Chapter 4

Volume Assessment
and Management: Medical
and Device Therapies

Lauren B. Cooper and Robert J. Mentz

Introduction

The clinical syndrome of heart failure is a constellation of
signs and symptoms resulting from a reduced ability of the
heart to pump an adequate volume of blood, either due to
impaired ventricular filling or impaired ventricular pumping
[1]. Heart failure patients retain sodium and fluid and may
develop congestive symptoms of dyspnea, fatigue, and
peripheral edema. Congestion is associated with increased
morbidity and mortality in heart failure patients. Thus, the
clinician should routinely assess clinical congestion based on
history and physical examination. In addition, laboratory and
imaging modalities as well as more recently developed
implantable device technologies may assist with the diagnos-
tic evaluation of congestion. The management of congestion
has historically been based on loop diuretics, however, addi-
tional pharmacologic therapies such as thiazide diuretics,
vasodilators, vasopressin antagonists, and mineralocorticoid
receptor antagonists may provide additional decongestion
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benefits. If diuretic-based therapies are unsuccessful, ultrafil-
tration may be considered. In this chapter, we review the
assessment of clinical congestion and highlight recent device-
based diagnostic technologies. The approach to volume man-
agement is outlined including both pharmacologic and
mechanical fluid removal.

Epidemiology of Congestion

Heart failure is a considerable and costly public health
problem in the United States and worldwide, affecting more
the 5 million American adults, responsible for over 1 million
hospitalizations and costing over $30 million in 2012 [2]. Most
heart failure hospitalizations are due to volume overload,
with adequate decongestion therefore a major goal during
hospitalization [3]. Despite inpatient treatment, many patients
are discharged with persistent congestion, and congestion at
the time of discharge is associated with worse outcomes [3-5].
Therefore, adequate assessment and treatment of volume
overload are important factors in the management of patients
with heart failure.

Terminology and Pathophysiology
of Congestion

First described by Starling in 1914, as the normal heart fills
with blood during diastole, the filling pressure in the ventricle
increases, and the resultant stroke volume increases propor-
tionally [6]. In heart failure, the ventricle is unable to increase
stroke volume, either due to impaired contraction, impaired
relaxation, or both (Fig. 4.1). Typically, during diastole the
ventricle can accommodate large increases in volume with
small increases in pressure. However, as the ventricle fills to
capacity and becomes less distensible, the result is a significant
rise in end-diastolic pressure. Therefore, the ventricular
end-diastolic pressure is a marker of volume status. Congestion,
or volume overload,in the setting of left ventricular dysfunction
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FIGURE 4.1 Starling curve. The relationship between stroke volume
and left ventricular end-diastolic pressure in the setting of normal
cardiac function and left ventricular dysfunction

is defined in part based on high left ventricular end diastolic
pressure (LVEDp). LVEDp can be measured directly with a
catheter passed retrograde through the aortic valve into the
left ventricle or estimated via indirect measurements with a
pulmonary artery catheter. In the absence of mitral valve dis-
ease, the left atrial pressure (LAp) is equal to the LVEDp, and
the pulmonary capillary wedge pressure (PCWP) is a surro-
gate for the LAp and therefore for the LVEDp.

The mechanisms of congestion in heart failure are thought
to be a result of neurohormonal activation of the
renin-angiotensin-aldosterone system as well as increased
circulating levels of vasopressin (Fig. 4.2). Volume overload
may occur in isolation, or in conjunction with decreased
cardiac output. Causes of congestion and worsening cardiac
function can vary and may be multifactorial. Possible precipi-
tating factors including ischemia, infection, hypertension,
arrhythmia, and dietary or medication noncompliance [7].
Another proposed mechanism is that a reservoir of blood
from the splanchnic circulation gets abnormally distributed
to the effective circulating blood volume in the presence of
an abnormal hormonal milleau, as occurs in heart failure [8].
Congestion leads to further neurohormonal activation, and
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FIGURE 4.2 Mechanisms of congestive heart failure. Abbreviations:
HTN hypertension, JVD jugular venous distension, LA left atrial, LV
left ventricular, LVEDP left ventricular end diastolic pressure, PA
pulmonary artery, PCWP pulmonary capillary wedge pressure, PND
paroxysmal nocturnal dyspnea, RA right atrial, RV right ventricular

results in ventricular remodeling, pulmonary hypertension,
and renovascular pathology, all of which contribute to wors-
ening heart failure [9, 10].

