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KEY POINTS

e Fluid therapy should be an individualized plan for patients with cardiac disease.
e Each patient should be assessed for the risk of developing heart failure before
commencing a fluid plan.

e Hypochloremia contributes to disease progression and poor outcomes in patients with
cardiac disease.

INTRODUCTION

Naturally occurring heart disease is common in dogs and cats. Although degenera-
tive mitral valve disease and dilated cardiomyopathy in dogs and hypertrophic car-
diomyopathy in cats are the most common heart diseases, any underlying cardiac
condition can lead to congestive heart failure (CHF) through common pathophysio-
logical pathways initiated by reduced effective arterial volume. Cardiac dysfunction
can be perpetuated by the neurohormonal, catecholamine, and inflammatory cas-
cades that initially serve to compensate for impaired cardiac function but eventually
contribute to further decline. Chronic activation of these systems becomes mal-
adaptive, with progressive fluid retention, salt retention, vasoconstriction, and
myocardial fibrosis.! Ultimately, CHF is manifested by sodium avidity and volume
retention leading to life-threatening elevations in venous and capillary pressures,
with interstitial and body cavity fluid accumulation and impaired tissue perfusion.?
A substantial proportion of dogs and cats with acquired heart disease will progress
to CHF and this syndrome carries a sobering median survival time of about 1 year
even with medical therapy.* There is therefore, interest and need to identify
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Abbreviations

ACE angiotensin-converting enzyme
ADH antidiuretic hormone

AKI acute kidney injury

CHF congestive heart failure

LA/Ao  left atrium to aorta

NKCC sodium-potassium-2 chloride

RAAS renin-angiotensin-aldosterone system
TPOCUS thoracic point of care ultrasound

additional treatment approaches that have the potential to extend survival in dogs
and cats with CHF.

Electrolyte and volume abnormalities are uncommon in preclinical heart disease,
but are relatively common in patients with CHF. Because fluid therapy might be indi-
cated during treatment of concomitant diseases, it is important to understand volume
considerations for patients at any stage of heart disease. Risk and management
guidelines will vary by heart disease stage. Medications used to treat CHF can cause
adverse effects such as volume depletion, electrolyte disturbances, and azotemia, all
of which must be managed to provide a good quality of life. Addressing adverse ef-
fects might involve fluid therapy and electrolyte replacement. This article focuses on
recognition of the importance of fluid and electrolyte abnormalities in dogs and cats
with heart disease and goal-directed treatment considerations to provide a balanced
state where the patient feels well and is not experiencing clinical signs of either CHF or
renal impairment.

Fluid Therapy for the Patient with Heart Disease Without Heart Failure

Patients with heart disease are often hospitalized for many reasons unrelated to the
heart and often require intravenous fluid therapy.’ The most important consideration
for fluid therapy in these patients is to prevent the onset of CHF since there is a higher
risk of fluid intolerance.®

Underlying heart disease is often identified due to the presence of a heart murmur,
cardiomegaly on thoracic radiographs, elevated cardiac biomarkers concentrations
(eg, N-terminal pro-B-type natriuretic peptide) or evidence of structural disease on
an echocardiogram.® Ausculting a heart murmur is the most common way heart dis-
ease is identified in veterinary patients; however, it is important to remember that a
heart murmur may be nonpathological due to functional (eg, anemia, bradycardia,
fever, hyperthyroidism, and exercise) or innocent (no identifiable physiologic)
causes.?

It is not uncommon for cats to have occult heart disease without an appreciable
murmur on physical examination, and this is also true for some dogs with dilated car-
diomyopathy.” Thus, purposeful consideration should be made when formulating a
fluid prescription especially in cats, instead of a one-size- fits-all strategy (eg, 2X main-
tenance fluids for all patients). It is also important to emphasize that the presence of
heart disease does not automatically preclude the use of fluid therapy in a patient’s
treatment plan.

Evaluation for Risk of Fluid Intolerance before Initiation of Fluid Therapy in the
Patient with Heart Disease

Once there is a suspicion of underlying heart disease in a sick patient, the patient
should be evaluated for the risk of fluid therapy inducing CHF. This is a variable and
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uncertain risk, since it is often impossible to accurately determine if a patient would
tolerate a prescribed fluid plan without complications. Diagnostic tests may also
help rule out cardiogenic shock, a condition where fluid therapy is always contraindi-
cated. Despite these indicators of advanced heart disease, fluid intolerance can be
difficult to predict. Thus, it is equally important to monitor the respiratory rate of the
patient during fluid therapy to identify fluid overload early. Diagnostic considerations
include

a. Physical Examination: Potential indications for low fluid tolerance may include the
presence of crackles on auscultation of the lungs, tachycardia, presence of arryth-
mia, jugular pulses, muffled heart sounds, cyanosis, hypothermia, and pale mu-
cous membranes.® These findings should trigger additional diagnostics that may
help differentiate clinical signs of heart failure from other reasons for the physical
examination findings (eg, anemia, cardiovascular shock, pulmonary hypertension,
among others.)

