulness of change in LV functions in the differentiation between normal and
pathological trabeculation.
Key Words: Isolated noncompaction of the ventricular myocardium; Cardiomyopathies;
Magnetic resonance imaging; Stroke volume; Magnetic resonance imaging; Ventricular
function
©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: With the advancements in cardiac magnetic resonance, there is increased
frequency of left ventricular noncompaction cardiomyopathy diagnosis; meanwhile,
increased trabeculation that meet diagnostic criteria may also be observed in healthy
asymptomatic individuals. This suggests the need for new diagnostic criteria of the
disease. In this regard, our retrospective study investigates the impact of the number of
trabeculated segments and the trabeculation ratio on regional and global left ventricular
functions.

Citation: Yildirim G, Dursun M, Arslan R. Effect of trabeculated myocardial mass on left
ventricle global and regional functions in noncompaction cardiomyopathy. World J Cardiol
2021; 13(7): 211-222
URL: https://www.wjgnet.com/1949-8462/full/v13/i7/211.htm
DOI: https://dx.doi.org/10.4330/wjc.v13.i7.211

INTRODUCTION
Left ventricular noncompaction cardiomyopathy (LVNC) is a form of cardiomyopathy
that has been classified as primary genetic cardiomyopathy by the World Health
Organization since 2006[1,2]. It is characterized by phenotypically prominent trabeculations, deep intertrabecular recesses, and thick noncompacted endocardium vs thin
compacted epicardium. Etiologic factors of the disease are not fully clear. Genetic
transmission may occur in sporadic or familial forms[3,4]. Several hypotheses have
been prepared to explain the development mechanism of LVNC. However, there is a
consensus of ideas that the left ventricle is the result of abnormal morphogenesis. In
the 8th wk of gestation, myocardial trabeculations begin to be compacted starting from
the basal region of the heart (compaction: Compacting of the trabeculations)[5].
Ventricular compaction advances from the epicardium towards the endocardium,
from the base of the heart towards the apex and from the septum towards the free wall
[6]. In the fetal heart, ventricular myocardial compaction is completed in the 4th mo. If
the compaction process is interrupted, non-compaction cardiomyopathy occurs and
the clinical manifestation varies depending on the stage of interruption. In addition,
autopsy studies have shown that prominent trabeculations arising from the embryonal
development process can also be found in high rates in the hearts of normal people
and can be observed in the apex[7-9].
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The actual prevalence of non-compaction cardiomyopathy is not fully known;
however, one single-study in the literature reported that it varies between 0.014%-1.3%
[10]. The most important diagnostic parameter is the ratio of non-compacted layer in
relation to compacted layers of myocardium; this ratio should be over 2 in echocardiography and over 2.3 in cardiac magnetic resonance (CMR) imaging[11,12]. Different
criteria have been proposed for diagnosis, the most important of which is to decide
whether the trabeculations observed in imaging are normal, a normal variant, or
pathological. The existing diagnostic criteria based on echocardiographic and CMR
findings have certain limitations[13]. Recent studies have shown that increased trabeculation ratios may also be present in healthy asymptomatic individuals, leading to
increased rates of LVNC diagnosis and indicating that new diagnostic criteria are
needed. In addition, LVNC may be complicated by heart failure and result in cardiac
transplantation, while the existing diagnostic criteria cannot determine or predict this
process[6,14].
In this retrospective study, we aimed to investigate the effect of increased
myocardial trabeculation on left ventricular global and ejection fraction (EF). In this
regard, changes in EF can be included among the diagnostic criteria of the disease,
preventing misdiagnosis, and can be used in the follow-up of the disease.

MATERIALS AND METHODS
Patient population
A total of 65 patients between ages 18-65 who were diagnosed with LVNC and
referred to our department between January 2011 and August 2016 were included in
our study. Patients were diagnosed by experienced cardiologists according to Jenni
echocardiographic criteria. In the retrospective evaluations, the most important
inclusion criteria independent from age and gender was CMR noncompacted/compacted myocardium ratio (NC/C) of 2.3 or higher. Exclusion criteria were as follows:
Presence of contraindications for CMR, presence of other cardiomyopathies and
congenital or non-congenital heart disease, and history of neuromuscular disease.

CMR protocol
The cardiac magnetic resonance imaging (MRI) protocol for LVNC in our clinic was
applied to the patient group. Imaging was conducted in supine position with a 1.5
Tesla (Philips Achieva; Philips Medical Systems, Amsterdam, Netherlands) MRI
device. The SENSE-XL-Torso cardiac coil was placed on the anterior chest wall, and a
signal acquisition system using electrocardiogram and respiratory trigger was applied.
Initially, cardiac survey imaging was performed for the coronal, axial, and sagittal
planes with Single Shot Balanced transcription factor E sequence. From the survey
images, the plane formed between the mitral valve and apex in the axial plane and
long axis two-chamber cine images from the Balanced transcription factor E sequence
were obtained. Long axis four-chamber cine and short-axis (SA) cine images were
obtained from these images. Since equal breath-hold is important for image quality,
patients were asked to hold their breath at the end of expiration.

Imaging analysis
Cardiac MRI images were retrospectively evaluated by two radiologist who were
experienced with cardiac images together using the standard approach on a Philips
workstation. In the analyses, first the segment’s non-trabeculated segment ratio was
measured according to the American Heart Association’s 16-segment model based on
the ratio of trabeculated segment to non-trabeculated segment in the left ventricle (LV)
at end-diastole[15]. Segments above the 2.3 cutoff value in all three SA planes (apical,
mid, and basal), and the segment with the highest ratio in each axis was determined
when making measurements. When distinguishing segmentation, the papillary muscle
level was specified for the midventricular segment, the superior of the papillary
muscles for the basal segment, and inferior of the papillary muscles as the apical
segment. When determining the basal regions, the short axis section where more than
half of the lumen was surrounded by myocardium was chosen. According to the
current protocol, trabeculations were determined as regions with muscular structure
moving together with the inner myocardium border, extending towards the cardiac
region, and not accompanying the papillary muscles at the end of systole. The border
between compacted and trabeculated myocardium in each segment was chosen
outside of the line where trabeculation was not prominent (Figure 1). In the second
step, systolic function analysis was performed separately for all three axes and
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Figure 1 Cardiac magnetic resonance imaging appearance of left ventricular non-compaction. Cardiac magnetic resonance of a 21-year-old male
patient with left ventricular noncompaction cardiomyopathy. The end-diastolic appearance of compacted and noncompacted myocardium in the left ventricle of a
patient with left ventricular noncompaction cardiomyopathy. A: In four-chamber cine images, trabeculated myocardium and deep intertrabecular recesses are more
prominent in the apical and mid-ventricular regions (arrow); B: In short-axis cine, the boundaries between the trabeculated myocardial mass and the non-trabeculated
myocardial mass are seen at the midventricular region.

globally for the entire LV. Simpson method was used for analysis. In the calculation of
EF values, diastole and end-systolic endocardial boundaries were drawn manually for
all three axes in short axis images, and finally, global EF values were calculated by
drawing systole and end-diastolic endocardial boundaries in all sections from the apex
to the base. The narrowest and widest ventricular cavity size was used at the midventricular region to determine the systole and end-diastolic phases, respectively.
Endocardial boundaries were drawn using the difference between the hyperintensity
of the blood-filled cavity and the moderate intensity of the myocardium[16]. Papillary
muscles were included in the ventricular cavity since they did not affect mass and
cavity volume change in EF measurements.