Volume Assessment
History and Physical Examination

Symptoms

The clinical assessment can provide important information
regarding volume status (Table 4.1). Patient reported
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TaBLE 4.1 Signs and symptoms of volume overload

Symptoms/signs Etiology/hemodynamics

Left sided

Dyspnea Fluid accumulation in the lungs causing
reduced lung compliance

Orthopnea Increased ventricular preload: >2 pillows

(dyspnea when is consistent with a pulmonary capillary

supine) wedge pressure >28 mmHg

Paroxysmal Fluid shifts from peripheral circulation

nocturnal dyspnea

Bendopnea Increasing right and left sided filling
(dyspnea when pressures

bending)

Rales Pulmonary edema

3rd heart sound Rapid ventricular filling during diastole

Right sided

Edema Increased venous pressures causing fluid to
shift to interstitium

Hepatomegaly Elevated right-sided filling pressures

Jugular venous Elevated right atrial pressure

distension

Bendopnea Increasing right and left sided filling

(dyspnea when pressures

bending)

symptoms of congestion include dyspnea, dyspnea on
exertion, orthopnea, paroxysmal nocturnal dyspnea, bendop-
nea, and edema [11].

The symptom of dyspnea is frequently reported by patients,
and is one of the most common reasons they seek treatment
for heart failure. Cardiogenic dyspnea is caused by fluid accu-
mulation in the lungs that reduces lung compliance. Pulmonary
edema is a result of high pressure in the pulmonary capillaries
causing transudation of fluid into the alveolar walls and the
alveolar spaces [12]. In the early stages of volume overload,
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dyspnea may only occur with exertion, but as congestion
worsens, dyspnea can occur with progressively less exertion
and even occur at rest. Shortness of breath may also present
suddenly, as in “flash pulmonary edema,” caused by acute
increases in LVEDp caused by acute ischemia, acute aortic or
mitral regurgitation, or severe hypertension. While the symp-
tom of dyspnea is neither sensitive nor specific for volume
overload, it can be used to subjectively assess response to
therapy and characterize a patient’s clinical course.

Orthopnea—dyspnea when supine—is due to the changes
in blood distribution to the pulmonary circulation and
increased ventricular pre-load when lying flat. Patients may
describe this symptom in terms of the number of pillows
required to sleep without experiencing shortness of breath.
More severe orthopnea has been shown to correlate with
higher pulmonary capillary wedge pressures [13]. A related
symptom that occurs in the supine position is paroxysmal
nocturnal dyspnea (PND). PND is acute shortness of breath
that awakens a patient from sleep and results in an urge to sit
upright and breathe cool air. PND is also thought to occur
due to fluid shifting from the peripheral circulation.

Bendopnea—dyspnea when bending over—occurs when
there are elevated right- and left-sided cardiac filling pres-
sures. Compared to patients without bendopnea, patients
with bendopnea have higher supine right atrial and pulmo-
nary capillary wedge pressures, and both right and left sided
filling pressures increase when bending over [14].

Physical Exam

Physical exam signs of congestion include peripheral edema,
hepatomegaly, a third heart sound, rales, and jugular venous
distention. Jugular venous distention and pulmonary rales
are the most specific findings, and a third heart sound is the
most sensitive finding [11].

Peripheral edema is the result of high right heart filling
pressures which increases hydrostatic pressure in the
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venous circulation, causing fluid to shift into interstitial
tissues. Like many signs and symptoms, the exam finding of
dependent edema is not sensitive, but can be used to
monitor response to treatment [11]. In addition to edema,
marked elevation in right-sided filling pressures can also
result in congestion of the liver, causing the liver to be
enlarged and pulsatile. Prolonged congestive hepatopathy
can result in irreversible liver damage, termed cardiac
cirrhosis.

A third heart sound, termed an S3 gallop, is caused by
rapid ventricular filling during the passive ventricular filling
in diastole. The presence of an S3 is associated with elevated
left atrial and left ventricular end diastolic pressures and is
associated with a poor prognosis. As filling pressures decrease
with diuresis, the S3 may diminish.

Pulmonary rales are due to fluid accumulation in the
alveoli due to transudation of fluid due to increased pres-
sures in the pulmonary veins. Volume overload causes ele-
vated pressure in the left ventricle which leads to elevated
pressures in the left atrium and pulmonary veins. While rales
on the examination of the lungs may be heard, this finding
can be found with other conditions. Additionally due to a
compensatory increase in lymphatic drainage from the lungs
in chronic heart failure, rales are often notably absent in
many chronic heart failure patients despite significant patient-
reported dyspnea [15].

Jugular venous pressure reflects right atrial pressure which
typically correlates with pulmonary capillary wedge pressure.
However, in approximately 20 % of patients, right atrial pres-
sure and PCWP are discordant, with low RA pressure despite
elevated PCWP, or, less commonly, high RA pressure despite
low or normal PCWP [16, 17]. Therefore, JVP assessment is
an important component of the evaluation of volume status
in heart failure patients, but this should not be used in
isolation.