b. Point of Care Ultrasound: Thoracic point of care ultrasound (TPOCUS) is the prac-
tice of performing an ultrasound evaluation of the heart and lungs at the cage side.
Unlike complete echocardiography, TPOCUS is a time-sensitive examination
involving a select subset of targeted views to identify severe abnormalities relevant
to the patient’s clinical condition.® TPOCUS findings that may imply higher risks of
CHF with fluid therapy include a left atrium to aorta (LA/Ao) ratio of greater than 2.1,
subjectively enlarged LA:Ao, evidence of B-lines, or evidence of pleural or pericar-
dial effusion.'®

c. Thoracic Radiographs: Presence of cardiomegaly, left atrial enlargement, and pul-
monary venous congestion increase the risk of developing CHF. The presence of
cardiogenic pulmonary edema (perihilar pulmonary infiltrates) indicates active
CHF.

d. Echocardiogram: A full echocardiogram might not be feasible or indicated before
fluid therapy needs to be initiated, emphasizing the role of thoracic POCUS in
this evaluation. However, if an echocardiogram is performed, findings that suggest
a higher risk of fluid intolerance include a high left atrial filling velocity, LA/Ao ratio of
greater than 2, enlarged left ventricular dimension, poor ventricular systolic func-
tion, severe mitral regurgitation, and, in cats, presence of pericardial effusion.

e. Electrocardiogram: Electrocardiogram findings that may indicate a higher risk for
CHF with fluid therapy, due to underlying heart disease or poor filling, include un-
stable arrythmia-like ventricular tachycardia, atrial fibrillation, and supraventricular
tachycardia.'?

Creating a Goal-Directed Fluid Prescription for the Patient with Heart Disease

After assessing a patient’s risk for developing CHF, the fluid prescription should be
individualized with the goal of providing the specific physiologic fluid requirements,
while minimizing the risk of CHF. This requires constant monitoring and regular
reevaluation of the fluid plan. In 1 study in humans, patients who received prolonged
intravenous fluids during hospitalizations for other reasons were at higher risk of
developing CHF."®

The fluid prescription is based on the fundamental principle that mammals are largely
made up of water that exists in 3 major compartments separated by cell membranes
(Fig. 1).° Physical examination and clinical findings help clinicians determine what fluid
compartment(s) have fluid deficits to tailor the fluid plan (Table 1). A fluid deficit in the
interstitial space is called dehydration, while a fluid deficit in the intravascular space
is called hypovolemia.® Dehydration and hypovolemia can occur independently of
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Intracellular Space 67%

Interstitial Space 25%

Vascular space 8%

Fig. 1. Distribution of fluid in the major fluid compartments in the mammalian body.

Table 1

hypovolemia

Dehydration

Physical examination and diagnostic findings that differentiate dehydration from

Hypovolemia

Fluid compartment
with deficit

Interstitium

Intravascular

Classic physical
examination findings

Dry mucous membranes,
doughy abdomen, skin
tenting, dry corneas, eyes
sunken in orbit

Altered mentation, poor
peripheral pulses, prolonged
capillary refill time, pale
mucous membranes, and
cold extremities

Heart rate

Often unaffected, unless
severe

Tachycardia; bradycardia seen
in cats®®

Blood pressure

Often unaffected, unless
severe

Hypotension common.
Hypertension may occur in
compensatory stage®®°

Lactate concentration

Often unaffected, unless
severe

Often elevated®’

Point of care ultrasound

No specific finding, unless
severe

Decreased caudal vena cava
and aorta diameter,
decreased caudal vena cava
collapsibility index, small
ventricular lumen size, thick
ventricular free wall, and
small left atrial size®%%3

Urine specific gravity

Usually high (>1.020 in dogs
and 1.030 in cats)

Variable

Shock index (heart rate
divided by systolic
blood pressure)

<0.9in dogs and 1.54 in cats

>0.9 in dogs and >1.54 in
cat561,64

Life- threatening index

Not life-threatening, unless
severe

Immediately life threatening
due to poor oxygen delivery

While both dehydration and hypovolemia occur independently, they may occur concurrently in the

same patient.
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each other in a patient but may also occur concurrently. Hypovolemia is life threatening
and requires rapid resuscitation to restore the body’s oxygen carrying capacity.
Cats with hypovolemia usually have a classic triad of hypotension, bradycardia, and
hypothermia.'