Statistical analysis
Statistical analyses were performed using the SPSS 22.0 package program (Armonk,
NY, United States). Mean, standard deviation, median, lowest-highest frequency, and
percentage values were used in the descriptive statistics of the data. The distribution of
variables was measured with the Kolmogorov-Smirnov test. Mann-Whitney U test was
used in the analysis of quantitative independent data. Chi-square test was used to
analyze qualitative independent data, and Fischer’s exact test was used when Chisquare test conditions were not met. Spearman’s rank correlation coefficient was used
for correlation analysis.

RESULTS
We reviewed the electronic medical records and the baseline clinical characteristics,
and cardiovascular compliments (congestive heart failure, syncope, embolic events,
and any arrhythmias) of the patient population are summarized in Table 1. Also, in the
study group none of the patients had diabetes mellitus and dyslipidemia. However, 5
patients had hypertension.
All patients who were included in the study met echocardiographic and CMR
diagnostic criteria. All 65 patients had trabeculation ratio over 2.3 in at least three
segments and at least two regions (apical, midventricular, basal). The number of
trabeculated segments were high and similar at apical (3 ± 1) and midventricular (3 ±
1.4) regions, while there was no statistically significant involvement in basal regions.
According to segmental distribution, trabeculation was most frequently observed in
the apical-lateral (93.9%) and apical-anterior (89.4%) segments (P < 0.001). The highest
trabeculation ratio was seen in the apical region (3.6 ± 1.4) (Tables 2 and 3).
There was a positive correlation between global EF and apical, midventricular, and
basal EFs (P < 0.05). In addition, there was a positive correlation between the EFs of all
three regions (P < 0.05) (Figure 2).
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Table 1 Clinical characteristics of the study population
Clinical characteristics

mean ± SD, n (%)

Age in yr

31.09 ± 10.22

Male gender, n (%)

37 (56.9)

Syncope

5 (7.7)

Arrhytmia

2 (3.1)

Embolic events

1 (1.5)

CHF

0

Asymptomatic

57 (87.7)

CHF: Chronic heart failure; SD: Standard deviation.

Table 2 The highest values of the trabeculation ratio for apical, midventricular, basal regions, and global left ventricle and the
distribution of the total number of trabeculated segments
Min-Max

Media

mean ± SD

Apical, global

0.4-9.0

3.6

3.9 ± 1.4

Midventricular

1.7-6.5

3.2

3.3 ± 0.9

Basal

2.0-4.0

2.6

2.7 ± 0.6

Total

0.0-11.0

7.0

6.3 ± 2.2

Apical total

0.0-4.0

3.0

3.2 ± 1.0

Mid total

0.0-5.0

3.0

2.8 ± 1.4

Basal total

0.0-3.0

0.0

0.4 ± 0.9

Highest ratio

Number of segments

In cardiac magnetic resonance short axis images, the highest trabeculation ratio was observed in the apical region in the measurements made according to
Simpson method. Similarly, the number of trabeculated segments s observed more prominently in the apical and midventricular regions. SD: Standard
deviation.

There was no correlation between global EF and total number of segments involved
and highest trabeculation rates for all three apical, midventricular, and basal regions (
P > 0.05). No correlation was found between the regional EF values of the apical,
midventricular, and basal regions and the number of trabeculated segments and the
highest trabeculation ratio in these regions (P > 0.05) (Tables 4 and 5).

DISCUSSION
Noncompaction cardiomyopathy is a form of cardiomyopathy characterized by a
bilayered compacted and noncompacted myocardium model with prominent myocardial trabeculations and intertrabecular recesses[17]. While it may be isolated, it may
also be accompanied by multiple cardiac malformations[18]. Although there is no
consensus regarding the etiopathogenesis of the disease, genetic studies have
identified certain sarcomeric and non-sarcomeric cardiomyopathy genes[19,20].
Usually, the LV is affected alone[21]. While clinical presentation may occur at all ages,
it usually manifests in childhood[19]. The disease may be asymptomatic, or symptoms
may vary depending on the severity of involvement, symptoms of the accompanying
syndrome, and congenital heart diseases[18]. In the literature, the most common
clinical findings related to LVNC include heart failure, arrhythmias, and systemic
embolic events[18]. The compaction process in the fetal heart occurs from the
epicardium towards the endocardium, from the base of the heart towards the apex,
and from the septum towards the lateral, and severity of the phenotype varies

WJC

https://www.wjgnet.com

215

July 26, 2021

Volume 13

Issue 7

Yildirim G et al. Isolated noncompaction of the ventricular myocardium

Table 3 Segmental distribution of trabeculations in the apical, midventricular, and basal regions of the left ventricle
n

%

Septal

31

47.0

Anterior

56

84.8

Lateral

62

93.9

Inferior

59

89.4

Anterior

42

63.6

Anterolateral

52

78.8

Inferolateral

49

74.2

Inferior

30

45.5

Inferoseptal

7

10.6

Anteroseptal

3

4.5

Anterior

7

10.6

Anterolateral

10

15.2

Inferolateral

7

10.6

Inferior

2

3.0

Inferoseptal

0

0.0

Anteroseptal

1

1.5

Apical

Midventricular

Basal

P < 0.01 Mc Nemar test. Trabeculations were commonly observed in the apical-lateral segment, and there were no patients with a noncompacted/compacted myocardial ratio above 2.3 in the basal-inferoseptal segment.