Despite low sensitivity and specificity of individual patient-
reported symptoms and physical exam findings, taken
together, health care providers are commonly able to use
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these findings to diagnose decompensated heart failure,
distinguish it from other disease processes and characterize
the severity of congestion. Furthermore, changes in symp-
toms and exam findings can aid both patients and health care
providers in monitoring volume status and response to ther-
apy. Physician assessment of hemodynamics has been shown
to correlate with invasive hemodynamic measurements, with
clinical findings of congestion correlating with higher PCWP
by invasive hemodynamic measurements [18].

Pulmonary Artery Catheters

In addition to noninvasive evaluations, pulmonary artery
(PA) catheters can aid in the evaluation and monitoring of
volume status. The Evaluation Study of Congestive Heart
Failure and Pulmonary Artery Catheterization
Effectiveness (ESCAPE) trial, studied heart failure
patients hospitalized with congestion, and compared ther-
apy tailored by clinical assessment versus invasive hemo-
dynamic monitoring [13]. In this study, 433 patients were
randomized to one of the two strategies with an endpoint
of resolution of clinical congestion. While the trial did not
show a difference in survival or hospitalization between
patients who were treated with the aid of a PA catheter
and those who were treated based on clinical assessment
alone, the patients whose diuresis was adjusted based on
the invasive hemodynamics had greater diuresis and less
renal dysfunction with therapy [13, 19]. Furthermore, a
review of patients excluded from the trial confirmed they
were often more severely decompensated than those
included in the trial [20]. Because physical exam findings
can be confounded by factors such as discordant hemody-
namics or valvular disease, PA catheters are recommended
for patients with uncertain clinical pictures such as those
with symptoms out of proportion to clinical exam findings
and those not responding to therapy as expected based on
clinical assessment alone [21].
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Biomarkers: Natriuretic Peptides

Serum biomarkers, most notably the natriuretic peptides, can
also be used to assess volume status and differentiate
between signs and symptoms caused by heart failure versus
other etiologies.

Brain Natriuretic Peptide (BNP)

Natriuretic peptides are neurohormones involved in natri-
uresis and diuresis. Brain natriuretic peptide (BNP) was
originally identified in the brain, but is primarily released
from the cardiac ventricles in response to volume overload
and cardiac wall stress. Pre-proBNP is synthesized in the
myocardium, cleaved first to pro-BNP, then cleaved to the
biologically active BNP and the inactive NT-proBNP frag-
ment. BNP causes myocardial relaxation and counteracts the
effects of the renin-angiotensin-aldosterone system resulting
in vasodilation, natriuresis, and diuresis [22].

In two prospective studies of patients presenting to the
emergency department with complaints of dyspnea, the
Breathing Not Properly (BNP) study and the N-terminal Pro-
BNP investigation of dyspnea in the emergency department
(PRIDE) study, natriuretic peptides were shown to accurately
differentiate between dyspnea due to congestive heart failure
versus dyspnea due to other causes [23, 24]. Elevated levels of
BNP (>100 pg/mL) and NT-proBNP (>450 pg/mL for patients
<50 years of age, >900 pg/mL for patients >50 years of age)
were shown to have a high positive predictive value for short-
ness of breath due to congestive heart failure, while low levels
of BNP (<50 pg/mL) and NT-proBNP (<300 pg/mL) had a
high negative predictive value indicating dyspnea due to non-
cardiac causes [23]. Furthermore, BNP and NT-proBNP levels
were superior to other history, physical exam or laboratory
findings for diagnosing acute heart failure [23-25].

BNP has been shown to correlate with high LVEDP, with
decreases in BNP correlating with decreases in LVEDP [26,27].
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Furthermore, elevated BNP levels have been shown to correlate
with heart failure severity and prognosis [24, 28, 29]. It is impor-
tant to note, however, that BNP is influenced by a number of
factors, with the elderly, females, and patients with renal dysfunc-
tion have been shown to have higher BNP levels, while obese
patients typically have lower BNP levels [30-33]. It has been
suggested that the change in BNP level for a particular patient
compared to the baseline BNP or the admission BNP may be
more accurate than the use of a fixed value for all patients [34].
Furthermore, BNP may not correlate with hemodynamics in
patients with advanced heart failure [35], possibly due to
changes in BNP clearance in patients with advanced disease
[36]. Multiple studies with modest sample sizes have assessed
the utility of using natriuretic peptides to guide therapeutic deci-
sions in heart failure patients (Table 4.2). These studies have had
variable results and a large-scale clinical trial, Guiding Evidence
Based Therapy Using Biomarker Intensified Treatment
(GUIDE-IT), is ongoing (clinicaltrials.gov, NCT01685840).

Atrial Natriuretic Peptide (ANP)

ANP is released from cardiomyocytes primarily in the atria.
ANP has similar actions as BNP, acting as a vasodilator and
increasing natriuresis and diuresis by reducing renal sodium
reabsorption and decreasing the activity of the renin-
angiotensin-aldosterone system [37, 38]. Despite the similari-
ties, ANP has been shown to be inferior to BNP at predicting
volume status and prognosis, and is therefore not used in the
clinical setting [34].