Another important consideration is the fluid choice. Crystalloid solutions are the
most common types of fluids used and can be classified as replacement or mainte-
nance solutions. Replacement solutions are used to treat dehydration and hypovole-
mia, whereas maintenance solutions can be used to provide the patient’s daily fluid
and electrolytes needs.>'® Crystalloid solutions are also classified as hypotonic,
isotonic, and hypertonic based on their tonicity.

Isotonic replacement solutions (Table 2) have a composition similar to plasma and
are used far more commonly in veterinary medicine than maintenance solutions
(Table 3), which are hypotonic and contain less sodium than replacement fluids.® In
humans, high-chloride fluids (eg, 0.9% sodium chloride) have been associated with
an increased risk for acute kidney injury (AKI) and increased mortality although this
relationship has not yet been well delineated in veterinary patients.'® Regardless of
the fluid type used, electrolyte concentrations should be monitored at least every 24
to 48 hours to ensure there are no substantial alterations related to the fluid therapy.

Hypertonic crystalloid solutions expand the intravascular space by drawing fluid
from the interstitial and intracellular space due to their high osmolarity. These fluid types
are primarily used to treat life-threatening hypovolemia, cerebral edema, elevated intra-
cranial pressure, and hyponatremia.’” It is important to remember that their use may
exacerbate dehydration and they are not often recommended for patients with heart
disease because of their high sodium concentrations. Hypotonic solutions are ideal
for providing maintenance requirements in patients with heart disease due to their
low sodium concentrations although they are not as effective in restoring intravascular
and interstitial space deficits.'® Infusion of large amounts of hypotonic fluids may cause
rapid shifts in sodium concentrations leading to hyponatremia and cerebral edema.'®
Natural and synthetic colloids are beyond the scope of this article.

Writing the fluid prescription
The fluid prescription for the cardiac patient without heart failure can be developed us-
ing 3 main considerations.

a. Treat Hypovolemia- When perfusion parameters indicate hypovolemia (tachy-
cardia, weak peripheral pulses, pale mucous membranes, hypotension, among
others) not caused by cardiogenic shock, rapid restoration of the intravascular
space with fluid therapy as a bolus is indicated. This intervention is called resusci-
tation. Fluid resuscitation is accomplished by providing a fraction of the shock dose
of isotonic crystalloids over 10 to 15 minutes (Table 4). It is reasonable to consider
administering recommended volumes at the lower end of the suggested doses
when treating patients with heart disease.

Resuscitation fluids should be administered rapidly using high-pressure infusion
bags, fluid infusion pumps, syringe pumps or syringes with the ideal delivery
method completing delivery of the prescribed dose within 15 minutes. Heat sup-
port should be provided to hypothermic cats as the vascular smooth muscle in
cats is not responsive to catecholamines during periods of hypothermia. Admin-
istration of large volume of fluids while temperatures are low may lead to fluid
intolerance in cats.'®

The patient should be reevaluated after each fluid bolus administration. If perfusion
parameters normalize, close monitoring for relapses of shock should ensue.'® If
perfusion parameters are still abnormal, additional shock doses of fluids may
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Table 2
Composition of isotonic and hypertonic replacement fluids
Na cl K Mg Ca Dextrose Lactate Acetate  Gluconate
Fluid Type Osmolarity pH (mEg/L) (mEq/L) (mEq/L) (mEg/L) (mEqg/L) (g/L) (mEq/L) (mEq/L) (mEg/L)
Isotonic crystalloids
0.9% sodium chloride 308 5 154 154 0 0 0 0 0 0 0
Lactated Ringer’s 273 6.5 130 109 4 0 3 0 28 0 0
solution
Vitivex Hartman'’s 278 6.5 131 11 5 0 4 0 29 0 0
solution
Plasma-Lyte 148 294 5.5 140 98 5 1.5-3 0 0 0 27 23
Normosol-R 294 6.4,74 140 98 5 1.5-3 0 0 0 27 23
Hypertonic crystalloids
3% sodium chloride 1027 5.0 513 513 0 0 0 0 0 0 0
7.2% sodium chloride 2396 5.2 1197 1197 0 0 0 0 0 0 0
23.4% sodium chloride 8008 5.0 400 400 0 0 0 0 0 0 0

Note that these compositions may vary slightly depending on the manufacturer.
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Table 3