Table 4 Comparison of highest trabeculation ratio and ejection fraction in global and regional left ventricular function
Highest trabeculation ratio

Global EF

Apical EF

Midventricular EF

Basal EF

Apical

Midventricular

Basal

r

0.072

-0.054

-0.128

P value

0.573

0.687

0.707

r

0.028

P value

0.825

r

-0.022

P value

0.873

r

-0.91

P value

0.789

There was no correlation between global ejection fraction (EF) and highest trabeculation ratios of apical, midventricular, and basal regions (P > 0.05). There
was no correlation between apical EF and apical highest ratio, between midventricular EF and midventricular highest ratio, or between basal EF and basal
highest ratio (P > 0.05).

depending on the time of interruption[21]. In our study, trabeculations were observed
more commonly in the apical and midventricular regions, consistent with the fetal
compaction process.
In order to diagnose LVNC, the main defined structural features must be revealed
with imaging. The most important parameter in diagnosis is the ratio of the noncompacted layer to the compacted layers. This ratio must be more than 2 in echocardi-
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Table 5 Comparison of global and regional (apical, midventricular, and basal) number of trabeculated segments and ejection fraction in
left ventricular function
Number of segments

Global EF

Apical EF

Midventricular EF

Basal EF

Total

Apical

Midventricular

Basal

r

0.075

-0.034

0.146

-0.169

P value

0.555

0.246

0.179

r

0.120

0.048

P value

0.340

0.704

r

0.173

0.225

P value

0.168

0.072

r

0.083

-0.229

P value

0.510

0.066

It was observed that the number of trabeculated segments had no significant effect on regional and global left ventricular functions. There was no
correlation between global ejection fraction (EF) and total number of trabeculated segments at apical, midventricular, and basal regions (P > 0.05). There
was no correlation between apical EF and apical segment number, midventricular EF and midventricular segment number, or basal EF and basal segment
number (P > 0.05).

Figure 2 Comparison of left ventricular global function and regional (apical, midventricular, basal) functions. (Spearman correlation) A positive
correlation was found between left ventricular global ejection fraction (EF) and EF at apical, midventricular, and basal regions (P < 0.05). A: Apical EF; B:
Midventricular EF; C: Basal EF.

ography, and more than 2.3 in CMR. Echocardiography and CMR are the main
imaging modalities used to diagnose the disease. Echocardiography is widely used
due to its availability, common use, low cost, and absence of radiation exposure[22].
Chin et al[11] initially proposed evaluating the ratio of X to Y for echocardiographic
diagnosis, in which X refers to the distance from the epicardial surface to the deepest
part of the trabecular recess, and Y is the distance from the epicardial surface to the
peak of the trabeculation. An X/Y ratio up to 0.5 at end-diastole is enough for
diagnosis. Chin et al[11] also acknowledged the relationship between the clinical
presentation of the disease and genetically transmitted cardiac diseases[11].
Jenni et al[23] specified diagnostic criteria as NC/C > 2 measured at end-systole and
recommended additional morphological criteria including visualization of deep
perfused intertrabecular recesses on color flow Doppler, involvement predominately
in the lateral, apical, or inferior walls of the LV, and absence of additional cardiac
anomaly[23]. The contribution of Stöllberger et al[12] to echocardiographic diagnostic
criteria was > 3 trabeculations apically to the LV papillary muscles, apart from
aberrant bands and false tendons[12]. However, there are many studies on the pitfalls
of echocardiographic diagnostic criteria. One such was a study by Ottaviani et al[24],
who measured trabeculations in the explanted hearts of 105 patients diagnosed as
LVNC by echocardiography and who underwent orthotopic heart transplant. NC/C
ratio was found as 1.7/1 ± 0.2, demonstrating the discordance between echocardiography and pathology[24]. Echocardiography has several limitations, such as such as
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being operator dependent, inadequate apex evaluation, difficulty in distinguishing the
bilayer appearance, and inadequate short axis imaging. Therefore, the weak correlation between the existing echocardiographic diagnostic criteria has led to the
increased use of CMR in diagnosis[25]. CMR is a highly sensitive method in the
diagnosis of LVNC and stands out with its ability to provide three-dimensional data,
functional imaging, and tissue characterization with late gadolinium enhancement
imaging[26,27]. However, its diagnostic criteria for the disease are not fully established
[28].
Regarding CMR based diagnostic criteria, Petersen et al[27] conducted a study
evaluating trabeculation distribution and NC/C ratios in different patient groups,
such as dilated cardiomyopathy, hypertrophic cardiomyopathy, as well as 7 patients
with LVNC; they concluded that trabeculation ratio > 2.3 (NC/C > 2.3) measured in
end-diastole SA supported non-compaction cardiomyopathy diagnosis with 86%
sensitivity and 99% sensitivity[27]. Fazio et al[29] performed end-diastole measurements in 8 patients diagnosed with LVNC and reported that it would be more
appropriate to increase NC/C ratio to 2.5[29]. Other CMR-based criteria are more
quantitative measurements, based on the measurement of trabeculated mass developed by Jacquier et al[30] and Grothoff et al[31]. Jacquier et al[30] conducted a CMR
imaging study on trabeculation mass and reported that the trabeculated LV mass
should be more than 25% of the total LV mass, and the noncompacted myocardial
mass should be > 15 g/m2[30,31].
Ventricular myocardium in LVNC has varying morphology ranging from increased
spongiosis to dysplastic appearance. Changes in coronary microcirculation together
with myocardial abnormalities are thought to play a role in the development of
fibrosis. Late gadolinium enhancement may reveal findings of subendocardial and
trabecular fibrosis. Although fibrosis may emerge as a follow-up parameter due to
increased fibrosis occurrence in adult patients and advanced disease, recent studies
have shown that late contrast enhancement may also occur in normally compacted
myocardium[32,33]. Similar to a study by Nucifora et al[34], the presence and prevalence of myocardial fibrosis may be associated with EF but is insufficient for diagnosis
and follow-up[34]. Thanks to advances in high resolution imaging, the sensitive
imaging techniques can be used to detect even the slight variations in myocardial
morphology within normal limits. Dawson et al[35] conducted a study to determine
the anatomic norm of trabeculation and evaluated normal hearts of 120 healthy
volunteers using CMR. Similar to LVNC, they demonstrated the highest volume of
trabeculated myocardium was at a young age and in the apical anterior segments enddiastolic, however, the study needs to be supported by large cohort studies to
determine normal limits[35]. The increasing prevalence of the disease indicates the
need for strict diagnostic guidelines that can distinguish between normal and
pathological trabeculation. LVNC is associated with systolic dysfunction and may
clinically progress to heart failure. However, the factors affecting global and regional
systolic left ventricular functions and their relationship with the LV noncompacted
myocardial mass are not clearly known. Therefore, studies have been conducted to
examine the relationship between the change in LV systolic function and the distribution and extent of trabeculation.
In our study, we investigated the relationship between and global and regional EF
of apical, midventricular, and basal regions and the trabeculation ratio and number of
trabeculated segments of these regions in 65 patients diagnosed with LVNC. We did
not find any concordance between EF and trabeculated segment number and ratio for
all three regions or global LV. Choudhary et al[36] investigated the relationship
between LV systolic function and global and regional LVNC mass. Contrary to our
study, a significant inverse correlation was found between global EF and NC/C ratios
in basal, apical, and midventricular regions in end-systolic measurements, and a
significant inverse correlation was observed between end-systolic NC/C ratio and
regional EF[36]. Dellegrottaglie et al[37] used qualitative and quantitative methods
such as wall motion score and fractional wall thickening to measure regional systolic
function in 16 adult patients. In measurements of regional systolic functions, an
inverse relationship was found between NC/C ratio and fractional wall thickening,
and a direct relationship with wall motion score. In other words, a positive correlation
was found between regional function and NC/C myocardial ratio. While no
significant correlation could be found between the number of noncompacted segments
and left ventricular EF, it was considered an indicator of global left ventricular
dysfunction[37].
Choi et al[38] conducted a study on 145 people [24 isolated LVNC, 33 non-isolated
LVNC, 30 dilated cardiomyopathy with noncompaction, 27 dilated cardiomyopathy,
and 31 healthy controls] and, similar to our study, did not find a significant correlation
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between left ventricular trabeculation volumes and EF in isolated LVNC patients
compared to the control group[38].
Fazio et al[29] evaluated the relationship between ventricular dysfunction and the
number of noncompacted segments in noncompaction cardiomyopathy and found
that 122 of 238 patients (mean EF 44.39%) diagnosed with isolated LVNC had
ventricular dysfunction with mean EF as 34.6%. However, they did not find a
correlation between the number of affected segments and systolic dysfunction[29].
The severity and extent of myocardial involvement in patients with LVNC varies
according to the stage of the disease and is heterogeneous. While some studies have
found a significant relationship between trabeculation ratio and change in global
ventricular function, other studies did not find a significant correlation between
ventricular function and the ratio and frequency of trabeculation, as in our study. In
addition, most of the studies conducted to date have focused on the relationship
between trabeculation volume and global LV systolic function (EF). The limited
number of studies on the impact to segmental function report varying results. In our
study, we did not find a significant relationship between segmental function and the
number of trabeculated segments or trabeculation ratio (P > 0.05).
The main limitations of this study are the lack of control group and its retrospective
design. In addition, cardiac biopsies and genetic factors were not available for the
included patients. Histopathological findings and genetic factors could help to provide
more accurate diagnoses for LVNC.