Imaging
Chest Radiography
Chest radiographs can provide important clinical informa-

tion and confirmation of physical exam findings for patients
with heart failure and volume overload. The heart size can
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be evaluated on chest imaging. Cardiomegaly, identified as
the cardiac silhouette >50 % of the chest width, is an impor-
tant clue in the diagnosis of new onset heart failure.
Pulmonary findings including evidence of pulmonary
hypertension, pulmonary edema, and pleural effusions can
also aid in the assessment of patients with volume overload
and are helpful in monitoring the efficacy of treatment for
volume overload. Furthermore, chest radiographs can often
identify other possible sources of the patient’s symptoms.

Echocardiography

Echocardiography is considered the gold standard in identi-
fying depressed ventricular function. Echocardiography is
also a tool to assess volume status noninvasively. Size and
respirophasic movements of the inferior vena cava (IVC)
reflect right atrial pressure. Imaging of the inferior vena cava
in the subcostal echocardiogram view can estimate right
atrial pressure. A normal sized IVC of 1.5-2.5 cm diameter
which collapses completely with inspiration corresponds to a
right atrial pressure of 5-10 mmHg. Elevation of right atrial
pressure leads to dilation of the vessel and loss of the normal
inspiratory collapse. A nondilated IVC (1.5-2.5 cm) with
<50 % collapse during inspiration corresponds to a right
atrial pressure of 10-15 mmHg, and a dilated IVC (>2.5 cm)
with <50 % collapse corresponds to a right atrial pressure of
15-20 mmHg. A dilated IVC of >2.5 cm with no respiratory
collapse corresponds to a right atrial pressure of >20 mmHg
[39]. As previously stated, right atrial pressure typically
corresponds with pulmonary capillary wedge pressure, but
can be discordant in some patients [16, 17].

Implantable Devices

Table 4.3 provides a summary of implantable fluid monitor-
ing devices as well as several relevant clinical trials.
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Impedance Monitors

Another way to assess fluid status is through devices that mea-
sure intrathoracic impedance, which correlates with volume
status. Electricity traveling between two points conducts better
(i.e. decreased impedance) through water than through air
(Fig. 4.3). As fluid accumulates in the lungs, the impedance
across the lungs decreases [40, 41]. Devices that monitor
impedance and record changes in impedance over time are
included on some implantable cardioverter defibrillators.
OptiVol [42] (Medtronic, Inc., Minneapolis, MN) measures
intrathoracic impedance between the tip of the right ven-
tricular lead and the implanted device. The utility of the
OptiVol device was studied in the Medtronic Impedance
Diagnostics in Heart Failure Trial (MIDHeFT) [42], showing
a decrease in intrathoracic impedance approximately 2 weeks
prior to hospitalization for decompensated heart failure, and
more than 1 week prior to the onset of symptoms. Furthermore,

FIGURE 4.3 Measurement of intrathoracic impedance via an implant-
able device
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with diuresis, there was a correlation with an increase in
intrathoracic impedance. This concept was further tested in
the Fluid Accumulation Status Trial (FAST) which showed
that impedance monitoring was more sensitive than changes
in weight for detecting fluid overload and worsening heart
failure [43]. Additional studies have demonstrated that
OptiVol monitoring can predict heart failure hospitalizations
[44, 45], rehospitalizations [46, 47], and mortality [48].
However, when patients were given access to impedance
information, via an automated alert for possible fluid
accumulation, the result was more outpatient visits and hos-
pitalizations, and no improvement in mortality compared
with usual care [49]. OptiVol monitoring is currently avail-
able as a diagnostic feature on certain implantable defibrilla-
tors, and is being used as an additional diagnostic component
in the overall volume assessment of patients.

While impedance monitors measure use algorithms to
characterize volume status, there are also direct pressure sen-
sors that can be implanted in the right ventricle, left atrium,
or pulmonary artery.

Right Ventricular Pressure Monitor

Similar to an RV pacemaker lead, a right ventricular pressure
monitor can be implanted in the right ventricle and continu-
ously measure ventricular filling pressures [S0]. The RV pres-
sure monitor, Chronicle (Medtronic, Inc., Minneapolis, MN)
was tested in the Chronicle Offers Management to Patients
with Advanced Signs and Symptoms of Heart Failure
(COMPASS-HF) study. While the hemodynamic data
obtained from the device correlates with right heart catheter-
ization data [51], compared to standard care, treatment with
the Chronicle device did not reduce hospitalizations and it
did not reduce emergency or urgent care visits requiring
intravenous therapy [52]. In both the treatment group and
the standard of care groups, there was a lower than expected
event rate, which may have been due to regular and frequent
contact with medical professionals which has previously been
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shown to improve heart failure outcomes [53, 54]. Thus, the
role for RV pressure monitoring devices for the routine
assessment of volume status in heart failure patients requires
further study.