Composition of hypotonic maintenance fluids

Na cl Mg Ca Dextrose  Lactate Acetate  Gluconate
Fluid Type Osmolarity pH (mEq/L) (mEqg/L) K (mEq/L) (mEq/L) (mEqg/L) (g/L) (mEq/L) (mEg/L) (mEq/L)
Hypotonic crystalloids
0.45% sodium chloride 154 55 77 77 0 0 0 0 0 0 0
0.45% sodium chloride 280 45 77 77 0 0 0 25 0 0 0
and 2.5% dextrose
Plasma-Lyte 56 110 5 40 40 13 3 0 0 0 16 0
Normosol-M and 5% 363 55 40 40 13 3 0 50 0 16 0
dextrose
5% dextrose in water 252 4 0 0 0 0 0 50 0 0 0

Note that these compositions may vary slightly depending on the manufacturer.
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Table 4

Guidelines for treating hypovolemia in dogs and cats

Fluid Type Administration Guidelines for Hypovolemia

Shock dose for isotonic crystalloids ~ Administer 10-25 ml/kg over 10-15 min then reassess
(eg, Normosol R, Lactated perfusion parameters. May administer up to 3
Ringers Solution, etc), in dogs additional times

Shock dose for isotonic crystalloids ~ Administer 5-15 mL/kg over 10-15 min then reassess
(eg, Normosol R, Lactated perfusion parameters. May administer up to 3
Ringers Solution, etc) in cats additional times. Ensure active warming is provided

before administering large volumes of fluids

Hypertonic saline in dogs Administer 4-6 mL/kg over 10-15 min then reassess
perfusion parameters. Ideally follow this with a
10-25 mL/kg administration of an isotonic crystalloid
to minimize risks of dehydration. May repeat
administration

Hypertonic saline in cats Administer 2-4 ml/kg over 10-15 min then reassess
perfusion parameters. Ideally follow this with a
10-25 ml/kg administration of an isotonic crystalloid
to minimize risks of dehydration. May repeat
administration. Ensure active warming is provided
before administering large volumes of fluids

be repeated. Patients unresponsive to fluid bolus therapy may require blood
products, inotropes, or vasopressors.'?

b. Treat Dehydration: In dehydrated patients, an intentional rehydration plan should
be initiated after hypovolemia has been corrected, if present. A rough estimate
of the fluid deficit in the interstitial space is calculated based on how dehydrated
the patient is (Table 5). Once the degree of dehydration is estimated, the fluid
deficit is calculated using the following formula:

Fluid deficit (L) = Body Weight (kg) X Estimated Dehydration %

Thus, a 20 kg dog that is 5% dehydrated would have a fluid deficit of 1000 mL or 1L.
The fluid deficit is usually replaced over 6 to 24 hours, but a longer replacement
strategy of 12 to 24 hours should be considered in patients with underlying heart

Table 5
Estimation of dehydration on the physical examination

Percent Dehydrated  Physical Examination Findings

<5% Dehydration is not clinically detectable. Patients may have a history
of fluid loss (vomiting, diarrhea, adipsia, anorexia, etc)

5%-7% Dry mucous membranes, skin tenting

7%-9% Dry mucous membranes, skin tenting, sunken eyes, doughy abdomen

9%-12% Dry mucous membranes, skin tenting, sunken eyes, doughy

abdomen, dry corneas, may see signs of hypovolemia

> 12% Dry mucous membranes, skin tenting, sunken eyes, doughy
abdomen, dry corneas, signs of hypovolemia typically present

There is a wide variation in patient presentation when dehydration is present, and this table serves
as a rough guideline.
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disease to minimize fluid intolerance. The authors prefer to rehydrate all cats,
regardless of the presence of a murmur, over 12 to 24 hours due to a higher prev-
alence of insidious/occult heart disease.

Patients should be reevaluated often and at the end of the rehydration period for
resolution of dehydration.

c. Provide maintenance requirements.

On-going fluid requirements for daily cellular maintenance should be prescribed to
patients unable or unwilling to drink normally. There are several formulas available
to calculate maintenance fluid needs. Clinicians should use formulas that will
minimize errors and maximize consistency.?° Common daily maintenance fluid
formulas include

45-60mL / kg/day

(30 x body weight in kg) + 70
70 x (body weight in kg)®"®
(Body weight in kg)®"® x 132

The maintenance requirement is most commonly fulfilled using isotonic crystalloids
but hypotonic crystalloids can be used in patients with heart disease to minimize so-
dium concentrations, with careful monitoring of serum sodium due to the risk of
hyponatremia.