CONCLUSION
In conclusion, there is a need for large cohort studies that include healthy subjects in
order to utilize changes in left ventricular function as a criterion in the diagnosis of
LVNC. There is not enough evidence yet for the use of segmental and global functions
in the diagnosis and follow-up of the disease.

ARTICLE HIGHLIGHTS
Research background
The frequency of left ventricular noncompaction cardiomyopathy (LVNC) diagnosis is
increasing day by day due to inadequate diagnostic criteria. In addition, the criteria
used cannot determine the prognosis and stage of the disease.

Research motivation
New cardiac magnetic resonance (CMR) criteria that can be used in the diagnosis of
LVNC can explain when the increased trabeculation rate in healthy individuals can be
called disease. In this context, left ventricular function changes due to increased trabeculation may be a parameter.

Research objectives
In our study, it was aimed to evaluate the relationship between LV global and regional
function and trabeculation increase. A new parameter that can be used in diagnosis
and follow-up will increase the diagnostic specificity of LVNC.

Research methods
The distribution and ratios of trabeculations in apical, midventricular, and basal
regions were examined in CMR. In addition, by using short-axis cine images, regional
ejection fraction (EF) and global EF were calculated with the Simpson method in the
left ventricle (LV) at apical, basal, and midventricular levels.

Research results
Global EF was correlated with apical, midventricular, and basal regional EF, but there
was no significant correlation between global EF and the number of trabeculated
segments or trabeculation ratio in the global LV. Also, there was no significant
correlation between regional EF and the number of trabeculated segments or trabeculation ratio in all three regions.
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Research conclusions
Global and regional EF changes may be new diagnostic criteria in the diagnosis of
LVNC and in the follow-up of the disease.

Research perspectives
Studies on the relation of LV segmental functions with trabeculation are limited.
Studies with larger cohorts and control groups should be conducted.
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Abstract
BACKGROUND
Fractional flow reserve (FFR) measurement is commonly used in the cardiac
catheterization laboratory to assess the functional significance of coronary arterial
plaques. Robust real-world data on complications and modes of failure of FFR
guidewires are limited.
AIM
To characterize these outcomes by analyzing the post-marketing surveillance data
from the United States Food and Drug Administration Manufacturer and User
Facility Device Experience (MAUDE) database for commonly used FFR guidewires.
METHODS
The MAUDE database was queried from January 2010 through April 2020 for 3
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FFR guidewires [PressureWireTM X (Abbott), CometTM (Boston Scientific), and
VerrataTM (Philips)] by searching for the following events: “Injury”, “malfunction”,
“death”, and “other”. This yielded 544 reports. After excluding incomplete
reports, 486 reports were analyzed.
RESULTS
Guidewire tip fracture was the most commonly reported mode of failure, in 174
(35.8%) cases followed by guidewire kinking (n = 152, 31.3%), communication
failure (n = 141, 29.0%), and shaft fracture (n = 67, 13.8%). In total, 133 (27.4%)
device failures resulted in patient adverse events. The most common adverse
event was retained guidewire tip, in 71 (53.4%) cases, followed by freshly deployed stent dislodgment (n = 26, 19.6%) and coronary artery dissection (n = 23,
17.3%). Seven deaths were reported.
CONCLUSION
FFR guidewire failures can occur because of various mechanisms and cause
patient adverse events. The MAUDE database serves as an important platform for
improved collaboration among clinicians, device manufacturers, and regulators to
improve device performance and optimize patient outcomes. Our analysis
provides mechanistic insights of FFR guidewire failure and associated adverse
events but cannot verify causality or provide a comparison among different
guidewires.
Key Words: Fractional flow reserve; Coronary guidewire; Adverse events; Modes of
failure; Food and Drug Administration; Manufacturer and user facility device experience
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Core Tip: We analyzed post-marketing surveillance data from the Food and Drug
Administration Manufacturer and User Facility Device Experience database to outline
the most common adverse events and modes of failure encountered with Fractional
Flow Reserve (FFR) coronary guidewires. Guidewire tip fracture was the most commonly reported mode of failure, in 35.8% of cases; retained guidewire tip was the most
common patient complication (53.4% of cases). FFR is an important frontline measurement in the cardiac catheterization laboratory to assess intracoronary physiology.
Our analysis demonstrates that in real-world practice, FFR guidewire failures can occur
because of myriad mechanisms and result in patient complications.