Left Atrial Pressure Monitor

A left atrial pressure monitor, the HeartPOD (St. Jude Medical
Inc., Minneapolis, MN), measures left atrial pressure and is
implanted surgically or transvenously via a transseptal punc-
ture [55, 56]. In the Hemodynamically Guided Home Self-
Therapy in Severe HF patients (HOMEOSTASIS) trial [57],
the use of this device improved patient’s functional status and
ejection fraction, and allowed for up titration of heart failure
medications and decreases in diuretic doses. The left atrial
pressure monitor is currently being further studied in the Left
Atrial Pressure Monitoring to Optimize Heart Failure Therapy
(LAPTOP-HF) for safety and efficacy in reducing worsening
heart failure and hospitalization (clinicaltrials.gov,
NCTO01121107). It will be necessary to demonstrate the effi-
cacy of these devices to improve outcomes compared with
current usual care prior to broad clinical application.

Pulmonary Artery Pressure Sensor

A pulmonary artery pressure monitor can be deployed in a
pulmonary artery branch during right heart catheterization
and provides accurate pulmonary pressure measurements
[58]. A pulmonary artery pressure sensor, CardioMEMS
(CardioMEMS, Atlanta, Georgia), was studied in the
CardioMEMS Heart Sensor Allows Monitoring of Pressure
to Improve Outcomes in NYHA Class III HF Patients
(CHAMPION) trial [59, 60]. Use of this device resulted in a
reduction in heart failure hospitalizations, pulmonary artery
pressures, and an improvement in quality of life and medica-
tion utilization. The CardioMEMS device was approved by
the FDA in October 2013.
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The official practice guidelines for the management of
heart failure recognize the advances in technology in the
diagnostic evaluations of heart failure [21]. While initial
studies suggest that implantable devices can provide accurate
measurements that correlate with filling pressures, some of
these devices are still being evaluated in larger clinical trials
to determine the degree to which they impact outcomes. As
these devices are adopted into routine clinical practice, they
may be able to provide additional information in the evalua-
tion of patients and the overall assessment of volume status.

Volume Management

Medical Therapy/Diuretics

Diuretics work by limiting sodium reabsorption in the kidney,
resulting in increased urinary sodium and water excretion.
The mechanism of action and the location of action in the
kidney differ between classes of diuretics. Due to a positive
charge, sodium can only cross the lipid luminal membrane
into the cell by a transmembrane carrier or sodium channel.
Sodium is transported out of the cell by Na-K-ATPase pumps
in the basolateral cell membrane which return reabsorbed
sodium to the systemic circulation. In the kidney, approxi-
mately 65-70 % of sodium is reabsorbed in the proximal
tubule, 25 % is reabsorbed in the loop of Henle, and the
remainder reabsorbed in the distal and collecting tubules [61].
Figure 4.4 presents the sites of diuretic action in the nephron.

Loop Diuretics

Loop diuretics include furosemide, torsemide, and
bumetanide, and their mechanism of action is in the loop of
Henle. The transmembrane carrier in the thick ascending
limb of the loop of Henle is a Na+ K+ 2CL- cotransporter,
which is dependent on chloride delivery. Loop diuretics
compete for the chloride site on the transporter, thereby
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FIGURE 4.4 Sites of diuretic action in the nephron. Proximal tubular
diuretics such as mannitol and acetazolamide, have a modest net
negative effect on sodium balance because downstream nephron
sites reabsorb much of the sodium that is not reabsorbed in the
proximal tubule. Loop diuretics dose-dependently decrease sodium
reabsorption in the thick ascending limb of the loop of Henle.
Thiazides and metolazone inhibit sodium reabsorption in the early
portion of the distal convoluted tubule. Triamterene, amiloride, and
spironolactone are potassium-sparing diuretics that work at the late
portion of the distal convoluted tubule and the cortical collecting
duct. (Reproduced with permission)

limiting the transporter and blocking sodium reabsorption
[62]. The pharmacology differs between the loop diuretics.
Bumetanide and torsemide have a higher and more predict-
able bioavailability than furosemide. Torsemide has the lon-
gest half-life, but the half-lives of all of the loop diuretics
increase with renal or hepatic dysfunction. The onset of
action for loop diuretics is similar, 30-60 min if given orally
and within minutes if given intravenously [63].

