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Foreword

Heart failure continues to be a major medical problem across the globe. In the 
United States (US), it is the most common reason for patients to be hospitalized. 
Hospital cases of heart failure with preserved ejection fraction (HFpEF) are increas-
ing in the US, while hospitalization for heart failure with a reduced ejection fraction 
(HFrEF) may be decreasing. Both conditions often present with fluid overload, pul-
monary congestion, edema, and some renal function impairment. Most physicians 
know that aggressive diuretic therapy or other means of reducing excessive circulat-
ing volume can at times lead to worsening renal function and even acute kidney 
injury. When this occurs in the setting of acute decompensated heart failure, out-
comes can be poor, and management can be challenging.

This important new book brings together the clinician-scientists that have been 
actively studying the “cardio-renal syndrome” at various universities around the 
world. The authors know each other well and have been at the “front lines” in vari-
ous laboratories trying to better understand what is really happening and how it can 
be best managed. It is most appropriate that they have come together to put forth 
their thinking into this book in 18 extraordinary chapters.

I know most of these investigators. Some, such as John Burnett, I have known for 
longer than John and I would care to divulge. In the early days of heart failure 
research, John's lab group in Rochester (Mayo Clinic) and ours at the University of 
Minnesota used to meet regularly to share data to better understand the important 
role of the kidney in heart failure. The effervescence of the lab meetings was stun-
ning! We learned a great deal from each other and uncovered the things we did not 
know!

When I moved to the Cleveland Clinic, I worked closely with W. H. Wilson 
Tang and Wilfried Mullens. It was a time of extraordinary focus on the kidney in 
heart failure, which Wilson and Wilfried have continued, now on both sides of the 
Atlantic. Other prominent investigators have participated in elegant studies on the 
kidney in patients with heart failure, and many of them have contributed their 
insights in this book. The cast is really quite remarkable. Most are still very 
actively investigating this complex interplay between the kidney and the failing 
heart.
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I am honored that I was asked to write this short forward for this important new 
book. These authors are the people that have done the work, and we need to listen 
to them. There are other investigators, not represented here, who of course have also 
made major contributions to the field and we are most grateful for their work over 
the years. Credit goes to Drs. Tang, Verbrugge, and Mullens for updating the field 
and for putting this book together. It is outstanding!

Gary S. Francis, MD 
University of Minnesota
Minneapolis, MN, USA

ForewordForeword
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Introduction: Refining Physiologically Based 
Individualized Management of Cardio-Renal 
Syndrome

The topic of cardio-renal syndrome has been reviewed extensively in the literature 
especially the past few decades. There is general agreement that adverse and 
dynamic interactions between the kidneys and circulatory compartments promote 
increased circulating volume, exacerbate heart failure symptoms, and accelerate 
subsequent disease progression, while the contribution of noncardiac factors is also 
under-recognized. Nevertheless, this complex and diversified condition cannot be 
confined to a “one-fits-all approach” when patients presents with a wide range of 
manifestations. Often, thorough insight and understanding of cardiac and renal 
pathophysiology in heart failure and kidney disease is key for making the right 
therapeutic decisions. Many classic theses of congestive failure and edema have 
been developed since the 1940s, among them were writings from legends like Issac 
Starr and Eugene Stead to address these age-old bedside dilemmas [1, 2]. These 
elegant masterpieces often read like “fireside chats” and reminded us the impor-
tance of logical reasoning and pathophysiologic deductions that was based on astute 
bedside observations and presentations of individual patients or case series. As cli-
nicians, there is a need to look back at the often-forgotten wisdom from the past and 
to better integrate them with new tools and insights now available in the pursuit of 
precision medicine.

Like such master clinicians, this book seeks experts in various topics of 
cardio- renal syndrome to incorporate pathophysiologic insights in describing 
their approaches to various clinical scenarios that clinicians often encounter in 
managing heart failure. As editors, we are honored to bring together a group of 
international experts in which every senior author has made a huge contribution 
to advance the field of cardio-renal medicine while bringing together many of the 
learnings we have collectively made over the past decades. By design, we com-
menced this book with a historical perspective on the evolving evidence and 
concepts regarding cardio- renal syndrome, combined with perspectives on the 
contemporary understanding of cardio-renal interactions in the setting of heart 
failure. These introduction chapters set the stage for some in-depth discussions 
of traditional and novel pathophysiological insights on neurohormonal and auto-
nomic mechanisms as well as clinical pharmacology perspectives – all forming 
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the backbone for later case- based chapters. It has been the aim to offer a thor-
ough mechanistic understanding of problems that are frequently encountered in 
clinical practice and directly apply this knowledge through practical recommen-
dations. Each starts with a realistic case vignette of a patient with cardio-renal 
syndrome. Building from the cases, key questions are posed that are relevant to 
the clinical management. This is followed by a brief discussion of the available 
evidence for diagnosis and/or treatment, citing key insights over the years from 
research groups across the globe. Finally, a treatment strategy is proposed with a 
link back to the case vignette and the pathophysiology that is discussed in the 
earlier chapters.

Inevitably there will be overlap across the chapters, but the interpretation varies 
from different points of view and perhaps even described in different clinical sce-
narios. This is intentional, with the hope to provide the reader with the breadth and 
depth of our international experts’ opinions. There is no single “right” answer to 
each case – but there are different ways to interpret the published evidence, and even 
different ways to synthesize the optimal treatment strategies – some even with com-
pletely conflicting approaches based on the same published data! It is simply 
fascinating.

Indeed, there are some interesting observations when compiling this series of 
chapters. First, we still have very limited armamentarium of diagnostic and ther-
apeutic tools to tackle cardio-renal syndrome. Indeed, there is only so much we 
can do to change the dose, route, and sequence of diuretic therapy. We certainly 
need more precise and impactful ways to clarify the underpinnings of this syn-
drome. Second, we do not have a good grasp of the fundamental defect(s) in each 
of the cases besides observing how their clinical manifestations unfold. 
Specifically, there are some abnormalities that may indeed drive the syndrome 
while others may be iatrogenic from responding to the syndrome. Sorting them 
out may be a key aspect moving forward in our explorations. Third, we seemed 
to have a challenge in naming the conditions themselves. Terms like “worsening 
renal function” and “acute kidney injury” have inadequately captured the true 
conditions that the heart and the kidneys are facing in the setting of acute or 
chronic heart failure, and have led investigators astray in putting too much faith 
in those terminologies. We should therefore be careful when we describe the 
pathophysiology and provide mechanistic evidence to support them rather than 
simple associative findings.

We hope this book may offer new insights to its readers who may bet-
ter  appreciate the various contemporary pathophysiologic approaches that 
can  be incorporated into their clinical management decisions. More impor-
tantly,  we hope such insights may lead to better individualized treatment 
approaches for patients suffering from cardio-renal syndrome. Indeed, we would 
like to dedicate this book to them, who deserve our continued tireless efforts to 
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advance the field and improve their lives. We have much to learn after a century 
of progress.

