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Pathology of the heart: Congestive heart failure
A universal model of pathology
-

Each organ has a specialized structure that needs to be understood from its regional
relationships through to its ultrastructure and proteins without any gaps. The structure
of the heart is seen in the image (for further discussion, go to
Medicalschoolcompanion.org, Heart Structure and function)

-

The ability of an organ to maintain its core function despite changes in the external
environment is called homeostasis. When a stressor exceeds the limits of homeostasis,
the organ changes its structure, called adaptation. When adaptation is inadequate,
organ function cannot meet the body’s needs and the patient enters a disease state.
For heart, his correlation of structure and function can be organized in the following
table.

-

1

Homeostasis

Adaptation

Disease state

System
(body)

٠Blood pressure
٠Blood volume

None

Heart failure

Local (organ)

٠Arterial dilation
٠Starling effect

Remodeling
(hypertrophy)

Cardiomegaly,
dilation

Molecular

Contractility (Ca+2)

Fetal proteins

Fibrosis, apoptosis
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Homeostasis of the heart: regulation of blood pressure and volume

•

The body does not monitor cardiac output. It monitors the key function of tissue
perfusion using blood pressure. It senses hypotension through the baroreceptors of the
aortic arch (1b) and carotid bodies (1a), together with the juxtaglomerular apparatus
(JGA) of the kidney (2). It monitors and regulates volume overload of the heart by
stretch receptors in the cardiac myocytes (3). Severe hypotension monitored in the
hypothalamus (4), which releases vasopressin (aka antidiuretic hormone).

Organ

Sensor

Effector

1a Carotid sinus

baroreceptor

NTS1: ANS2

1b Aortic arch

baroreceptor

NTS: ANS

2

Kidney

JGA4

RAAS5

3

Right atrium

Stretch receptor

ANP3

4

Hypothalamus Osmolality, neurologic
input of BP

ADH

1. Nucleus tractus solitarius, 2. Autonomic nervous system, 3. Atrial
natriuretic peptide, 4. Juxtaglomerular apparatus, 5. Reninangiotensin-aldosterone system

Sympathetic nervous system response to hypotension and related pharmacology
• Key to understanding the response to hypotension is the relationships of
o BP = CO X TPR
o CO = HR X SV
o SV ≈ preload, afterload & contractility
• Cranial nerve IX and X afferents carry baroreceptor signals to the nucleus tractus
solitarius (NTS), which regulates the autonomic nervous system (ANS) through the SNS
and PNS.
• NTS signals the vasomotor center to stimulate the SNS, affecting 3 major organs. Be able
to explain, at a molecular level, how this results in:
o Heart: ↑HR, ↑contractility (β1 receptor /Gs)
o Adrenal glands: ↑HR, ↑TPR (heart: β1 receptor /Gs; vessels: α1 receptor /Gq)
o JGA: ↑preload, ↑TPR (heart: Starling curve, vessels: α1 receptor /Gq)
o ADH (severe ↓BP): ↑preload, ↑TPR (kidney: V2 receptor /Gs; vessels: V1
receptor /Gq)

2
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Adaptation
•

3

Myocytes cannot divide and so they respond
by increasing the number of sarcomeres. Each
myocyte becomes larger in size, called
hypertrophy.
o Over 100 different proteins are
affected by adaptation.

When homeostatic mechanisms do not
adequately correct a problem, the body responds to
this stressor by changing the myocyte to a different
structure with different proteins. This change, called
adaptation is induced by cytokines and is genetic.
Stressors can include excessive demand over
a long period of time (e.g. abnormal valves or
hypertension), injury (e.g. hemochromatosis) and
infection.

© 2020, ClinicoPath LLC. All rights reserved.

www.MedicalSchoolCompanion.org
o Myocyte proteins take on a fetal pattern.

•

•

The ventricular wall must develop a pressure greater than that of the aortic valve to
pump blood. The force in the wall is called wall tension. The physics of this is described
in Laplace’s Law.
If the afterload increases, for example with hypertension
Laplace’s Law:
or aortic valve stenosis, then the heart compensates by
Wall tension α Pressure X R/2T
increasing its thickness.
o This decreases the necessary wall tension.
Tension ≡ End Diastolic Pressure/Volume
Pressure
≡ afterload
o This adaptation is accomplished by increasing the
R
=
radius;
T = wall thickness
number of sarcomeres in parallel, called
concentric hypertrophy.
o The trade-off is decreased stroke volume and increased diastolic filling pressure.

Normal

•

4

Other adaptive changes in cells includes
hyperplasia (i.e. an increase in the number of cells
and metaplasia (i.e. the change in the type of cell).

Concentric hypertrophy

↑thickness; ↓volume

If the preload increases, for example in mitral valve regurgitation or renal failure, then
the heart compensates by chamber dilation.
o This increases the stroke volume
o The adaptation is accomplished by increasing the number of sarcomeres in
series, called eccentric hypertrophy.
o The trade-off is increased wall tension due to increased radius
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Normal

5

Eccentric hypertrophy

↑volume

•

Physiologists will often depict progression of disease with this image of cardiac function
curves in health and disease.