Another consideration for the fluid plan in patients with heart disease includes fluid
diuresis, which is the administration of fluids greater than 45 to 60 mL/kg/day to
promote renal excretion of specific toxins that can be forcibly passed through the kid-
neys (eg, amphetamines, phenobarbital, and bromide). This should be done carefully
with the lowest fluid rate possible to minimize the risk of fluid intolerance and CHF.
Forced fluid diuresis is no longer recommended for treatment of azotemia and once
resuscitation and rehydration is corrected in azotemic patients, fluids should be pro-
vided at maintenance rates and/or ensuring any ongoing losses are appropriately
replaced.?’

Creating a Goal-Directed Fluid Plan for the Patient in Congestive Heart Failure

Physiologic consequences and clinical signs of heart failure are due to volume over-
load; thus, intravenous fluid therapy is not recommended for patients in acute heart
failure.?? Patients in heart failure are treated with diuretic therapy and positive ino-
tropes to reduce excess volume and improve cardiovascular function; therefore,
administration of intravenous fluids is counterintuitive when diuretics are being
used.?? Administration of intravenous fluids in human patients with acute decompen-
sated heart failure was associated with higher rates of intubation, renal replacement
therapy, and hospital death compared to patients who only received diuretics.??
When managing patients hospitalized with active CHF, therapeutic interventions
should include all previously recommended interventions.?

Fluid therapy is occasionally required for patients after treatment of CHF. This most
commonly occurs when azotemia develops secondary to diuretic therapy.?®2* Wors-
ening renal function is defined as a rise in serum creatinine of more than 0.3 mg/dL,
which is 1 criterium for AKI stage 1.2 In 1 study, AKI was diagnosed in 66% of cats
with acute or chronic heart failure. The use of a constant rate infusion and higher doses
of furosemide was associated with increase in serum creatinine concentrations during
hospitalization and at first reevaluation.?® Similar to studies in humans and dogs, the
survival of cats in that study was not impacted by the development of AKI.2%:25:26
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Patients who develop AKI but have minimal clinical signs with no evidence of vomiting
and are eating and drinking normally, should be given free access to water. They often
do not require intervention with intravenous fluids.

The fluid prescription plan for the patient with heart failure has the following
considerations:

a. The use of enteral water to correct dehydration via a nasogastric or nasoesopha-
geal tube. Isotonic crystalloids with the lowest sodium concentrations (eg,
Lactated Ringers solution) may also be a viable option.

b. Ongoing fluid maintenance requirements in patients who are not drinking should be
provided using hypotonic crystalloids. This can also be facilitated by administering
water through a nasogastric or nasoesophageal feeding tube. Excessive water
administration through a nasogastric or nasoesophageal tube may potentially
lead to recurrent heart failure.

c. The use of subcutaneous fluids, while it might feel like a safer and more attractive
option, should be avoided. Once administered, the entire volume of fluids is avail-
able to the patient immediately and cannot be retrieved if fluid intolerance
occurs.?’

d. Avoid fluid diuresis: While azotemia was traditionally treated with fluid diuresis
(>1.5X maintenance rates), current recommendations discourage this practice
due to concerns about renal interstitial edema, venous congestion, fluid intoler-
ance, and poor outcomes.?" Instead, a specific fluid plan that replaces the deficit
in dehydrated patients and provides daily maintenance rate should be used.

MONITORING THE PATIENT WITH HEART DISEASE DURING FLUID THERAPY

Careful monitoring of patients with or without heart failure is an essential part of the
fluid plan. Physical examination parameters should be monitored every 1 to 4 hours
and the body weight measured every 6 to 8 hours to identify changes that might indi-
cate fluid intolerance (Box 1). TPOCUS evaluation may be performed every 4 to
12 hours, depending on the patient’s tolerance. Findings consistent with fluid over-
load should prompt immediate discontinuation of the fluid prescription and patient
evaluation.

Box 1
Monitoring parameters that may suggest fluid intolerance

Physical Examination Parameters
Clear nasal discharge
Tachypnea
Increased respiratory effort
Harsh lung sounds ( + crackles)
Low oxygen saturation (pulse oximetry < 95% or arterial oxygen concentration < 80 mm Hg
at room air)
Quiet lung sounds
New heart murmur
Peripheral edema
Unexpected increase in body weight

Point of Care Ultrasound Parameters
Pleural effusion
B-lines
Increased LA/Ao ratio
Pericardial effusion
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Electrolyte Abnormalities in Dogs and Cats with Heart Disease: Importance and
Management