Loop diuretics are often the first line for treatment of vol-
ume overload in heart failure and are typically given
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intravenously in the setting of decompensation due to the
need for a rapid onset of action. A pharmacologic review of
loop diuretics highlights favorable outcomes in patients with
heart failure treated with torsemide over furosemide, with
respect to mortality, hospitalization, and functional class [63].
Additionally, in outpatients with heart failure, bumetanide has
been shown to be more effective than furosemide at reducing
dyspnea [64]. While continuous dosing of loop diuretics has
theoretical advantages over intermittent bolus dosing, with a
steady delivery of the drug to maintain a constant effect, the
Diuretic Optimization Strategies Evaluation (DOSE) trial did
not show a significant difference between the two approaches
for the co-primary endpoints assessing patients’ symptoms
and creatinine change [65, 66]. The DOSE trial was a prospec-
tive, randomized trial to evaluate diuretic dosing strategies in
patients hospitalized with decompensated heart failure. Three
hundred eight patients were randomized in a 2x2 factorial
design to IV furosemide given as twice daily boluses or con-
tinuous infusion, and to either low dose (equivalent dose to
home dose) or high dose (2.5 times home dose). There was no
significant difference between the bolus versus continuous
infusion groups. However, compared to the low dose group,
the high dose group had more favorable outcomes in terms of
dyspnea relief, weight loss, and net fluid loss. The high dose
group, however, had worsening renal function, though this was
found to be transient and resolved by the 60-day follow up
[65]. Thus, an evidence-based initial approach to congestion
management involves high-dose intravenous diuretics, admin-
istered as bolus or continuous infusion dosing.

Thiazide Diuretics

Sequential nephron blockade with thiazide-type diuretics
may be used in combination with loop diuretics to augment
diuresis [67]. Thiazide diuretics including hydrochorothiazide,
chlorothiazide, chlorthalidone, and metolazone, act in the
distal tubule by inhibiting the Na+ CI- cotransporter in this
location. Because the distal tubule reabsorbs less sodium
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than the loop of Henle, thiazide diuretics are less potent than
loop diuretics. However, if sodium is not absorbed proximally,
as during administration of loop diuretics, there is a compen-
satory response for the excess sodium and water to be
absorbed distally [62]. Under normal physiologic conditions,
the distal tubule absorbs approximately 5% of the filtered
sodium; the capacity for reabsorption can more than double
in response to increased flow to the distal tubule due to the
effects of a loop diuretic [62]. Giving a thiazide diuretic in
conjunction with a loop diuretic may increase effectiveness of
the loop diuretic by preventing distal reabsorption of sodium
[68]. Because thiazide diuretics have a longer half-life than
loop diuretics, the effect on the distal tubule will continue
even after the loop diuretic has worn off [67]. Thus, patients
who take loop diuretics chronically may be instructed to take
thiazide diuretics on an “as needed” basis for worsening vol-
ume overload, though this strategy has not been rigorously
evaluated in a clinical trial. Furthermore, the use of thiazide
diuretics has been associated with increased arrhythmia risk
due to hypokalemia [69, 70].

Potassium Sparing Diuretics

Potassium sparing diuretics include sodium channel blockers
and aldosterone antagonists. These groups of medications act
at the collecting tubule via different mechanisms. In the
collecting tubule, the luminal membrane contains sodium and
potassium channels, not transporters. Sodium channel block-
ers, amiloride and triamterene, directly block the sodium
channels in the luminal membrane.

Aldosterone acts as a diuretic by increasing the number of
open sodium channels in the collecting tubule. In the setting
of loop diuretic use, when sodium is not absorbed proximally
in the loop of Henle, it can be absorbed distally via an upreg-
ulation of aldosterone-sensitive sodium channels in the
collecting tubule. The aldosterone antagonists (also referred
to as mineralocorticoid receptor antagonists [MRAs]), spi-
ronolactone and eplerenone, block the action of aldosterone
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resulting in decreased sodium reabsorption in the collecting
tubule; therefore, the addition of an MRA to a loop diuretic
may result in increased natriuresis and diuresis. Aldosterone
antagonists are recommended for patients with heart failure
and reduced left ventricular ejection fraction <35 % and
New York Heart Association class II-1V symptoms, based on
several studies which demonstrated a reduction in mortality
in patients taking aldactone or eplerenone [71-73]. While the
MRAs have both diuretic and potassium-sparing effects, they
also offer additional cardiovascular benefits beyond these
properties [74]. Heart failure patients taking only non-
potassium sparing diuretics without concomitant use of a
potassium-sparing diuretic have been shown to have an
increased risk of progressive heart failure and death, likely
due to deleterious effects of neurohormonal activation that
occurs with diuretic use in heart failure [75, 76].