Citation: Khalid N, Pandey Y, Khalid U, Kamran H, Wermers JP, Chhabra L, Alam M, Jneid H,
Kayani WT. Modes of failure with fractional flow reserve guidewires: Insights from the
manufacturer and user facility device experience database. World J Cardiol 2021; 13(7): 223229
URL: https://www.wjgnet.com/1949-8462/full/v13/i7/223.htm
DOI: https://dx.doi.org/10.4330/wjc.v13.i7.223

INTRODUCTION
Fractional flow reserve (FFR) is an essential measurement in the cardiac catheterization laboratory to assess intracoronary physiology. It is obtained by using a
pressure sensing guidewire to calculate flow in the epicardial coronary arteries and
determine the functional significance of stenosis. The benefits of an FFR-based
revascularization strategy in coronary artery disease are well-established. Landmark
clinical trials[1-5] have demonstrated that an FFR-guided decision to perform percutaneous coronary intervention reduces major adverse cardiovascular events and
decreases the rate of urgent interventions. Likewise, physicians can safely defer
revascularization for FFR-negative lesions[6], sparing patients the risk of invasive
procedures and long-term antiplatelet therapy. FFR has considerable clinical advantages and is widely utilized.
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Performing FFR requires the insertion of an additional guidewire into the patient’s
arterial system, which increases the risk of procedural complications. However, robust
real-world data on the complications and modes of failure of commonly used FFR
guidewires are limited. We aim to characterize these outcomes by analyzing the postmarketing surveillance data from the United States Food and Drug Administration
(FDA) Manufacturer and User Facility Device Experience (MAUDE) database for
commonly used FFR guidewires.

MATERIALS AND METHODS
The MAUDE database is an electronic repository created by the FDA to capture major
adverse events involving medical devices[7]. Reporting is either mandatory (manufacturers and device-user facilities) or voluntary (medical personnel, patients, and
consumers). Developed in the 1990s, the database is updated monthly, with each
report containing information on the device, event date, and event description by the
provider and the manufacturer. The MAUDE database was queried from January 1,
2010, through April 1, 2020, for three commonly utilized FFR guidewires [PressurewireTM X (Abbott), CometTM (Boston Scientific), and VerrataTM (Philips)] by searching for
the following events: “Injury”, “malfunction”, “death”, and “other”. This yielded 544
reports. Each report included a narrative description of the failure event and the
results of a standardized inspection of the device if it was returned to the manufacturer. After excluding incomplete reports, duplicate reports, and older devices not in
current use, 486 reports were included in the final analysis. This study was conducted
from a publicly available database; therefore, an approval from the institutional review
board was not required. Patients were not required to give informed consent for the
study because the analysis used anonymous clinical data that were obtained from a
freely accessible database. Although the MAUDE database is a passive monitoring
framework, it can provide important insight into the most commonly reported
complications associated with interventional devices. Reports on safety and monitoring of approved interventional devices based on this database have been previously
reported[8].

RESULTS
Tables 1 and 2 show a complete list of reported modes of failure and adverse patient
events, respectively, categorized by each FFR coronary guidewire. Percentages represent the proportion of total submitted MAUDE reports and do not reflect the incidence
rates. Guidewire tip fracture occurred in 174 (35.8%) cases and was the most commonly reported mode of failure. Guidewire kinking was reported in 152 (31.3%) cases,
communication failure in 141 (29.0%) cases, and shaft fracture in 67 (13.8%) cases. In
total, 133 (27.4%) device failures resulted in adverse patient events. The most common
adverse patient events were a retained guidewire tip, in 71 (53.4%) cases, followed by
freshly deployed stent dislodgment in 26 (19.6%) cases and coronary artery dissection
in 23 (17.3%) cases. Seven patient deaths were reported. The device-related adverse
events were most commonly reported during physiologic evaluation of the left anterior descending (LAD) artery, accounting for 54.8% of the reported adverse events.
The relative involvement of other target coronary arteries is demonstrated in Figure 1.

DISCUSSION
This study demonstrates the modes of failure of commonly used FFR guidewires and
highlights the potential for adverse patient outcomes. Two general categories of
guidewire failure can occur: structural failure and errors in signal communication. The
most common structural failures reported in this study were distal tip fractures
(35.8%), kinking (31.3%), peeled coating (18.3%), and shaft fractures (13.8%). A
majority of devices in this study failed from more than one of the above mechanisms.
Most structural failures were attributed to operator handling issues, defined as having
occurred at any point after the device was removed from packaging. Structural failures
add complexity for the operator, as demonstrated by 23% of reports noting the
inability to advance the guidewire. Structural failures are also directly associated with
patient harm: 53% of adverse patient events were related to fractured guidewire tips
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Table 1 Summary of device modes of failure for fractional flow reserve coronary guidewires
VerrataTM (Philips), n =
199

CometTM (Boston Scientific), n =
180

PressureWireTM X (Abbott), n =
107

Total, n =
486

Guidewire distal tip
fracture

55 (27.6)

68 (37.8)

51 (47.7)

174 (35.8)

Guidewire kinking

37 (18.6)

103 (57.2)

12 (11.2)

152 (31.3)

Communication failure

64 (32.2)

59 (32.8)

18 (16.8)

141 (29.0)

Failure to advance
guidewire

62 (31.2)

36 (20.0)

14 (13.1)

112 (23.0)

Peeled guidewire coating

6 (3.0)

83 (46.1)

0 (0)

89 (18.3)

Guidewire shaft fracture

25 (12.6)

22 (12.2)

10 (9.3)

67 (13.8)

Device mode of failure

Percentages represent proportion of reported events and do not reflect the incidence rates. Results reported as n (%).

Table 2 Summary of patient adverse events for fractional flow reserve coronary guidewires
Adverse patient events VerrataTM (Philips), n = 58 CometTM (Boston Scientific), n = 29 PressureWireTM X (Abbott), n = 46 Total, n = 133
Retained guidewire tip

27 (46.6)

22 (75.9)

22 (47.8)

71 (53.4)

Stent dislodgement

18 (31.0)

0 (0)

8 (17.4)

26 (19.6)

Vessel dissection

8 (13.0)

4 (13.8)

11 (23.9)

23 (17.3)

Death

2 (3.4)

2 (6.9)

3 (6.5)

7 (5.3)

Vessel perforation

3 (5.2)

1 (3.5)

2 (4.4)

6 (4.5)

Percentages represent proportion of reported events and do not reflect the incidence rates. Results reported as n (%).