 W. H. Wilson Tang, MD
Department of Cardiovascular Medicine  

Cleveland Clinic
Cleveland, OH, USA

 Frederik H. Verbrugge, MD PhD
Department of Internal Medicine  

UZ Leuven, Leuven, Belgium

 Wilfried Mullens, MD PhD
Ziekenhuis Oost-Limburg  

Genk University Hasselt
Genk, Belgium
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1A Historical Perspective on Evolving 
Concepts of Cardiorenal Syndrome 
in Heart Failure

Joshua Grant and Hector O. Ventura

 Introduction

Cardiorenal syndrome, the clinical process that describes the interaction between the 
heart and the kidneys, has recently received a great deal of attention from clinical and 
research standpoints. Patients that have heart and kidney problems are common today 
in clinical practice and the presence of cardiorenal abnormalities is associated with 
high morbidity and mortality. The concept of cardiorenal syndrome is however not 
novel. Thus, it is critical to re-examine efforts of the past. The trials and tribulations of 
yesterday’s clinical investigators are important and give us greater insight into today’s 
practice. In this narrative, we sought to report a historical overview of cardiorenal 
interactions and thus render homage to those physicians dedicating their work to 
this subject. Those physicians have paved the way to an era in which the concept, 
consequences and pathophysiology of cardiorenal syndrome is much better understood.

 Ancient History

 Egyptian Medicine

The Egyptian civilization utilized the medical papyri as the source of medical 
knowledge and as a guide for the practice of medicine. The papyri contain 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-21033-5_1&domain=pdf
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descriptions of anatomy and function of the human body, instruments utilized by 
doctors at that time, as well as different diseases and their remedies. The cardiac 
glosses of the Ebers papyrus comprise the concepts and notions of the Egyptian 
physicians about the heart and its diseases [1–7]. The urinary tract is mentioned 
by the Egyptians, not as a system, but by individual parts. Although there is 
no hieroglyphic word for kidney, words meaning loin, such as ‘depet’, ‘geget’, 
‘geret’ and ‘gelet’ have been related to it. Some authors support the opinion that 
the Egyptian physicians considered the kidneys to have an important role, because 
they were left in the body together with the heart giving special significance to 
these two organs [8, 9]. However, other authors believe that the kidneys were left 
in because their retroperitoneal location made them unreachable in the normal 
evisceration that was part of mummification [6, 8]. Egyptian physicians knew 
that the ureters conducted urine to the bladder. A study has speculated that the 
Egyptians also knew that the source of urine was the kidneys, however their 
understanding of this anatomic relationship has not been confirmed. Thus, it is 
not clear if the Egyptians physicians appreciated not only the anatomy, but also 
the physiologic role of the kidney [6, 8]. The Ebers papyrus described urine 
or ‘moyt’ that was formed in the region of the bladder, by a process similar to 
purification and was considered a clean fluid. The document describes that “thou 
art a servant who cometh in vomitus; thou art a noble who cometh in urine”, 
alluding the cleansing function of urine [4, 8]. A possible relationship between 
the heart and the kidneys can also be found on studies performed on preserved 
mummies indicating that kidney and heart diseases were not uncommon [6]. In 
addition, a passage on the Book of the Dead suggests that Egyptians gave a 
mythological role to the kidneys and the heart, “May naught be against me in 
the presence of the great god, the lord Amentet. Homage to thee, O my heart. 
Homage to thee, O my kidneys” [10].

 Chinese Medicine

Traditional Chinese Medicine dates back 3000 years. Its principles are based on 
concepts of Yin and Yang, two opposing qualities that are in a constant state of 
dynamic balance. According to Chinese medical theory, there are five organs that 
produce, transform, and store qi, the body’s vital energy: the lungs, spleen, heart, 
liver, and kidneys. Disease may occur when the balance of Yin and Yang is altered 
because of a deficiency or excess of either quality [11]. The relationship between 
the kidney and the heart is explained by the Five Elements theory: the heart belongs 
to fire and the kidneys to water. Both have Yin and Yang properties that are closely 
related. If this functional relationship between Yin and Yang is abnormal, the 
dynamic equilibrium is disrupted. This morbid condition has been termed as “non- 
coordination between the heart and the kidney” [11].

J. Grant and H. O. Ventura
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 Hebrew Culture

The Hebrews believed that the kidneys (reins) were the seat of desire and longing, 
and the heart was the seat of thought and will, which accounts for them often being 
coupled in the Bible. They are mentioned in the following passages as the organs 
examined by God to deliver judgment on humans [12]:

• “..The righteous God trieth the hearts and reins.” (Psalm 7:9)
• “But, O Lord of hosts, that judgest righteously, that trieth the reins and the heart, 

let me see thy vengeance on them: for unto thee have I revealed my cause.” 
(Jeremiah 11:20)

• “… Examine me, O Lord, and prove me; try my reins and my heart.” (Psalms 
26:2)

• “… I, the Lord, search the heart, I try the reins, even to give every man according 
to his ways, and according to the fruit of his doings.” (Jeremiah 17:10).

 Post-classical history

 Middle Ages

During the Middle Ages, there was not a clear understanding of the site of the 
disease that caused fluid overload or dropsy. However, there were several 
descriptions that attempted to relate the heart and the kidney as plausible 
underlying mechanism. Aetius of Amida was a Greek-born who atributed dropsy 
(fluid overload) to hardening of the kidneys [13]. Perhaps the most famous of the 
Islamic physicians, Avicenna, who was author of the famous medical encyclopedia 
Canon of Medicine, also held that dropsy appeared in the course of hardening of 
the kidneys. It is notable that Avicenna tried to differentiate the cause of different 
dropsies, ascribing some to affections of the liver and others to diseases of the 
kidney [14, 15]. In the fourteenth century, Gentile da Foligno, a professor and 
teacher of medicine at the Universities of Bologna, Padua, Siena and Perugia, 
reported seminal observations on the physiology of the formation of urine [16]. 
He stated that urine was blood’s filtration through the porous tubules of the kidney 
and is then delivered to the bladder. He also described the relationship between 
heart disease and the colour and output of urine. He stated that a small volume 
of urine output in the course of acute fever could indicate heart disease. Oliguria 
and signs of swelling sometimes signify a bad mixture in the heart. In addition, 
he also described the relationship between fast pulse rate and urine output [16]. 
Giovanni Battista Morgagni, professor of Anatomy in Padua, compiled his clinical 
observations in a series of letters that were incorporated in his landmark treatise 
“De Sedibus et Causis Morborum per Anatomen Indagatis Libri Quinque” or “The 
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Seats and Causes of Disease Investigated by Anatomy in Five Books”, published 
in 1761 [17]. Morgagni devoted several letters of the “De Sedibus” to study the 
clinical pathological correlation of heart diseases and described cases of granular, 
contracted kidneys, associated with dropsy [18].