•

There are several key ideas represented in cardiac function curves:
o The shape of the normal curve, in black, reflects the Starling effect. As the atrial
pressure increases on the X axis, reflecting the preload, cardiac output increases
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due to the increase in contractility from the increased stretch of the myocardial
fibers.
o With any chronic progressive disease, there is a decrease in the function curve
(i.e. the normal curve of the black line drops to the lower function seen in the
“B” line).
o The resulting decrease in cardiac output can be corrected by the neurohormonal
effects of the SNS, the RAAS and remodeling through cytokines such as IL-1. This
is seen in the increase in CO from B1 to B2.

•

6

o Note that compensation requires an increase in preload (seen in the increase in
atrial pressure) and an increase in afterload (i.e. TPR, not illustrated).
o Heart failure, the presence of symptoms at rest occurs when the progressive loss
of function cannot be corrected, as seen with the flat response of the CO. Note
that there is an increase in atrial pressure due to an increase in ventricular end
diastolic pressure. When atrial pressure exceeds 10 mmHg in the right atrium,
patients develop pitting edema. When pressure exceeds 20 mmHg in the left
atrium, patients develop pulmonary edema and shortness of breath.
o “D” represents the goal of treatment, which is to decrease the atrial/ventricular
pressure back to a point where there is some Starling effect. Too severe a
diuresis results in hypotension. A common way to assess diuresis is by following
renal function (i.e. eGFR).
Irreversible progression
o Long term increased stimulation by the SNS and cytokines leads to apoptosis of
myocytes and interstitial fibrosis.
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o Lost myocytes cannot be replaced by regeneration and this places an increased
burden on the remaining myocytes, hastening their loss in a negative spiral.
o Fibrosis leads to a loss in contractility from a stiff wall as well as decreased
diastolic filling volume.
o Prevention of irreversibility is a key component of therapy and is only seen with
those drugs that inhibit the neurohormonal homeostatic mechanisms.
 β blockers
 Anti-aldosterone drugs (e.g. spironolactone)
 ACE-I /ARB
 Inhibitors of natriuretic peptide inhibitors (e.g. neprilysin)

Disease state: Left ventricular Congestive Heart Failure
Pathophysiology
•

•

Heart failure is defined as an inability of the heart to have output adequate for systemic
demand.
o In clinical practice, failure is defined as an increase in end diastolic volume (LVEDV) or
increase in end ventricular end diastolic pressure (LVEDP)
 End diastolic volume correlates to preload. The force of the fiber contraction
increases with increasing fiber length (force is calculated with fibers held at a
fixed distance during contraction i.e. isometric). This is the basis of the FrankStarling law.
 End diastolic pressure correlates to afterload (i.e. blood pressure). Increased
aortic pressure decreases the velocity of fiber contraction, with a shorter
contraction time and decreased stroke volume (velocity of fiber contraction is
calculated at fixed different pressures i.e. isotonic).
Failure can be due to:
o Pump failure (i.e. contractile myocyte)
o Arrhythmia (i.e. conducting myocyte)
o Decreased filling (i.e. loss of compliance, pericardial disease, hypovolemia)
o Abnormal peripheral resistance (severe ↑BP or severe ↓BP)

There is no single way to think about heart failure. Clinicians use one of the following categories
that best fits any given patient.
•
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Reduced ejection fraction (HFrEF) versus preserved ejection fraction (HFpEF)
o This is the classification most used in studies as it is based on reproducible ECHO
cardiograms. An EF < 40% is reduced and an EF > 50% is preserved ejection fraction.
o HFrEF used to be called systolic failure. It is associated with a dilated ventricle with an
increased preload, eccentric hypertrophy and is commonly seen post-MI.
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•

•

•

•
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o HFpEF used to be called diastolic failure. It is associated with an increased afterload,
concentric hypertrophy and increased filling pressures. It is commonly seen in
hypertension and old age. For the medical student, is most importantly associated
with hypertrophic cardiomyopathy.
Systolic failure versus diastolic failure.
o Older nomenclature now replaced by the ECHO cardiographic classification based on
ejection fraction (see above).
Left-sided versus right-sided
o While right-sided failure is usually secondary to left-sided failure, it is still a useful
way of thinking about signs and symptoms.
Forward versus backward failure
o Forward failure refers to the ability of cardiac output to meet tissue demand. This is
mostly used for left ventricular output, as pure right-sided failure is much less
common (in the US due to cor pulmonale in COPD). Common clinical manifestations
of forward failure include fatigue, poor exercise tolerance, mental confusion and
renal compromise.
o Backward failure refers to congestive changes. In the left side, pulmonary edema
causes dyspnea. In the right side, it causes pitting edema and hepatomegaly.
Heart failure is the common end pathway for all chronic progressive heart disease
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•
•
•
•
•
•
•
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Left-sided CHF is defined as an increase in left ventricular end diastolic volume and/or
pressure (LVEDV/P), so any test that shows this is diagnostic.
An S3 heart sound is seen when the atrium contracts into a dilated left ventricle.
Lung crackles are heard when the lung capillary pressure exceeds 20 mmHg. This is
transmitted from the left atrium.
Cardiomegaly is seen with remodeling, an adaptation to chronic disease.
Pulmonary edema is seen on CXR as perihilar consolidation
BNP is seen when there is pathologic stretching of left ventricular myocytes, reflecting
increased LVEDP
Capillary wedge pressure reflects left atrial pressure which reflects LVEDP.
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Etiology of chronic heart failure:
1. Ischemia
2. Hypertension
3. Valvular disease