Figure 1 Adverse events stratified by target vessels for fractional flow reserve coronary guidewires.

that remained in the coronary arteries. Retained guidewire fragments increase the risk
of dissection, embolization, and thrombus formation and necessitate further interventions[9]. All options, including percutaneous retrieval with a snare, surgical retrieval
combined with coronary bypass, or stenting with antiplatelet therapy, increase the risk
of further procedural complications and morbidity. Given the high incidence of
guidewire fractures, operators should assess the integrity of the device upon removal
and ensure that there are no retained pieces in the patient.
The other category of guidewire failure is an error in signal communication, which
contributed to 29% of guidewire failures in this study. Pressure sensors at the tip of
FFR guidewires transmit data to an external hub that processes information for
clinician interpretation. In all three FFR guidewires assessed in this study, commu-
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nication between the tip and hub occurs via internal cables threaded through the shaft
of the guidewire. Errors in signal communication can manifest as the inability to zero
the sensor, significant drift, or no signal detected by the hub. The currently available
pressure wire sensors are either piezo-electric or optical; these pressure wires differ
from routine workhorse wire, as they require integration of thin wires or optical fibers
that transmit the pressure signals[10]. While the exact etiologies of communication
errors of FFR guidewires were not captured in our data, they can occur after any
structural failure that causes sensor or cable damage, or from manufacturing defects.
Communication errors are important to detect, as they can result in inaccurate
measurements, prolonged procedures, and the need for additional instrumentation.
FFR guidewires can cause patient adverse events. This study demonstrates that
vessel dissection, vessel perforation, and stent dislodgement can occur with FFR
guidewire use. These are clinically significant complications that must be recognized
early and managed carefully to avoid further patient harm. The age of dislodged stents
was not documented in the reports; however, operators should exercise caution when
advancing or withdrawing an FFR guidewire across any freshly deployed stents.
Seven deaths were reported among the cases reviewed. While this is noteworthy, there
is not enough information to link the use of FFR guidewires with these deaths.
A majority of all reported events (54.8%) occurred in the LAD, followed by 24.1% in
the right coronary artery and 21.1% in the left circumflex artery. A higher rate of
reported failures in the LAD may be attributed to generally higher rates of FFR
procedures performed in this vessel; however, this information was not captured in
our data. Additionally, coronary characteristics such as tortuosity, calcification, and
disease severity can also impact individual coronary outcomes. Without this information, the clinical significance of higher reported failures in the LAD is uncertain.
Further studies that include data on coronary characteristics and operator technique
would be useful to better determine whether FFR guidewires have higher failure rates
in any one coronary artery.

Limitations
The MAUDE database has several inherent limitations that impact the interpretation
of our study. Notably, only cases with adverse events are reported in the database, and
reporting is partially voluntary. Successful cases are not reported, and there is no
information on the overall frequency of the device use. Without this information, we
cannot derive the incidence of failure rates associated with the use of these guidewires
or compare outcomes among different devices. Adverse events may be reported both
by users and manufacturers, leading to duplicate reports and difficulty in discriminating. Another notable limitation of the database is that data are provided in a nonstandardized narrative form. Not all failed devices were returned to the manufacturer
for standard inspections. Without standardized information on the clinical context of
failure events, these data cannot be used to imply causality or comparison between
procedures or devices.

CONCLUSION
The landmark clinical trials that support the routine frontline use of FFR did not
specifically address adverse events related to the use of FFR guidewires. Consequently, the present study is important in understanding the common pitfalls of this
widely used procedure. Our analysis demonstrates that real-world use of FFR is
associated with complications and adverse patient outcomes. Knowledge of the
methods of FFR guidewire failure is critical for operators to develop situational
awareness, anticipate difficult situations, assess for common complications, and
mitigate adverse patient events. Interpretation of MAUDE data also provides critical
feedback to manufacturers and allows for collaboration among clinicians, device
manufacturers, and regulators to improve devices and patient outcomes.

ARTICLE HIGHLIGHTS
Research background
Fractional flow reserve (FFR) measurement is an essential tool in the cardiac catheterization laboratory to assess the functional significance of coronary artery lesions.
Robust real-world data on the commonly reported complications and modes of failure
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associated with the FFR guidewires are scarce.

Research motivation
The landmark clinical trials that support routine physiologic lesion assessment with
FFR did not specifically address adverse events associated with the use of FFR
guidewires. Accordingly, this provided us the impetus to explore common shortcomings with one of the most common applied technology in the cardiac catheterization laboratory. With broadened global utilization of the FFR and newer iterations,
standard reporting of adverse events and failure modes may improve patient
selection, operator expertise and device technology.

Research objectives
The objective of our study was to investigate the most commonly reported adverse
events and failure modes associated with commonly used FFR guidewires by analyzing the post-marketing surveillance data from the United States Food and Drug
Administration Manufacturer and User Facility Device Experience (MAUDE) database.

Research methods
We queried the MAUDE database from January 2010 through April 2020 for 3 FFR
guidewires [PressureWireTM X (Abbott), CometTM (Boston Scientific), and VerrataTM
(Philips)] by searching for the following events: “Injury”, “malfunction”, “death”, and
“other”. The search yielded 544 reports. After excluding incomplete and duplicate
reports, 486 reports were included in the final analysis.

Research results
The most commonly reported mode of failure was guidewire tip fracture described in
174 (35.8%) cases followed by guidewire kinking (n = 152, 31.3%), communication
failure (n = 141, 29.0%), and shaft fracture (n = 67, 13.8%). One hundred thirty-three
(27.4%) device failures caused patient adverse events. The most commonly reported
adverse event was retained guidewire tip described in 71 (53.4%) cases, followed by
freshly deployed stent dislodgment (n = 26, 19.6%) and coronary artery dissection (n =
23, 17.3%). Seven deaths were reported.

Research conclusions
FFR guidewire failures can occur because of myriad mechanisms and cause patient
adverse events. Understanding the methods of FFR guidewire failure is critical for
interventionalists to develop operational awareness, forebode challenging situations,
evaluate common complications, and assuage adverse patient events. The MAUDE
database serves as an important pulpit for improved collaboration among physicians,
device manufacturers, and regulators to improve device performance and optimize
patient outcomes.