 Modern History

Several investigators have reported the relation between heart and kidney disease 
in the nineteenth century. Richard Bright recognized that many patients with renal 
disease have diffuse vascular disease, kidney disease, and cardiac hypertrophy, more 
than half a century before a blood pressure measuring device was utilized [19]. 
He stated “The obvious structural changes in the heart [in patients with shrunken 
kidneys] have consisted chiefly of hypertrophy with or without valve disease and, 
what is most striking, out of 52 cases of hypertrophy, no valvular disease whatsoever 
could be detected in 34… We must look for the cause of this hypertrophy in the fact 
that the blood, in consequence of degeneration of the kidney, being contaminated 
by urinary excreta and otherwise deteriorated, is impeded in its transit through 
the minute arteries throughout the body…” [19]. Bright thus begins to describe a 
complex pathopyhsiologic interplay between the heart and the kidneys. William 
Senhouse Kirkes was an English physician whose main interest was in cardiology 
and vascular disease and he gave the first account of embolism from vegetations 
in infective endocarditis in 1852 [20]. Three years later, he published a study on 
apoplexy in Bright’s disease, a historical classification for what is nowadays is 
termed nephritis. Kirkes clearly described the role of raised intra-arterial tension in 
the causation of arterial disease, a point that had eluded Bright, Johnson, and other 
contemporaries [21]. He stated: “I believe that the affection of the kidneys is the 
primary disease. A hypertrophied condition of the left ventricle ... of the various 
explanations of this pathological fact, the most probable perhaps is that which 
regards the blood as so far altered from its normal constitution ... as to move with less 
facility through the systemic capillaries, and thus to require increased pressure, and 
consequently increased two cases, either the heart or the cerebral vessels were growth 
of the left ventricle, to effect its transmission.” [21] Thus, he remains one of the 
first physicians to ascribe a principle renal pathology leading to disease of the heart. 
Ludwig Traube, in 1856, published Ueber den Zusammen hang von Herz und Nieren 
krankheiten (The Relation Between Cardiac and Renal Diseases), that was directed 
to the elucidation of the mechanisms responsible for the presence of left ventricular 
hypertrophy in patients with kidney disease [22]. He stated: “The shrinking of the 
renal parenchyma has therefore, 2-fold consequences. It will firstly act by decreasing 
the blood volume, which flows out in a given time from the arterial system into the 
venous system. It will secondly act by decreasing the amount of liquid, which at the 
same time is removed from the arterial system as urinary secretion. As a result of 
both these conditions, particularly because of the latter, as is clear from what has just 
been stated, the mean pressure of the arterial system must increase. Consequently 
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again, an increase in resistance is produced, which opposed emptying of the left 
ventricle” [22]. In addition, in a different publication, Traube credits Senhouse 
Kirkes [23], when he stated: “It was Senhouse-Kirkes who first proposed the tenet 
that arteriorenal disease, and the neglect of his contribution, probably sclerosis, is first 
of all the results of long-lasting high-grade tension of the aortic system. Thus there 
appeared, I believe, the first allusion to the correct viewpoint, not only on the origin 
of this affection, but also its pathological significance. We place his contributions 
within the setting of the development of arteriosclerosis that has the same foundation 
as the hypertrophy of the left ventricle.” [23]

William Stokes from the Irish School of Medicine wrote Diseases of the 
Heart and the Aorta, published in 1854. This treatise was the result of 20  years 
of experience and demonstrated Stokes’ clinical acumen and intimate familiarity 
with the literature of cardiology [24]. He wrote: “During these (orthopnea) attacks, 
the irregularity of the heart and the precordial distress increased, until orthopnea 
was established. The kidneys acted scantly … on each attack the tumefaction of 
the liver increased with great rapidity, but this condition as rapidly subsided with 
the improvement in symptoms. No relief was ever obtained until the action of 
the kidneys was established; … In this condition of intervals of comparatively 
good health, while the attack came on once in about every five weeks ... another 
bad attack supervened in the early part of the autumn, but it yielded to the usual 
treatment. But this was the last time that the system responded to medicine ... The 
anasarca increased, and the occurrence of a congestion of both lungs, so great as to 
cause general dullness and bronchial respiration, was the immediate forerunner of 
death…” [24]. Here Stokes establishes a clear relationship between the symptoms 
of volume overload in heart failure and the role of the kidneys in a compensatory 
corrective response. In addition, Stokes attempt to find an explanation of the patients 
symptoms: “Although these cases are to be met with every day, especially in private 
practice, we still observe that physicians differ as to their nature. One holds that 
the liver is the organ at fault; another that the disease is in the valves of the heart; 
a third believes that the symptoms are those of hydrothorax, from disease of the 
kidney; while a fourth sees nothing but misplaced gout. Each of them may be said 
to be in one sense right, all of them in another sense wrong. That the heart, liver 
and lung are in fault, in most of the cases, is certain; that the kidney is functionally 
affected, and the gouty condition present, is commonly true. But we must learn to 
look fairly at the entire case, and not dwell on its separate phenomena. In a clinical 
point of view these cases form one of a group of diseases which may be classed 
as examples of weakness of the heart. For although they differ in the special signs 
and symptoms, and, above all in their history and accompanying circumstances, 
yet they agree in exhibiting a diminished force, especially of the ventricles…” [24] 
This description demonstrates that Stokes correctly characterized the correlation 
of clinical symptoms with pathologic findings on the syndrome of heart failure. 
Notably, he identified that the main problem was seated in the heart. In addition, 
Stokes’ clinical-pathologic observations indicate a relation between heart disease 
“weakness of the heart” and functional abnormalities of the kidneys [25].

1 A Historical Perspective on Evolving Concepts of Cardiorenal Syndrome in Heart…
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 Twentieth Century

The term “cardio-renal” was introduced by the English clinician Dr. Thomas Lewis, 
who described a unique form of paroxysmal dyspnea in the setting of concomitant 
cardiac and renal dysfunction. He delivered a lecture in 1913 entitled “Paroxysmal 
Dyspnoea in Cardio–Renal Patients” and attempted to ascribe the etiology of dyspnea 
to renal or cardiac pathology [26]. He wrote: “We attempt to distinguish the two types 
of dyspnea after death… When the body is examined the conspicuous lesion is found 
in the kidney, or it is found in the heart; the morbid anatomist points to one or other 
organ as the seat of the chief mischief. We come to this standpoint that the clinical or 
anatomical distinction between cardiac and renal asthma, is no certain one. Asthma 
occurring in patients who show on the one hand prominent cardiac lesions and on 
the other hand prominent renal lesions, may or may not be due to a single cause…” 
Although the relationship between the heart and kidneys is here acknowledged, it 
is clear that identifying the implicit pathophysiology remains elusive [26]. The 
following summer, Dr. Alfred Stengel presented his proposal at the American Medical 
Association Annual Session in Atlantic City, New Jersey, and stated that patients are 
often encountered with symptoms of both “cardiac weakness” and “renal disease.” 
[27] He wrote: “The clinician encounters many cases, mainly in persons of middle age 
or older, in which evidences of cardiac weakness and other circulatory disturbances, 
such as high pressure, are associated with signs of failure of renal function or urinary 
indications of renal disease. When this combination of symptoms is of such character 
that the observer cannot readily assign to either the cardiovascular system or to the 
kidneys, the preponderance of responsibility, the term “cardiorenal disease” is often 
employed. The term therefore comprises cases of combined cardiovascular and 
renal disease, without such manifest predominance of either as to justify a prompt 
determination of the one element as primary and important and the other as secondary 
and unimportant. Among the pathologic conditions included in the term are 3 important 
groups: 1) primary valvular or myocardial disease with secondary renal disease; 2) 
primary arterial or arteriolar disease with secondary renal and myocardial disease; 
and 3) primary renal disease with secondary myocardial and vascular disease…” [27].