•

}

80%

4. Cardiomyopathy
a. Dilated
b. Hypertrophic
c. Restrictive
5. Pericardium
a. Restrictive pericarditis
b. Tamponade
High output (anemia, AV shunt, beriberi, hyperthyroidism

Presentation:
•

•

•

-
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Symptoms
Dyspnea:
o This is often used interchangeably with shortness of breath, but it more
specifically refers to a breathing discomfort. This sensation is due to complex
interactions between mechanoreceptors in the lung and metabolic changes
in pH PaO2 and PaCO2.
o In CHF, patients describe air hunger or a sense of suffocation. In COPD,
patients describe an inability to take a deep breath or chest tightness
Orthopnea
o When lying flat, there is an increase in venous return from the lower legs, in
the order of 10%. With marginal heart function, this modest increase in
preload is enough to cause pulmonary edema.
Paroxysmal nocturnal dyspnea (PND)
o This has two elements: SOB and the respiratory symptoms of cough and
wheezing.
o SOB is due to pulmonary edema from the orthopnea of lying flat
o The cough and wheezing, collectively called “cardiac asthma” are due to
irritation and bronchospasm from the interlobular edema from pulmonary
veins
o PND is specific for LV-CHF.
Signs:
o S3 heart sound: Re-modeling leads to cardiomegaly and ventricular dilation,
which causes an S3 heart sound with atrial contraction.
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The S4 heart sound is due to atrial contraction into a ventricle with
increased stiffness (i.e. decreased compliance)
o Crackles: caused by pulmonary edema. Pulmonary edema causes dyspnea as
there is an alveolar diffusion defect and V/Q mismatching.
Testing:
o Any test that shows an increased in LVEDP/V confirms a diagnosis of CHF.
 CXR: cardiomegaly, Kerley B lines, pulmonary edema (consolidation)
 BNP: stretch of ventricular myocytes (increased LVEDP/V)
 ECHO: heart size and internal structure, EF
 Wedge pressure (i.e. Swann-Ganz catheter): increased left atrial pressure


-

Natural History of CHF
-

Prognosis:
• This is determined by the stage of disease. Commonly used in the United States
is the functional classification of heart failure of the New York Heart Association
o Class 1: No limitations; no symptoms during ordinary activities
o Class 2: Mild limitations; comfortable up to mild activity
o Class 3: Marked limitations; comfortable only at rest
o Class 4: Any activity is uncomfortable; symptoms at rest
•
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These correlate well with prognosis.
o All classes taken together have a 5-year survival of 50%.
o Classes 3 and 4, together have a 1-year survival of 40%. Severe heart
failure has a worse prognosis than aggressive cancers.
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NYHA Class 1

-
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NYHA Class 2

NYHA Class 3

NYHA Class 4

Treatment
• Symptomatic relief
o Diuresis (e.g. furosemide- NaKCC transporter inhibitor)
o Inotropy (e.g. digitalis-Na+/K+ ATPase inhibition increases intracellular
calcium)
• Interruption of natural history (all reverse neurohormonal effects)
o ACE-I (inhibit production of ATII) & ARBs (block ATII receptor)
o β-blockers (e.g. atenolol- inhibit β1 receptor of the SNS)
o Aldosterone antagonists (e.g. spironolactone- antagonizes
mineralocorticoid upregulation of ENaC in principal cell of collecting
tubules)
o Neprilysin inhibitors- neprilysin inhibits natriuretic peptides which
decrease ENaC in principle cell of the collecting tubule. Usually given
with an ARB (e.g. Entresto®)
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Right ventricular CHF
• Right-sided CHF is defined as an increase in right ventricular end diastolic volume and/or
pressure (LVEDV/P), so any test that shows this is diagnostic.

-
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Etiology:
o WHO classification of PAH
1. Pulmonary artery hypertension
a. Hereditary
b. Congenital heart disease (Eisenmenger syndrome)
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2.
3.
4.
5.

c. Rheumatic immune diseases
a. Rheumatoid arthritis
b. SLE
c. Scleroderma
LV-CHF
Cor pulmonale
Recurrent pulmonary emboli
Others

Presentation
- Symptoms:
o Edema (congestion)
o Shortness of breath (reduced ejection fraction)
- Signs:
o Pitting edema
o Hepatomegaly with hepatojugular reflux
o Jugular venous distension
- Testing:
o CXR
o ECHO
o CT scan, including pulmonary artery hypertension (PAH)
1. Pressure > 25 mmHg
2. PA diameter >29-31 mm
Natural history
-
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Prognosis depends upon the etiology
Treatment depends on the etiology
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