Electrolyte derangements can occur in dogs and cats with CHF both before and after
diuretic therapy.?® Electrolytes are measured as a concentration in serum, which is
relative to the amount of water in the extracellular fluid space; therefore, serum electro-
lyte concentrations do not necessarily reflect total body electrolyte content, especially
in CHF when neurohormonal mechanisms can lead to variable electrolyte and water
retention.?® Derangements of key electrolytes such as sodium, potassium, chloride,
and magnesium are often mediated by renin-angiotensin-aldosterone system (RAAS)
activation and diuretic use. Specific mechanisms include aldosterone-mediated renal
potassium wasting and sodium retention, nonosmotic release of antidiuretic hormone
(ADH)-mediated electrolyte-free water retention, and diuretic-mediated renal loss of
sodium, potassium, and chloride with secondary water loss as a consequence of the
osmotic gradient.’?3° Electrolyte abnormalities in patients with advanced heart
disease and CHF are not just expected biochemical profiles but are increasingly being
recognized as contributors to disease progression, which justifies attempts to
normalize electrolyte abnormalities in this patient population.

SODIUM DERANGEMENTS

Sodium plays an integral role in heart failure pathophysiology and sodium abnormal-
ities have been associated with poor outcomes in CHF patients.®! Poor forward flow in
advanced cardiac disease causes arterial underfilling, triggering RAAS activation.®?
Sodium retention is a primary effector of increased blood volume through sodium
avidity centrally and at the level of the kidney.3 The fractional excretion of sodium
decreases in CHF because of renal tubular hypertrophy and upregulation of
sodium-retentive channels in the distal tubule. Sodium retention is paired with water
retention because of the resulting osmotic gradients in the renal medullary space.
Therefore, serum sodium concentrations remain normal. Retained sodium can be
buffered by storage in the interstitial space, which acts as a reservoir to help regulate
serum osmolality.®* Therefore, total body sodium can be increased in a clinically inap-
parent manner. Interstitial sodium binds to the low compliance glycosaminoglycan
network, where it does not contribute to interstitial fluid tonicity. However, chronic so-
dium retention can break this network down, increasing its compliance, and allowing
interstitial fluid accumulation, contributing to congestion.>*

Dogs with CHF have increased total body sodium content yet typically have normal
serum sodium concentrations because of concomitant sodium and water retention
(mediated by angiotensin Il and aldosterone) and sodium storage in the interstitium.®®
Some dogs, however, show decreased serum sodium concentrations (along with
other electrolytes) despite increased total body sodium load. That is likely mediated
by free water retention exceeding sodium retention. Loop diuresis usually does not
have a major effect on serum sodium concentrations because sodium loss is followed
by proportional water loss in the renal tubules. When hyponatremia in a CHF patient is
more than mild, it is usually caused by nonosmotic release of ADH that leads to
electrolyte-free water retention through increased transcription and insertion of
aquaporin-2 channels in the collecting duct. This allows water to move along an os-
motic gradient into the medullary space and eventually into the vasculature, thereby
diluting sodium and other electrolytes in the blood.*5” Although severe hyponatremia
is relatively uncommon in CHF, CHF patients can have increase in total body sodium
with low or normal serum sodium concentrations, making clinical assessment of so-
dium load challenging. An understanding of this concept also makes it clear that
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sodium administration to a hyponatremic CHF patient is contraindicated because they
don’t have a total body deficit of sodium; rather, they have an excess of electrolyte-
free body water.

Hyponatremia has been associated with poor outcomes in people with CHF; how-
ever, until recently these studies did not evaluate serum chloride.®® There is a growing
body of evidence that hypochloremia is the primary driver of poor outcomes with CHF,
more so than hyponatremia. Because electrolyte-free water retention is probably
the main cause of hyponatremia, low concentrations of other electrolytes are usually
also present when exuberant ADH promotes water retention. Therefore, efforts to
normalize hyponatremia should be directed at optimization of CHF medications to
improve forward flow and suppress the RAAS. Inhibitors of ADH (eg, tolvaptan) pro-
mote renal water excretion but are expensive and have not been shown to improve
outcomes in people.>®

POTASSIUM DERANGEMENTS

Serum potassium is usually normal in preclinical heart disease; however, abnormal-
ities can occur in CHF because of RAAS activation, CHF medications, and
inappetence.

Hypokalemia can develop with use of loop diuretics (eg, furosemide and torsemide)
because they cause renal tubular potassium loss along with other electrolytes, after
binding to the sodium-potassium-2 chloride (NKCC) cotransporter in the thick
ascending loop of Henle.“° Diuretics also activate the RAAS directly and through vol-
ume depletion, and the resulting hyperaldosteronism also promotes hypokalemia.
Reduced potassium intake because of inappetence compounds hypokalemia.