In 1940, Benjamin Gouley from Philadelphia reported the association between 
myocardial degeneration and uremia [28]. He stated: “A peculiar type of myocardial 
degeneration appears to be intimately associated with the uremic and pre-uremic states 
of arteriolar nephrosclerosis and chronic glomerular nephritis. It is found especially 
in patients who have cardiac failure. The latter may be the outstanding feature of 
the uremic intoxication…”.28] Thus, Gouley identifies a disease process in which 
the kidneys result in cardiac pathology. Meanwhile in 1947, Langendorf and Pirani 
reported 27 fatal cases of uremia and described their electrocardiographic, kidneys 
and heart anatomic changes [29]. They stated: “The average weight of the heart was 
466 g, the minimum weight was 300 g, and the maximum weight was 650 g. There was 
no definite relation between the weight of the heart and the underlying renal disease. 
High weights were however more consistently found in nephrosclerosis of the 
arteriolar variety, while approximately normal weights were present in 2 instances of 
acute ascending pyelonephritis… The myocardium was generally rather pale with a 
moderate to severe cloudy swelling. The consistency was diminished in only a few 

J. Grant and H. O. Ventura



7

instances and occasionally oedema was present. Old and recent myocardial infarcts 
were observed in 7 hearts, most frequently in the anterior wall of the left ventricle. 
Microscopically, the most consistent finding in the myocardium was a moderate to 
severe interstitial fibrosis, which was present in the hearts of all but 2 patients…
In a few instances, the myocardial fibrosis was particularly marked in perivascular 
location. In others either the outer or the inner third of the left ventricular wall was 
more severely involved. A diffuse, slight fatty degeneration was noted in many hearts. 
In only 2 instances however, it did reach a severe degree: both of these patients had 
a marked anemia. Fat infiltration of the right ventricular wall was present in 8 hearts; 
the infiltration was rather marked in 3…” [29] The introduction of hemodialysis 
as treatment renewed the interest in the relationship between cardiac structure and 
function in patients with end-stage renal disease. Thus, several studies demonstrated 
that both clinical and echocardiographic disease occur frequently in patients with 
chronic renal disease and uraemia. Heart failure appeared to be very common 
and was associated with poor prognosis. Left ventricular systolic dysfunction, 
hypertrophy and dilation were present by echocardiography and associated with 
higher mortality [30–32]. Lidner et  al., in 1974, demonstrated prospectively that 
patients on long-term regular hemodialysis not only had a high mortality (56.4% 
at the end of the 13-year follow-up), but also a higher incidence of cardiovascular 
disease [32]. Fourteen of 23 deaths were attributed to arteriosclerotic complications 
such as myocardial infarction (n = 8), strokes (n = 3), and refractory heart failure 
(n = 3). The authors concluded that that accelerated atherosclerosis was a major risk 
to long-term survivors on hemodialysis [32]. Other more contemporary studies have 
confirmed that kidney disease or decreased renal function worsens the prognosis 
of patients with heart failure [33–36]. More recently, the Framingham Heart Study 
has demonstrated that levels of natriuretic peptide and urinary albumin-to-creatinine 
ratio are major predictors of major cardiovascular events [37].

 The Present

The definition of cardiorenal syndrome has evolved, but it remains largely 
descriptive in nature and not necessarily reflecting specific underlying 
pathophysiologic processes. For example, the Acute Decompensated Heart Failure 
Registry (ADHERE) defined cardiorenal syndrome clinically as the presence or 
development of renal dysfunction in patients with heart failure [38]. Bongartz et al. 
defines cardiorenal syndrome as a pathophysiological condition in which combined 
cardiac and renal dysfunction amplifies progression of failure of the individual 
organ to lead to astounding morbidity and mortality in this patient group [39]. 
More recently, cardiorenal syndrome has been defined as disorders of the heart and 
kidneys whereby acute or chronic dysfunction in one organ may induce acute or 
chronic dysfunction of the other and 5 subtypes of cardiorenal syndrome have been 
described [40]. It is somewhat remarkable that despite over a century of medical 
progress, our classification scheme for cardio-renal syndrome has remained largely 
descriptive of such temporal bi-directional relationships between cardiac and renal 
dysfunction.

1 A Historical Perspective on Evolving Concepts of Cardiorenal Syndrome in Heart…
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 Conclusion

Richard Horton wrote in 1997: “Medicine pays almost exclusive homage to the shock 
of the new – we place constant emphasis on novelty – this is an era of the instantaneous 
and the immediate.” [41] It seems that medicine’s concern with the “new” leaves a 
little space for history. We do not advocate this point of view, as T.S. Eliot wrote: “the 
historical sense involves the perception not only of the pastness of the past, but of its 
presence…” [42] Thus, one cannot appreciate the present separate from the past. The 
new developed concepts on cardiorenal syndrome and its therapies will be detailed in 
this book, however, the successes of our present days are rooted in the past and thus a 
historical overview of the cardiorenal connection is critical to acknowledge not only 
how far we have come, but also how much we can carry out further in the future.
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2Hemodynamic Insights to Cardio-Renal 
Syndrome: A View Looking Back to See 
Forward

Lynne Warner Stevenson

 Recognizing the Role of Renal Function

When digitalis and diuretics were the only therapies for heart failure, patients pre-
sented after relatively short duration of disease when obvious decline in kidney 
function was uncommon except in frank cardiogenic shock. Some early trials in 
heart failure did not even report renal function. It was 8 years after the initial publi-
cation of the Studies of Left Ventricular Dysfunction (SOLVD) trial results that the 
striking impact of even mild kidney dysfunction on outcomes in both asymptomatic 
and symptomatic heart failure was first reported [1]. Since then chronic kidney dys-
function has come to be recognized as one of the core predictors of worse outcome 
at every stage of heart failure, regardless of ejection fraction (EF). In a large com-
munity database from Canada including all EF heart failure, median survival after 
the initial and each subsequent hospitalization for heart failure was decreased by 
half for patients with a diagnosis of kidney dysfunction [2].

 The Pre-renal Concept

After the approval of cyclosporin in 1984, the lure of cardiac transplantation drew 
increasing numbers of patients with heart failure from the communities where 
they had been languishing. These patients concentrated at the growing heart fail-
ure centers, where they challenged us to relieve their symptoms after they were 
listed or more often rejected for cardiac transplantation [3]. Heart failure was then 
traditionally viewed as “forward failure” and “backward failure”, with the empha-
sis on increasing contractility to improve forward failure. The prevalent model of 
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congestion was that of an inevitable burden needed to support adequate filling for 
cardiac output from the dilated failing heart. When creatinine and blood urea nitro-
gen increased during diuretic therapy to relieve dyspnea and edema, the cause was 
assumed to be due to excessive reduction of forward cardiac output leading to inad-
equate renal blood flow, the “pre-renal” concept.

Insight into the hemodynamic aspects of end-stage heart failure resulted from the 
evaluation for presence and reversibility of pulmonary hypertension during cardiac 
transplant evaluation. One-time evaluation in the catheterization laboratory did not 
provide enough information, so pulmonary artery catheters were left in to guide 
reduction of pulmonary capillary wedge pressures through diuretics and vasodila-
tors [3]. Preceding chronic inhibition of the renin-angiotensin system, decompensa-
tion was characterized by marked vasoconstriction as well as volume load [4]. The 
relative targets and response of diuretics and vasodilators could not be distinguished 
without invasive hemodynamic monitoring. Investigation to determine the optimum 
filling pressures, at which stroke volume was maximal, revealed that this was con-
sistently achieved at pulmonary capillary wedge pressures close to 16 mm Hg, often 
reduced from initial levels of 30 mm Hg or higher [5]. This was generally achieved 
during infusion of sodium nitroprusside or nitroglycerin titrated to systemic vascu-
lar resistance around 1200 dynes-cm-sec5, during and after which intravenous loop 
diuretics were titrated to reach the lowest filling pressures possible. The intravenous 
vasodilators were then weaned slowly during uptitration of hydralazine and nitrates 
to maintain equivalent loading conditions [6].