Research perspectives
Intermediate coronary lesions are commonly encountered during cardiac catheterization and present a diagnostic dilemma. Physiologic testing using a pressure wirebased system is appropriate for these lesions. The introduction of newer nonhyperemic pressure-based indices of stenosis severity such as instant wave-Free Ratio
(iFR) and coregistered iFR pressure mapping may augur a paradigm shift for
functional lesion assessment. It is pivotal for interventionalists to familiarize themselves with the common pitfalls associated not only with the standard FFR system but
also with the newer iterations.
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Abstract
BACKGROUND
Classic electrocardiographic manifestations of hyperkalemia starting with peaked
symmetrical T-waves are widely recognized in daily clinical practice but little
evidence is documented how quickly it can evolve in real-time.
CASE SUMMARY
An elderly diabetic and hypertensive male presented with acute renal failure and
rhabdomyolysis. He experienced cardiac arrest with moderate hyperkalemia
despite medical treatment and hemodialysis. Telemetry changes were retrospectively studied and found to have significant rhythm changes that occurred just
less than 10 minutes prior to the cardiac arrest.
CONCLUSION
In hyperkalemia, telemetry rhythm can change instantaneously in a significant
way. Rapidly rising potassium could be life threatening and may require more
than medical treatment.
Key Words: Electrocardiogram; Arrhythmia; Hyperkalemia; Electrolyte imbalance; Cardiac arrest; Case report
©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

https://www.wjgnet.com

230

July 26, 2021

Volume 13

Issue 7

Soe KK et al. Sliding with the sines

Manuscript source: Unsolicited
manuscript

Specialty type: Cardiac and
cardiovascular systems

Core Tip: We present a case of acute rhabdomyolysis and renal failure where the patient
experienced cardiac arrest with moderate hyperkalemia despite medical treatment and
hemodialysis. This case illustrates how quickly the telemetry rhythm can change in a
short period of time (9 min).

Country/Territory of origin: United
States

Peer-review report’s scientific
quality classification
Grade A (Excellent): 0
Grade B (Very good): B
Grade C (Good): C, C, C
Grade D (Fair): 0
Grade E (Poor): 0

Received: May 29, 2021
Peer-review started: May 29, 2021
First decision: June 17, 2021
Revised: June 19, 2021
Accepted: July 6, 2021
Article in press: July 6, 2021
Published online: July 26, 2021
P-Reviewer: Esposito P, Salimi M
S-Editor: Ma YJ
L-Editor: A
P-Editor: Yuan YY

Citation: Soe KK, Seto AH. Sliding with the sines − fatal hyperkalemia: A case report. World J
Cardiol 2021; 13(7): 230-236
URL: https://www.wjgnet.com/1949-8462/full/v13/i7/230.htm
DOI: https://dx.doi.org/10.4330/wjc.v13.i7.230

INTRODUCTION
In rhabdomyolysis where massive tissue destruction could produce significant
hyperkalemia, potassium levels are closely monitored and electrocardiographic
changes would trigger immediate action even before the laboratory confirmation[1].
Rapidly rising potassium levels are more likely to present with cardiac rhythm
changes but the pace of those changes is rarely reported in the literature.

CASE PRESENTATION
Chief complaints
A 76-year old male presented to emergency department with generalized weakness
and encephalopathy.

History of present illness
His generalized weakness gradually started over a few months and recently he was
getting weaker and also confused for a few days.

History of past illness
His past medical history was significant for hypertension, diabetes and old ischemic
stroke with residual right sided weakness.

Personal and family history
He was a non-smoker and non-drinker, and he lived in a house.

Physical examination
He was somnolent but arousable. He had dry mucous membranes and mild right
hemiparesis which was his baseline.

Laboratory examinations
Laboratory results were significant for serum potassium 6.7 mmol/L, serum creatinine
10.76 mg/dL, and serum creatine kinase 40673 U/L.

Imaging examinations
Computed tomography of the brain without contrast showed no acute changes.
Electrocardiography (Figure 1) did not show any classic changes associated with
hyperkalemia.

FINAL DIAGNOSIS
Patient was diagnosed as hyperkalemia with acute renal failure possibly due to
rhabdomyolysis.
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Figure 1 Electrocardiogram on admission. Twelve lead electrocardiogram without any hyperkalemic manifestations.

TREATMENT
Initial treatment
The patient received intravenous calcium gluconate, furosemide, dextrose, insulin, and
sodium bicarbonate, and albuterol by nebulizer. Emergent hemodialysis was arranged
and performed in the intensive care unit uneventfully, resulting in potassium decreasing to 4.0 mmol/L. CK also trended down to 37586 U/L the following day. Further
daily hemodialysis sessions were provided for oliguria.

Progress during hospital stay
On the third hospital day, CK increased to 206297 U/L but the potassium level
remained stable at 4.7 mmol/L. Six hours after the hemodialysis session of the day, the
repeat potassium was 6.9 mmol/L. The telemetry rhythm strip (Figure 2A) showed no
hyperkalemic manifestations. The patient was again administered calcium gluconate,
dextrose, insulin and sodium polystyrene. Despite these efforts, two hours later the
patient suffered a cardiac arrest with pulseless electrical activity. The patient was
resuscitated and the repeat potassium level which was taken just before the cardiac
arrest was 7.4 mmol/L. On review of the telemetry, significant changes associated
with hyperkalemia were noted just 9 min before the cardiac arrest (Figure 2B-G). The
potassium levels, creatine kinase levels and the treatments patient received are
summarized in Table 1.
Electrocardiography following the resuscitation still showed the typical sine waves
of hyperkalemia (Figure 3) with a repeat potassium level of 7.9 mmol/L.

OUTCOME AND FOLLOW-UP
The patient was intubated and continuous renal replacement therapy (CRRT) was
initiated. Despite these interventions, the hyperkalemia and metabolic acidosis
continued to worsen and he eventually expired from ventricular fibrillation refractory
to multiple defibrillation attempts. Repeat 12 Lead electrocardiography before the last
cardiac arrest showed more pronounced sine waves from hyperkalemia with corresponding potassium level of 7.1 mmol/L (Figure 4).