Hyperkalemia in CHF is typically a result of medications, although it can occur with
third spacing of fluids. Standard-of-care medications for CHF include RAAS inhibitors
(angiotensin-converting enzyme (ACE) inhibitors and spironolactone).? Spironolactone
prevents aldosterone receptor binding and ACE-inhibitors reduce angiotensin Il-
mediated aldosterone release, both of which mitigate renal potassium wasting.
Despite the potential for hyperkalemia with RAAS inhibitor use in CHF treatment,
this is uncommon in dogs, probably because it is counteracted by the potassium-
wasting effects of diuretics.*’

Potassium abnormalities can impact the patient. Hypokalemia promotes arrhythmia
development because of action potential duration-prolonging effects in myocardial
cells, predisposing to early after-depolarizations.*? It can also cause muscle weak-
ness and predispose to digoxin toxicity.?® Hyperkalemia also promotes arrhythmo-
genesis, specifically bradyarrhythmias as a result of cardiac myocyte threshold
changes and action potential duration shortening.*> Hypokalemia does not appear
to affect outcomes in dogs or cats,* but in people there is a U-shaped effect on sur-
vival, with both hypokalemia and hyperkalemia increasing the risk of mortality and
complications.*+46

Considering the untoward effects of potassium abnormalities, efforts to normalize
serum potassium concentrations are recommended. Drug-induced hyperkalemia is
often mild and addressed by lowering the dose of or discontinuing RAAS inhibitors.
Hypokalemia can often be addressed with oral potassium supplementation (potas-
sium gluconate 0.5 mEg/kg q12 hours or potassium chloride 1 mEg/kg/day) and the
addition of RAAS inhibitors, if not already being administered. Potassium-rich foods,
such as bananas and sweet potatoes might help. Patients with severe hypokalemia,
especially those that are anorexic should have intravenous potassium supplementa-
tion. The authors prefer to supplement potassium in intravenous fluids for hospitalized
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patients with severe hypokalemia at 0.05 to 0.2 mEqg/kg/hr, with reevaluation of serum
potassium concentrations every 8 to 24 hours to allow for dose adjustments to ensure
adequate replenishment and prevent hyperkalemia.

CHLORIDE DERANGEMENTS

Until recently, the importance of hypochloremia in CHF was under appreciated, despite
being a common finding. Recent studies in human and veterinary medicine highlight the
central role of chloride in CHF, probably through RAAS modulation. Heart failure-
associated hypochloremia can be due to depletion (loss from diuretic therapy) or
dilution (from free water retention).*” Loop diuresis is more likely to cause hypochlore-
mia than hyponatremia because twice as many chloride molecules are blocked
compared to sodium when loop diuretics bind to the NKCC cotransporter in the
ascending loop of Henle.*® Therefore, hypochloremia due to loop diuretic-associated
chloride loss is usually accompanied by normonatremia. Hypochloremia due to dilution
(presumably a result of nonosmotic ADH release), however, is usually accompanied by
hyponatremia because excessive free water retention affects both electrolyte concen-
trations equally.*®4° Many patients with CHF have mixed depletional and dilutional
hypochloremia. No studies have tried to relate hypochloremia etiology to prognosis
in heart failure. Hypochloremia in CHF is often accompanied by metabolic alkalosis
due to the reciprocal relationship of chloride and bicarbonate enacted by renal ex-
changers.?® Advanced heart disease and RAAS activation promote urine acidification
causing metabolic alkalosis and further accentuating renal chloride excretion when
bicarbonate is resorbed. Thus, metabolic alkalosis is intertwined with the cycle of
hypochloremia.

Loop diuretics contribute to hypochloremia, but they also directly stimulate the
RAAS by blocking the NKCC cotransporter in the juxtaglomerular apparatus (as well
as in the ascending loop of Henle) preventing distal tubular chloride from being trans-
ported into macula densa cells. Reduced chloride uptake into macula densa cells at
the juxtaglomerular apparatus allows for phosphorylation of with-no-lysine kinases,
leading to renin release and upregulation of sodium retentive channels in the distal tu-
bule.®° Initiation of the RAAS cascade promotes further sodium avidity, volume reten-
tion, and vasoconstriction. Upregulation of distal tubular sodium retention is one
mechanism of diuretic resistance.®3