This apparent “inverse Starling curve” in the dilated failing heart may reflect 
multiple factors including better myocardial oxygen supply-demand relationship 
and decreased interventricular and pericardial constraint. However, the major fac-
tor proven was the dramatic reduction of mitral regurgitant flow in favor of for-
ward flow without substantial change in the summed ejection fraction [7]. More 
recent echocardiographic studies during tailored therapy have tracked the reduction 
in left ventricular size and effective mitral regurgitant orifice area, frequently with 
reduction of mitral regurgitant volume by more than 50% [8]. It is of interest that 
reduction of filling pressures and cardiac volumes alone is sufficient to decrease 
neurohormonal activation during decompensation [9].

These observations led to distinction between congestion with and without evi-
dence of hypoperfusion [10]. The “warm and wet” profile is treated primarily with 
diuresis without intervention to increase cardiac output. Fewer than 20% of patients 
admitted to most centers have a profile of “cold and wet”, in which adjunctive ther-
apy with vasodilators or inotropic therapy may be needed to aid diuresis toward the 
warm and dry profile. The dominance of congestion without hypoperfusion sup-
ports the separation of congestion from perfusion, emphasizing that fluid retention 
in most patients is not primarily due to inadequate resting cardiac output. However, 
the rarity of patients with clinical hypoperfusion without clinical congestion (cold 
and dry) does support the corollary concept that patients with low cardiac output 
generally do develop fluid retention.

The transition from an intravenous to an oral regimen was generally accom-
plished without increases in creatinine or blood urea nitrogen. However, serum 
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creatinine levels sometimes increased later during the hospital course or after dis-
charge, by which time hemodynamics were no longer known. Increases in diuretic 
doses during outpatient management were often associated with increases in creati-
nine and it was surmised that this was a cause-effect relationship. This was further 
emphasized by observational studies that the use of loop diuretics, and particularly 
high doses of diuretics, were associated with worse outcomes [11]. Eventually it has 
become clear that it is the need for such doses (diuretic resistance) rather than the 
doses themselves that are responsible for the association [12].

 Renal Implications of Heart Failure with Preserved Ejection 
Fraction

Before 2-dimensional echocardiography came into standard use, all heart failure 
had been assumed to be a disease of decreased contractility with low ejection frac-
tion and low cardiac output. The fluid retention was assumed to result from inad-
equate stimulation of arterial baroreceptors by low output and a resultant increase 
in neurohormonal reflexes to retain volume.

Recognition grew slowly that heart failure could occur without low ejection frac-
tion [13]. Debate still continues over nomenclature and the relative contributions 
of intrinsic diastolic and systolic dysfunction, the hemodynamic and echocardio-
graphic criteria, and the role of other co-morbidities associated with heart failure 
with preserved ejection fraction. The common factors in presentation remain the 
congestive symptoms and physical evidence of elevated filling pressures and fre-
quent excess of total body volume. This overturned the prevailing concept that 
impairment of cardiac output was the main stimulus for fluid retention in cardiac 
disease. As decreases in renal function were observed during hospitalization as 
often with preserved ejection fraction as with low ejection fraction heart failure 
[14], this syndrome was further evidence against the model of renal dysfunction in 
heart failure as due primarily to forward failure.

Retention of excess volume remains the cardinal feature of what has been 
termed heart failure with preserved ejection fraction. A minority of patients with 
this diagnosis have consistently normal resting pressures with symptoms and 
pressure elevations that occur only with exercise. Some patients with the label 
of heart failure with preserved ejection fraction instead have fluid retention of 
another primary etiology such as kidney or liver disease, to which the heart is 
only a bystander. Obesity itself is associated with decreased fluid excretion and 
increased fluid volumes in which direct cardiac involvement does not always not 
play the major role [15, 16]. With the heterogeneity of causes for fluid retention in 
the presence of normal ejection fractions, it is not surprising that the only strategy 
effective to decrease hospitalizations for this diagnosis has been the use of ambu-
latory hemodynamic monitoring supervised with algorithms designed to achieve 
and maintain low pulmonary pressures [17]. This pressure-guided strategy has led 
to consistent reduction of pulmonary artery pressures without overall decline in 
renal function.

2 Hemodynamic Insights to Cardio-Renal Syndrome: A View Looking Back to See…
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 Reversal of the Impact of Increased Creatinine During 
Hospitalizations

One of the first systematic reports of the lack of relationship of cardiac output to 
worsening renal function cited a rate of about 1 in 4 patients with worsening renal 
function during heart failure hospitalization [18]. This was associated with older 
age, lower baseline creatinine clearance (although same absolute creatinine levels) 
higher right atrial pressures, atrial fibrillation, and subsequently with longer length 
of stay and higher event rate after discharge [18]. This was followed by a report of 
1000 patients from 11 academic centers confirming the longer LOS and higher in- 
hospital mortality [19]. A similar report demonstrated that this association persisted 
for multiple definitions of worsening renal function [20]. However, both the abso-
lute increases and the proportional increases are more likely to occur in the setting 
of baseline renal insufficiency, so some of this predictive power reflects the impact 
of baseline renal insufficiency on prognosis. Interestingly, this is the very cohort 
in which the infamous 0.3–0.5 mg/dL rise of creatinine was coined as “worsening 
renal function”, based on the cut-off values that balance the sensitivity versus speci-
ficity in predicting in-hospital mortality.

A strange reversal occurred around the time of the ESCAPE trial. During this 
period there was new emphasis on the importance of achieving decongestion during 
heart failure hospitalization. For example, the goals in the ESCAPE trial empiric 
arm were resolution of clinical signs and symptoms of congestion [21], as in the 
subsequent trials of the Heart Failure Network [22–24]. In the matched invasive 
arm of ESCAPE, diuretics and vasodilators were titrated to approach goals of pul-
monary capillary wedge pressure ≤ 16 mmHg and right atrial pressure < 8 mmHg 
while maintaining systolic blood pressure at least 80 mmHg [21]. Renal function 
was slightly less likely to deteriorate in the hemodynamically guided arm before 
discharge but this benefit was not sustained in the months after discharge [25]. 
Furthermore, the change in renal function during hospitalization was no longer 
found to predict worse outcomes, which were instead better explained by baseline 
renal function. Subsequent analysis of the degree of decongestion indicated that 
small creatinine increases in hospital paralleled other indicators of hemoconcentra-
tion, which as a marker of more effective decongestion was associated with better 
outcomes after discharge [26]. This was confirmed in other analyses in both the 
United States and in Europe, where worsening renal function was found to confer 
worse prognosis only in the presence of residual congestion at discharge [27]. It is 
ironic that some studies such as the trial of ultrafiltration versus aggressive diuretic 
escalation used worsening creatinine as part of the composite endpoint, before the 
higher priority of decongestion was appreciated [23].

There has been much confusion about the relatively rapid reversal after 2005 from 
the “ominous” to optimistic view of small increases in creatinine during heart failure 
hospitalization. The most likely explanation is that uncertainty about the goals of 
diuresis previously triggered premature discontinuation of diuresis despite residual 
congestion, if the creatinine increased early during hospitalization [28]. A large group 
of investigators in the United States and Europe in the meantime reached consensus 
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together about the proximate causes and goals of heart failure hospitalization [29]. 
The increasing recognition of the danger of residual congestion has now encouraged 
clinicians to override the creatinine and push through to resolution of clinical conges-
tion, as captured in the EVEREST and PROTECT congestion scores [27, 30].