DISCUSSION
Traditionally, the electrocardiographic manifestations of hyperkalemia are sufficient to
make emergent interventions indicated even prior to laboratory confirmation[1-4].
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Table 1 Potassium levels, creatine kinase levels and treatments received
Timeline

Potassium levels (mmol/L)

CK levels (U/L)

Treatments received

Day 0

6.7

40673

IV calcium gluconate 1 g once
Albuterol nebulization 10 mg once
IV furosemide 40 mg once
IV dextrose 50% 50 g once
IV regular insulin 5 units once
IV sodium bicarbonate 50 mEq once
IV sodium bicarbonate 8.4% continuous infusion was started

Day 0 (2 h)

6.2

-

Hemodialysis initiated

Day 1

4.0, 4.2

37586

Daily intermittent hemodialysis continued

Day 2

4.2, 4.7

206297

Daily intermittent hemodialysis continued

Day 3, 4 AM

6.9

198294

IV calcium gluconate 1 g once
IV dextrose 50% 25 g once
IV regular insulin 5 units once
PO sodium polystyrene 30 g once

Day 3, 6 AM

7.4

-

Cardiac arrest before result was out
IV epinephrine 1mg × 3
IV calcium chloride 1g × 2
IV sodium bicarbonate 50 mEq × 3
IV dextrose 50% 25 g once
IV regular insulin 10 units once
CRRT initiated after resuscitation

CK: Creatine kinase; IV: Intravenous; CRRT: Continuous renal replacement therapy.

Continuous electrocardiographic telemetry is typically sufficient for monitoring
cardiac rhythm. However, this patient did not demonstrate the classic peaked, symmetrical T waves on telemetry despite significant hyperkalemia. The amplitudes of T
waves in lead II (Figure 2A) were less than half the height of QRS complexes and it
had similar morphology on telemetry for the first three days. If a 12-lead electrocardiogram had been recorded prior to cardiac arrest, it might have shown some peaked
T waves in the other non-monitoring leads.
Hyperkalemia is also associated with atrioventricular conduction disturbances[5,6]
and we observed the left bundle branch block morphology just 3 minutes prior to
cardiac arrest (Figure 2F).
Hyperkalemia is generally classified as moderate for the level between 6.5 mmol/L
to 8.0 mmol/L and severe for the level above 8.0 mmol/L. Rapidly progressive
hyperkalemia is more likely to present with cardiac rhythm changes[7]. This patient
only experienced moderate hyperkalemia but suffered cardiac arrest likely because of
a rapidly rising potassium. Moreover, it is also notable that the sine waves were more
dramatic with potassium level of 7.1 mmol/L (Figure 4) when he eventually demised
than with potassium level of 7.9 mmol/L (Figure 3) from his first cardiac arrest.
Intravenous regular insulin 5 units with dextrose can reduce the potassium level by
0.54-1.04 mmol/L at one hour[3] and a systematic review showed regular insulin 10
units could reduce the potassium by average of 0.78 ± 0.25 mmol/L in an hour[8]. The
beta-2 agonist, salbutamol 10 mg nebulization, is also another potent agent that can
reduce the potassium by 0.62 ± 0.09 mmol/L after 120 min of administration[9] but
with the possible side effect of severe tachycardia and is limited in patients with heart
failure or coronary artery disease. However, all of these treatments influence the
potassium level by intracellular transfer without actually reducing total body potassium. Intravenous loop diuretics are largely ineffective in relieving hyperkalemia in
oliguric patients. Oral agents that increase gastrointestinal potassium excretion, in-
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Figure 2 Telemetry strips (rate 25 mm/s). The upper rhythm is lead II and lower rhythm is lead V5. A: At 4:00 AM. when potassium level started rising. T wave
amplitude measuring 2-2.5 mm in lead II. PR interval 0.16-0.20 s. QRS 0.1-0.12 s. QT prolongation from hypocalcemia; B: At 6:50 AM. T waves in lead II seems to be
slightly taller, maybe about 0.5 mm (half small square) than Figure 2. Similar measurements for PR interval and QRS. Non-specific T waves changes in V5; C: At 6:51
AM. ST and T waves changes more pronounced in V5. ST depression by 0.5-1 mm in V5. QRS slightly widened beyond 0.12 s in both lead II and V5; D: At 6:52 AM.
QRS widened more with further ST depression. Transitioning into sine wave, more obvious in lead V5; E: At 6:53 AM. Complete loss of original QRS morphology in
lead V5 and transforming into sine waves. P waves still visible with PR interval 0.16 s in lead II; F: At 6:57 AM. QRS morphology in lead II deformed with marked ST
depression, transitioning into sine waves. QRS in V5 is showing left bundle branch block morphology at the similar heart rate; G: At 7:00 AM. Sinus pause over 2 s
and pulseless electrical activity cardiac arrest.

cluding sodium polystyrene, patiromer and sodium zirconium, have a slow onset of
action. Sodium zirconium could potentially have incremental effect in treatment of
hyperkalemia with potassium reduction of 0.41 mmol/L as early as 4 h after administration[10].
In addition to the above medical intervention, it is warranted to initiate renal
replacement therapy in the setting of hyperkalemic emergency with rhabdomyolysis.
Our patient, however, was already on daily hemodialysis with potassium level under
control for two days. Nevertheless, his rebound hyperkalemia should have been
managed aggressively with immediate hemodialysis rather than medical management
and wait for another two hours for response.
After the medical management, potassium level should be repeated one to two hour
after treatment. In our patient, it was scheduled to be repeated two hour after treatment which was reasonable. More aggressive approach to repeat the potassium at one
hour or earlier might have shown worsening hyperkalemia which would have prompted more intervention.
Hemodialysis is the mainstay for the emergency management of hyperkalemia but
daily intermittent hemodialysis may be inadequate as shown in this case. There is not
enough evidence to suggest that continuous renal replacement therapy (CRRT) is
superior to intermittent hemodialysis in management of rhabdomyolysis but CRRT
has been found to remove myoglobin more effectively and is more practical in the
setting of hypotension[11]. Early initiation of continuous veno-venous hemodialysis
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Figure 3 Electrocardiogram after resuscitation. Twelve lead electrocardiogram showing classic description of hyperkalemic manifestations, peaked T waves
in V1, V2, widened QRS complexes, P waves not seen and sine waves in V4, V5, V6.

Figure 4 Electrocardiogram showing typical sine waves of hyperkalemia. Findings include loss of P waves, severe widening of QRS complexes
resulting in fusion of QRS complexes and T waves, decrease in amplitudes of QRS complexes and T waves.

along with aggressive potassium monitoring may be necessary for severe cases of
rhabdomyolysis.

CONCLUSION
Frequent 12-lead electrocardiograms in addition to the close attention to continuous
telemetry monitoring are necessary for patient with hyperkalemia from rhabdomyolysis. Despite appropriate support with daily hemodialysis, this case demonstrates
how rapidly acute hyperkalemia can worsen and cause an evolution of the cardiac
rhythm. Timely intervention and reassessment for clinical response are critical in the
management of hyperkalemia.
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