Diuretic Resistance and RAAS Activation

The efficacy of a diuretic depends on many factors: the dose
of the drug, the rate of delivery of the drug to the renal
tubule, and patient factors including sodium and fluid intake
and co-morbidities including heart failure and renal dysfunc-
tion [62]. There is a dose response curve that differs between
drugs and between oral and intravenous administration. A
certain concentration of the drug is required before diuresis
occurs. Once that threshold level is reached, the response
increases with increasing dose of the drug. There is a ceiling
on the dose responsiveness. Once the transporter or channel
is saturated, the maximum rate of diuresis is reached, and
further dose increases will not result in increased diuresis
[62]. The goal with diuresis is to find an effective dose that
results in an effect on the ascending portion of the dose-
response curve (Fig. 4.5). In patients with heart failure, the
dose response curve is shifted downward and to the right and
patients become less responsive to diuretics, thus higher dose
are often required to achieve effective diuresis [77]. While
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FIGURE 4.5 Dose response curve of loop diuretics. Schematic of
dose-response curve of loop diuretics in heart failure patients com-
pared with controls. In heart failure patients, higher doses are
required to achieve a given diuretic effect and the maximal effect is
blunted (Reproduced with permission from Felker [77])

some observational studies have shown an association
between high dose loop diuretics and poor outcomes, these
results are cofounded given that patients receiving higher
doses of diuretics were likely more sick with more volume
overload and possibly more diuretic resistance, requiring
higher doses of diuretics to achieve a diuretic response [78].

Impaired renal function affects the bioavailability of
diuretics. If the reduced glomerular filtration rate (GFR) is
due to chronic kidney disease, there is impaired delivery of
the drug to the kidney. A higher dose of the drug promotes an
increased rate of delivery to the tubule and thus may be
necessary in order to achieve efficacy in the setting of chronic
kidney disease. If the reduced GFR is due to low cardiac out-
put, improving hemodynamics can improve renal perfusion
and diuretic efficacy [67]. Additionally, with volume overload
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resulting in intestinal edema, intestinal absorption of oral
drugs may be impaired, therefore intravenous administration
is preferred to overcome this issue [62].

In addition to adequately dosing and optimizing delivery
of the drug, diuretic resistance may occur in patients being
treated for volume overload. Several mechanisms contribute
to diuretic resistance with loop diuretics: reduced diuretic
efficacy with repeated dosing, rebound sodium retention due
to increased sodium reabsorption in the distal nephron, and
with chronic use, renal adaptation in the distal tubule result-
ing in hypertrophy and increased sodium reabsorption [66,
67]. One way to overcome diuretic resistance, in addition to
increasing the dose of the drug, is to block sodium reabsorp-
tion in the distal tubule by giving a thiazide diuretic in con-
junction with a loop diuretic (i.e., dual nephron blockade).
However, treatment with combination diuretics can result in
electrolyte disturbances, particularly hypokalemia, so electro-
lytes must be closely monitored and repleted during diuresis.
Similarly, blocking downstream sodium reabsorption in the
collecting tubule by administering an aldosterone antagonist
can help overcome diuretic resistance. Reduced diuretic effi-
cacy can be caused by neurohormonal activation, as diuretics
may activate the renin-angiotensin-aldosterone system, which
increases sodium reabsorption. This issue can be overcome
with concomitant use of other medications that block the
cascade, including ACE inhibitors, ARBs, and MRAs [67].

Vasopressin Receptor Antagonists

Vasopressin, or antidiuretic hormone, which is increased in
the setting of heart failure has many systemic effects includ-
ing vasoconstriction, cardiac hypertrophy, platelet aggrega-
tion, adrenocorticotropic hormone release, and uterine
contraction [79]. Activation of the V2 receptor in the renal
collecting tubule effects the aquaporin channels resulting in
increased permeability to water which leads to water reten-
tion and hyponatremia [80]. Unlike diuretics that promote
natriuresis and diuresis, vasopressin receptor antagonists, like
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tolvaptan, inhibit vasopressin, resulting in selective free water
diuresis without natriuresis.

Treatment with tolvaptan has been shown to reduce
weight, decrease dyspnea and edema, and normalize serum
sodium levels in patients with hyponatremia [81-83]. Weight
loss and symptom relief appears to be more significant in
patients with hyponatremia. However, in heart failure
patients, it has not yet been shown that treatment with
tolvaptan improves long term mortality or cardiovascular
morbidity [83]. Tolvaptan is approved for the treatment of
severe or symptomatic hyponatremia in patients with heart
failure.

Ultrafiltration

Ultrafiltration is an alternate strategy for volume removal.
During the process of ultrafiltration, plasma water is removed
from whole blood across a semipermeable membrane due to
a pressure gradient across the membrane. Until recently,
ultrafiltration has required central venous, but current devices
allow for ultrafiltration through peripheral venous access
[84]. In this technique, two peripheral intravenous catheters
are placed, one for blood withdrawal and one for blood
return, with ultrafiltration through a single-use extracorpo-
real blood circuit achieving fluid removal of up to 500 mL/h
[66, 84]. Anticoagulation is typically required to prevent mal-
function of the filter. Contraindications to ultrafiltration
include hemodynamic instability, acute renal insufficiency,
hypercoagulability, and poor venous access [66].