 Forward and Backward Flow for the Kidney

 Forward Failure

Cardiogenic shock clearly threatens the kidneys and the other vital organs. Rapid 
worsening of kidney and liver function in the setting of hypotension and lactic aci-
dosis warrants rapid triage for aggressive intervention to support cardiac output 
as appropriate in view of overall health. However, the severity of chronic hypo-
perfusion can be under-recognized in patients with ambulatory heart failure, and 
should be carefully assessed clinically upon presentation. Uncertainty regarding 
right and left filling pressures, systemic and pulmonary vascular resistances is a 
recommended indication for invasive hemodynamic assessment [31]. However, the 
finding of low calculated cardiac output during a single measurement is not easy to 
interpret. The increasing reliance upon room temperature for convenience of ther-
modilution measurement and assumed oxygen consumption from body weight for 
“Fick outputs” has diluted the gold standard of measured cardiac output.

Renal blood flow can also be threatened by maldistribution of an adequate car-
diac output into regional beds. While obvious in sepsis, maldistribution may be 
subtle in other settings. The recommended combination of medical therapies for 
heart failure such as neurohormonal antagonists often leads to low systolic blood 
pressures as an off-target effect. Renal autoregulation is generally considered to be 
impaired below a threshold of mean arterial pressure of 80 mg [32], which may even 
be higher after long-standing hypertension. Inhibitors of the renin-angiotensin sys-
tem have specific effects also to decrease efferent glomerular tone and glomerular 
filtration rate. Often speculated, it is not known what degrees of hypotension and 
progressive renal dysfunction cancel the anticipated benefits of this neurohormonal 
inhibition in patients with advanced heart failure. In fact, early concerns for broad 
vasodilator use dwells on this very point. For example, hydralazine is a reliable arte-
rial vasodilator but can also occasionally divert blood flow away from the kidneys. 
Nesiritide was associated with occasional decrease in kidney function (which was 
subsequently not seen with more conservative dosing in larger studies), as has also 
been seen more recently with sacubitril/valsartan. Thus far, it is not clear to what 
extent these effects relate to vasodilation or excessive natriuresis.

Meanwhile, the hemoglobin content can itself play an important role in kidney 
function during progressive heart failure beyond hemodynamic derangements. The 
anemia of chronic disease as well as the iron deficiency seen in heart failure often 
further impair kidney function. Effective diuresis and improved glomerular filtra-
tion rate are frequently seen following transfusions in patients with advanced heart 
disease and anemia. This “arterial underfilling” concept has been broadly promoted 
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by nephrologists, and perhaps prompted the tug-of-war between cardiologists and 
nephrologists regarding the optimal systemic blood pressure ranges that would best 
maintain renal perfusion.

 Backward to the Kidney

The right heart has increasingly been recognized by both nephrologists and heart 
failure cardiologists as the central hemodynamic factor in the progressive renal dys-
function of chronic heart failure [33, 34]. Elevated right heart pressures are associ-
ated with worse outcome for many cardiac conditions, including adult congenital 
heart disease. Elevation of left heart pressures is closely matched with proportional 
(but not numerically equal) elevation of right heart pressures in chronic heart failure 
in 75–80% of patients with heart failure and low ejection fraction [35]. Thus, mul-
tivariate models vary with regard to the hierarchy of predictors among the closely-
related parameters of pressures in the right atrium, right ventricle at end diastole, 
pulmonary pressures and left-sided filling pressures. All of these pressures, tricuspid 
regurgitation, and the measurements of right ventricular volumes and systolic func-
tion can be related both to kidney function and overall outcomes in heart failure.

Mounting intra-peritoneal pressure related to systemic venous congestion and 
ascites may direct compress the kidneys and the renal veins [36]. This concept, 
however was not entirely new either, as intra-abdominal hypertension can be 
observed in some postoperative patients with renal compromise, and can be alle-
viated either by decompression of ileus or by paracentesis if technically feasible. 
Several factors may promote right heart failure to cause renal dysfunction. These 
include renal venous hypertension and the backwash of tricuspid regurgitation and 
elevated intraperitoneal pressures. Malnutrition and inflammatory cascades may 
also result from the hepato-splanchnic congestion of right heart failure. Once attrib-
uted to low hepatic perfusion, impaired nutrition is most tightly associated with 
elevated right atrial pressures and tricuspid regurgitation [37]. It can also lead to low 
oncotic pressure with extravascular sequestering of edema fluid. Leak of intestinal 
antigens contributes to stimulation of inflammatory mediators [38].

The left heart also connects meaningfully with the kidney through systemic neu-
rohormonal connections other than through impairment of forward cardiac output. 
The natriuretic peptides have multiple effects on renal function that are lost when 
the heart is totally removed, as in replacement with the total artificial heart [39]. 
Atrophy of veno-atrial stretch receptors during sustained volume overload as shown 
in animal models [40] may be responsible for blunted inhibitory sympathetic out-
flow to the kidney and apparent dependence on atrial distention for maintenance of 
renal function in some situations.

Left ventricular assist devices (LVAD) offer a novel way to isolate some of the 
right and left heart contributions to kidney function. Rapid improvement in renal 
function was noted early after the implantation of mechanical circulatory support 
devices [41]. Often however, the initial improvement fades and kidney dysfunc-
tion again becomes evident within months. There is considerable debate regarding 
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whether kidney function improved more with the pulsatile assist devices than with 
the current continuous flow device. Such a difference could reflect both the depen-
dence of the kidneys on pulsatility and on a differential effect of the two modes of 
left ventricular support on the unsupported right ventricle facing a higher venous 
return. Certainly, right ventricular function during LVAD support does not improve 
as much as initially anticipated [42]. Kidney dysfunction is so common in the cur-
rent era of mechanical circulatory support that the revised INTERMACS definition 
of right ventricular failure as an adverse event after LVAD includes progressive 
renal dysfunction as one of the clinical criteria for severity of right ventricular fail-
ure [43]. The total artificial heart does not truly restore a normal circulation, as 
cardiac output and heart rate are higher than normal, hemoglobin is lower, small 
imbalances of right and left-sided flow affect lung function, and the intrinsic cardiac 
neurohormonal modulation is absent [39].

 Conclusions: From Backward Failure Into Forward Progress

We have journeyed far from the days of “Pre-Renal”, through “Cardio-Renal”, and 
now to RV-renal or perhaps the “Veno-Renal” syndrome as the most common single 
link in the long chain of connections between heart failure and kidney function. Just 
as we have recognized the dominance of “backward failure” over “forward failure” 
for the symptoms and prognosis of cardiac disease, we have recognized that the 
backward flow has limited kidney function more often than lack of forward inflow.

The field of heart failure has long supported the funeral march of inevitable pro-
gression. The search continues for the theory of everything that leads the impaired 
left ventricle from adaptation to failure. New data emerging from ambulatory 
hemodynamic monitoring suggests that many episodes of pulmonary artery pres-
sure elevation are not mysterious but can be traced to an excess of sodium intake 
or an interruption in recommended medications. The time course of events after 
implementation of the pressure-guided management strategy shows a progressive 
decrease of interventions needed to decrease pulmonary artery pressures and hos-
pitalizations over time in real-world use. There has not yet been sufficient time to 
see whether this strategy will decrease progression to right heart failure but the 
amount of decrease in chronic pulmonary pressures has already been associated 
with decreased mortality [44]. The new options for non-surgical reduction of mitral 
regurgitation may further diminish the accumulation of congestion over time and 
interrupt disease progression from left to right heart failure [45]. Once we have been 
able to remove the congestion that increases myocardial wall stress, it may become 
possible to truly isolate and interrupt the remaining intrinsic processes in the myo-
cardium and its scaffolding that contribute to progressive failure.