Regardless of the cause of hypochloremia in heart failure, it contributes to disease
progression and poor outcomes.®! Studies in human and veterinary medicine have
found that hypochloremia is common and is prognostically more important than
hyponatremia in CHF, presumably because of chloride’s central role in RAAS acti-
vation.*®>" Dogs with refractory CHF have lower serum chloride concentrations
than dogs with controlled CHF.?® Hypochloremia is the most common electrolyte
abnormality in diuretic-naive dogs and cats presenting for first-time CHF, and serum
chloride concentrations were negatively correlated with furosemide dosage at
discharge and end-stage CHF in dogs in that study,*® suggesting negative prog-
nostic value. Presumably, hypochloremia in diuretic-naive dogs results from free
water retention because of exuberant RAAS stimulation and nonosmotic ADH
secretion. One study reported higher ADH in dogs with heart disease even before
CHF, and the inverse relationship with serum chloride in that study supports
RAAS activation.®° Cumulatively, these studies in veterinary medicine provide evi-
dence for hypochloremia as a marker of advanced heart disease and possibly
diuretic resistance, aligning with studies in human medicine on the importance of
chloride in heart failure.
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The cycle of hypochloremic metabolic alkalosis in heart failure is challenging to
break because of the underlying etiologies and CHF medications. Because loop
diuretic-induced loss is an important factor in hypochloremia, strategies to avoid
over-diuresis or reduce diuretic dosage with adjunctive therapies seem reasonable.
Because nonosmotic ADH release could contribute to free water retention in some
dogs, appropriate RAAS-inhibition and attempts to improve cardiac output (positive
inotropes, afterload reduction) could be helpful when all electrolytes are low. Specific
ADH antagonists (eg, tolvaptan) are not financially feasible for most pet owners and
have not been shown to improve outcomes in people, but would be a way to address
free water retention due to nonosmotic ADH release in patients where this seems to be
a predominant feature of their clinical presentation (eg, all electrolytes are low).*°
Because of the effects of hypokalemia on acid-base status and renal ammoniagene-
sis, potassium supplementation can help to address hypochloremia.?® Oral potassium
chloride supplementation may be a way to enhance serum chloride and potassium
concentrations. Acetazolamide is a chloride-retaining diuretic that has been shown
to raise serum chloride concentrations in people and improve decongestion in acute
CHF.52 This area is likely to be a focus of future research efforts to explore strategies to
restore normochloremia in CHF.

MAGNESIUM DERANGEMENTS

Hypomagnesemia can occur in CHF through the same mechanisms as hypokalemia,
namely loop diuresis and hyperaldosteronism leading to renal loss.® Hypomagnesemia
predisposes to arrhythmias and digoxin toxicity, similarly to hypokalemia, but it can
also promote hypokalemia furthering these propensities.*> Hypomagnesemia is rela-
tively common in people with CHF (17%), often accompanied by other electrolyte ab-
normalities.>® Magnesium depletion is more marked in dogs with advanced stages of
CHF compared to controlled CHF and preclinical stages.>* True detection of hypo-
magnesemia is challenging because intracellular concentrations are much higher
than, and not reflective of, the small amount of extracellular magnesium measured in
serum (<1%).°° lonized magnesium is postulated to be a better measure of magnesium
because it is the biologically active form, even though it is present in small amounts
(0.5%-5% of total body magnesium). Methods to measure intracellular magnesium
are not widely available. Hypomagnesemia worsens clinical outcomes in people®®
and in dogs with CHF due to mitral valve disease.>* Magnesium can be supplemented
intravenously (magnesium sulfate or magnesium chloride) or orally (magnesium oro-
tate). In people with CHF, spironolactone reduced arrhythmia frequency and main-
tained magnesium concentrations, presumably through aldosterone-antagonizing
effects.®” Therefore, efforts to optimize CHF therapy and normalize other electrolytes
are likely to have benefit on serum magnesium concentrations as well.

SUMMARY

Fluid deficits and electrolyte abnormalities occur in patients with cardiac disease. A
carefully curated fluid and electrolyte supplementation plan is essential for successful
management of these cases.

CLINICS CARE POINTS

e The “Two times maintenance” approach is not an appropriate fluid plan. It is important that
the fluid plan for the patient with heart disease is intentional with the goals of correcting
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hypoperfusion or dehydration (if present) and meeting the patient’s cellular fluid needs
while avoiding fluid intolerance.”

e Enteral water should be considered as an alternative fluid route in patients with heart
disease.®

e Diuretic therapy and renin-angiotensin-aldosterone system over-activation in dogs and cats
with congestive heart failure can lead to electrolyte derangements such as hypokalemia,
hyponatremia, hypochloremia, and hypomagnesemia.?®->*

e Hypochloremia contributes to disease progression and poor outcomes, making it a potential
therapeutic target.*>"
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