An advantage of ultrafiltration over diuretics is that ultra-
filtrate is isotonic compared with urinary output with diuret-
ics which is hypotonic. Thus, ultrafiltration removes more
sodium and less potassium for the same volume compared
with diuretics and may offer benefits related to maintain elec-
trolyte balance [85]. Additionally, the rate of fluid removal
can be titrated so that it does not does not exceed the inter-
stitial fluid mobilization rate, preserving intravascular volume
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and avoiding the acute renal insufficiency the may occur with
diuretic therapy [66, 86].

The first prospective, randomized, multicenter study com-
paring ultrafiltration with intravenous diuretic therapy in
patients with heart failure and volume overload, the
Ultrafiltration versus Intravenous Diuretics for Patients
Hospitalized for Acute Decompensated Congestive Heart
Failure (UNLOAD) trial, randomized 200 patients within 24
hours of hospital admission to either ultrafiltration or stan-
dard care with intravenous diuretics administered via con-
tinuous infusion or bolus injections [87]. At 48 hours, both
groups had similar relief of dyspnea, but the ultrafiltration
group had greater net fluid loss and greater weight loss. Both
groups had similar length of hospital stay. At 90 days, the
ultrafiltration group had fewer rehospitalizations and
unscheduled clinic or emergency department visits. There
were no differences in serum creatinine changes between the
groups, and both groups had a similar number of deaths [87].
Further analysis comparing ultrafiltration to continuous
intravenous diuretic therapy and to bolus intravenous diuretic
therapy revealed similar degree of weight and fluid loss
between the ultrafiltration and continuous infusion groups
and between the continuous infusion and bolus dosing
groups, but a greater degree of weight and fluid loss in the
ultrafiltration group compared to the bolus dosing group [85].
However, despite similar weight and volume loss in the ultra-
filtration and continuous infusion groups, there were fewer
rehospitalizations and unscheduled visits to the clinic or
emergency room in the ultrafiltration group [85]. Notably, the
number of events was low and these findings warrant further
validation in larger adequately powered studies.

Despite the favorable outcomes for ultrafiltration in
patients with heart failure and volume overload, the outcomes
may be different in patients with worsening renal function in
the setting of decompensated heart failure and volume over-
load, as assessed in the Cardiorenal Rescue Study in Acute
Decompensated Heart Failure (CARRESS-HF) study [88].
In this prospective randomized study, 188 patients with acute
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decompensated heart failure, worsening renal function with a
rise in serum creatinine >0.3 mg/dL from baseline, and per-
sistent congestion were randomized to ultrafiltration or a
stepped pharmacologic therapy to maintain a urine output of
3-5 l/day. While the weight loss was similar between the
groups at 96 h, the ultrafiltration group experienced a greater
increase in serum creatinine. Furthermore, the ultrafiltration
group had a higher rate of serious adverse events over the
follow-up period of 60 days. At 60 days, there were no signifi-
cant differences in weight loss, mortality, or rehospitalizations
between the groups, and both groups had lower creatinine
levels compared to baseline levels [88]. The difference in out-
comes in these two trials highlights the complexity of imple-
menting this novel technique to treat patients with volume
overload. Current guidelines recommend consideration of
ultrafiltration for relief of volume overload or for refractory
congestion not responding to medical therapy [21].

Summary

Volume overload occurs in heart failure because of pathologic
changes in hemodynamics and neurohormonal activation.
Congestion is a major cause of morbidity and mortality in
patients with heart failure, and thus it must be accurately rec-
ognized and adequately treated. The diagnosis of volume over-
load is often made based on patient and clinician assessments,
though radiographic and echocardiographic findings and
serum biomarker measurements can help confirm the diagno-
sis and monitor the effectiveness of treatment. Implantable
devices to measure filling pressures are being developed and
tested to provide additional information to incorporate into
the overall clinical picture of congestion. Invasive hemody-
namic monitoring can be pursued for cases in which noninva-
sive assessments are inadequate or confounded.

Treatment of volume overload consists of pharmacologic
and mechanical strategies (Fig. 4.6) [89]. Diuretics increase
urinary sodium and water excretion, with different classes of
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FIGURE 4.6 Management of volume overload in heart failure
(Modified and reproduced with permission from Mentz et al. [89])

diuretics acting at different sites in the kidneys—loop diuret-
ics at the loop of Henle, thiazide diuretics at the distal tubule,
and potassium sparing diuretics and vasopressor receptor
antagonists at the collecting tubule. When escalating doses of
diuretics are ineffective, volume removal may be achieved
with ultrafiltration, a process in which plasma water is
removed from whole blood across a semipermeable mem-
brane. Ultrafiltration, which once require central venous
catheter placement, can now be performed through periph-
eral venous access.

Conclusions

Heart failure is a considerable public health problem world-
wide. In this chapter, we reviewed the diagnosis and treat-
ment of volume overload, one of the major sources of
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morbidity and mortality in heart failure. Despite the current
assessment and management tools available to clinicians, the
burden of heart failure remains high, highlighting the need
for development of novel tools and strategies to improve
outcomes in this patient population.
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