The premise of this chapter is to provide an overview of the various hemody-
namic contributors that may lead to cardio-renal syndrome. Identifying and rec-
ognizing these factors may help prevent and treat the kidney dysfunction of heart 
failure, thereby improving the prognosis of heart failure itself. However, we have 
not made enough progress on the fundamental question of why and when fluid is 
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first retained by the patient with cardio-renal syndrome. We recognize now that it 
can occur long before evidence of impaired perfusion, often in patients without 
symptoms of heart disease, as shown in the classic saline infusion studies before 
and after ACE inhibitors in asymptomatic patients after myocardial infarction [46]. 
We know also that fluid retention in turn begets more fluid retention. Once we can 
uncover the first triggers, perhaps we can learn how to detect and prevent the first 
fluid retention during asymptomatic dysfunction, long before symptoms of conges-
tion. We can then re-channel our efforts to sustain a new landscape where the heart 
and kidney function together as when we first came out of the water onto dry land.
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 Introduction

A fundamental concept of heart failure (HF) is the importance of a cardiorenal con-
nection in which both organs talk to each other from the perspective of structure and 
function [1]. Importantly, they communicate not only from a hemodynamic perspec-
tive but also from a hormonal one. Under physiological conditions there is a balance 
between the natriuretic peptide system (NPS), which consists of atrial natriuretic 
peptide (ANP), B-type NP (BNP) and C-type NP (CNP) of cardiac origin and the 
renin-angiotensin-aldosterone system (RAAS) which is of renal and adrenal origin. 
This physiological balance is central to blood pressure and body fluid homeostasis. 
In HF, there emerges an imbalance in these two systems in which RAAS predomi-
nates and contributes to the signs and symptoms of HF while also offsetting the 
beneficial and compensatory actions of the NPS. Indeed, the most severe extreme 
of this imbalance in part contributes to what is called the Cardiorenal Syndrome, 
which broadly can be defined as impaired renal function in the setting of HF, which 
increases the risk of progressive HF, death and rehospitalization. Indeed, Damman 
and co-workers in an elegant meta-analysis of 85 clinical studies of renal impair-
ment in human HF reported that worsening renal function was highly prevalent HF, 
especially in the setting of chronic kidney disease (CKD), and strongly associated 
with increased mortality [2].

It is well established that there is activation of detrimental molecular pathways 
in the heart, which contribute to the progression of HF [3]. An unequivocal activator 
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of such pathways in Angiotensin II (ANGII), which possesses deleterious actions 
on multiple molecular pathways, involved with cellular hypertrophy, apoptosis, 
inflammation and fibrosis. Indeed, the repeated pivotal clinical trials which report 
the improvement of outcomes in both HF and in CKD with angiotensin converting 
enzyme inhibitors (ACEi) and angiotensin receptor blockers (ARBs) underscore the 
importance of ANGII in the pathophysiology of cardiorenal disease [4]. Of note, the 
pivotal HF trial of sacubitril (a neprilysin inhibitor which augments the NPS)/val-
sartan (an ARB) which reduced hospitalization and death resulted in the approval of 
this novel HF drug which further supports a protective role for cardiorenal function 
in HF through interruption of the RAAS and promotion of the NPS [5, 6].

As well established, the kidney plays a key role in HF exemplified by the fact that 
impaired renal function increases the risk for poor outcomes. Studies support the 
concept that reduced myocardial pump function with either reduced arterial pres-
sure and/or increased venous pressure impairs renal perfusion and induces sodium 
and water retention while reducing glomerular filtration rate which may result in 
congestion and diuretic resistance [7]. What remains incompletely defined unlike in 
heart are the deleterious molecular pathways activated in HF with worsening renal 
function. Toward this goal, we investigated such pathways in a large animal model 
of HF with impaired renal function together with excessive activation of RAAS and 
co-activation of the RAAS [8].

As expected, our canine HF model was characterized by reduced ejection fraction 
and blood pressure, elevated PCWP and PAP and marked activation of the circu-
lating NPS and RAAS along with sodium and water retention. As stated above, a 
hallmark of HF is a progressive decline in renal function, which has been termed 
the CRS. Indeed, renal impairment in HF and/or acute kidney injury (AKI) is rec-
ognized as a powerful independent predictor of outcomes. Notably, our recent find-
ings provided a first attempt to explore gene patterns in both the kidney focusing 
on a wide range of inflammatory, renal injury, apoptotic and pro-fibrotic genes in 
response to experimental HF in a large animal model which closely mimics human 
CRS. Further, as the kidney is the site of initial renin activation, specifically localized 
to the kidney cortex (KC), there may be a fundamental mechanism of cardiorenal 
injury through increased circulatory levels of RAAS and modulation of renal gene 
expression, which would be an important therapeutic target for renal protection.

Employing a strategy, which involved determining gene expression of 179 
selected genes, we defined HF-induced gene expression in inflammatory, renal 
injury, apoptotic, and fibrotic genes in our experimental model [8]. The major find-
ing was demonstration of gene activation in both the KC and kidney medulla (KM) 
involving these key pathways (Fig. 3.1). Importantly, we also compared changes in 
the kidney to changes in the heart in which we observed the greatest changes in atrial 
compared to ventricular myocardium. We also validated at the protein level 4 genes 
from inflammatory pathways at the protein level, which included MCP-1, IL-6, IL1 
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Fig. 3.1 Summary of gene modifications in experimental HF compared to normal kidney and 
heart by pathway. Each pie graph illustrates the percentage of up-regulated genes (red), down- 
regulated genes (blue) and un-changed genes (orange) in each organ for inflammatory cytokines 
and other growth factors (a), renal inflammation and injury (b), apoptosis (c), and fibrosis (d). 
Significantly changed gene compared to normal tissues for each organ (p < 0.05) were counted. 
(Adapted from Ref. [8])
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beta and TNF alpha. All demonstrated activation at the protein level although the 
increases in TNF alpha strongly trended toward an increase but did not achieve 
significance. We concluded that these activated pathways might play an important 
role in the initiation of renal injury detected in KC in an animal model, which mim-
ics CRS (Fig. 3.2). Of note, the KM showed fewer gene changes compared to KC, 
particularly of inflammatory cytokines at the gene and protein levels. These data 
suggest that the KC becomes injured in an experimental model highly relevant to 
CRS to KM damage with the same pathways activated sequentially as in the heart, 
which is in contrast with the prevailing theory of medullary ischemia as a driver in 
HF. Since there are few studies demonstrating concurrent tissue injury of the KM 
and KC, our findings are very unique and establish cortical injury, which is more 
prominent than medullary changes in experimental HF. Regarding mechanism, it is 
widely thought that only systemic RAAS activation mediates organ injury. However 
we speculate that in the kidney, intrarenal RAAS play an important role in renal 
injury and disease progression, particularly in the cortex [9, 10]. In mild HF, the 
early activation of the NPS is prominent with the RAAS suppressed or only mini-
mally activated [11]. This early activation of NPS during the evolution of HF is 
associated with preservation of renal function and few if any symptoms of HF. We 
speculate that the activation of RAAS during the evolution of HF may serve as a 
mechanism to attenuate the protective properties through stimulation of phosphodi-
esterases or impairment in NP receptor function offsetting the protective actions of 
the NPS in multiple cell types of the kidney which is associated with a reduction in 
the second messenger system of the NPS which is a decrease in urinary excretion 
and production of cGMP [12].

Taken together our findings and those of others have clinical implications for 
CRS. Specifically, they lay the foundation for further studies of potential pharma-
cological interventions targeting these multiple molecular pathways in the kidney, 
which could limit progressive renal impairment and the CRS including adverse out-
comes. The NPS are activated both in the heart and kidneys in our model, along with 
activation of RAAS, supporting studies where pharmacological interventions such 
as ACE inhibitor/NEP inhibitor, which co-target the RAAS and NPs, have promis-
ing reno-cardiac protection in HF.

 Urinary CNP: A Potential Novel Urinary Biomarker for CRS 
and ADHF Prognosis

CRS in the setting of acute decompensated HF (ADHF) is associated with increased 
mortality that has provided a need to identify high-risk ADHF patients especially 
from the perspective of the kidney. Analogous to this concept is the global use 
of NT-proBNP as a biomarker for myocardial dysfunction in ADHF [13, 14]. To 
date however, there are less robust renal biomarkers in ADHF as compared to 
NT-proBNP.  Indeed, creatinine-based estimates of glomerular function or urine 
albumin excretion lack strong prognostic assessment of renal tubular injury, which 
characterizes CRS.
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CNP is the renally derived member of the NP family and is produced in the kid-
ney as well as the endothelium and has been localized to renal tubules [15, 16]. CNP 
is synthesized as a 103 amino acid proCNP hormone that is then processed into 
NT-proCNP and CNP53 by furin. Additional processing cleaves CNP53 to the bio-
logically active CNP22 and an inactive form NT-proCNP53. While it is known that 
urinary CNP is increased in HF, the prognostic power of molecular forms of urinary 
CNP to identify high risk of poor outcomes was important to define. We therefore 
investigated if urinary NT-proCNP53, which, like NT-proBNP may have a longer 
half-life and be more resistant to enzymatic degradation, would identify high-risk 
subjects with ADHF and be more powerful in prognosis in ADHF than contempo-
rary urinary biomarkers of tubular injury such as kidney injury molecule (KIM-1) 
and neutrophil gelatinaese-associaed lipcalin (NGAL). We also investigated if uri-
nary NT-CNP53 could be of incremental predictive value to plasma NT-proBNP in 
risk stratification in human ADHF.

Our studies specifically measured 24-hour urinary excretion and plasma con-
centrations of CNP22, CNP53 and NT-CNP53 in 58 patients with ADHF and 20 
normal control subjects without cardiovascular disease [17]. In all ADHF patients, 
all molecular forms of CNP in the urine were all increased with concentrations sig-
nificantly greater than plasma levels. In these studies, plasma CNP22 and CNP53 
were increased in ADHF patients but without correlation with urinary excretion. As 
expected, plasma NT-proBNP and urinary KIM-1 were increased in ADHF while 
urinary NGAL was not increased. Importantly, we defined outcomes at 6 months. 
Here there was an 86% event free survival for mortality and 59% for all-cause rehos-
pitalization or death. The major finding was that only urinary NT-CNP53 was the 
only predictor of morality. Further, our study also reported that urinary NT-CNP53 
combined with plasma NT-proBNP (a cardiorenal integrated biomarker combina-
tion) improved the prediction of adverse outcomes.

We concluded that urinary NT-CNP53 might represent renal biomarker of early 
renal injury as it is produced in the proximal tubule, its gene expression in the kid-
ney was increased in our animal model of HF and hypoxia and cytokines are stimuli 
for CNP production [8, 18, 19]. Thus, these recent studies taken together support 
the clinical use of urinary CNP in ADHF to detect early renal injury and potentially 
developing CRS.  Importantly, urinary NT-CNP53 correlated with outcomes than 
either NGAL or KIM-1 and improved the prognostic value of plasma NT-proBNP.

 CRRL 269: A Novel Designer NP for CRS and AKI

In 1982, Forsmann discovered a renal derived peptide he named Urodilatin (URO) 
[20]. URO is a 32 amino acid (AA) NP that is of renal origin and processed from 
proANP within the kidney and contains the 28 AA sequence of ANP, but with 4 
additional AAs at the end of the N-terminus. URO has been reported to have greater 
renal enhancing properties than ANP, through the pGC-A/cGMP pathway [21]. We 
and others have advanced the concept that URO may function as the renal compo-
nent of a novel cardiorenal hormonal cGMP mediated system [22].
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Advances in peptide engineering have led to discovery and clinical development 
of novel designer NPs that possess actions, which go beyond the native NPs. Such 
designer peptides contain unique AA sequences that provide attractive biological 
properties making them potential innovative peptide therapeutics [23]. One major 
goal for designer NP therapeutics is the discovery and clinical development of more 
renal selective and/or potent peptides that possess enhanced natriuretic and diuretic 
properties with preservation or enhancement of GFR, while retaining RAAS sup-
pressing actions. Optimally, such peptides would also possess less hypotensive prop-
erties, which has limited the therapeutic use of NPs such as BNP (i.e., nesiritide).

We therefore recently undertook the design, synthesis and in vitro and in vivo 
investigation of a novel cardiorenal therapeutic designer NP that we call CRRL269 
[24]. Our aim was to engineer an innovative peptide that had more renal enhancing 
actions compared to BNP (a NP highly resistant to NEP degradation and from the 
heart) and URO (a renal produced highly NP), but retain RAAS suppressing proper-
ties with less hypotension. To achieve this goal we integrated key AA sequences of 
BNP with key AAs of URO so as to result in a peptide with superior renal pGC-A 
activation in vitro and mediate renal-enhancing properties in vivo compared to the 
two respective native NPs.

We employed solid phase peptide synthesis to produce CRRL269. We defined 
the ability of CRRL269 to stimulate pGC-A and cGMP in HEK293 cells engineered 
to overexpress human pGC-A receptors and in primary human renal proximal tubu-
lar cells (RPTCs) and human aortic endothelial cells (HAECs) in vitro. Recognizing 
the importance of resistance to NEP degradation, we also defined CRRL269 degra-
dation by NEP. We also compared CRRL269 renal, hemodynamic, and neurohor-
monal actions to BNP and URO. Lastly, to better understand its less hypotensive 
properties, we investigated CRRL269 mediated vasorelaxation of canine arterial 
rings compared to BNP and compared cAMP production in cultured human car-
diomyocytes recognizing cAMP as a mediator of positive inotropism in the heart.

Supporting our goal, we found that CRRL269 possessed the most potent cGMP 
activating properties in HEK293 cells overexpressing human pGC-A receptors 
compared to BNP and URO supporting its renal selective properties. CRRL269 
also generated higher cGMP in RPTCs compared to non-renal endothelial cells. 
CRRL269 also exerted resistance to NEP although less than BNP. CRRL269 was 
more diuretic and natriuretic with less blood pressure reduction, in normal dogs 
compared to BNP or URO. CRRL269 also had aldosterone inhibiting actions and 
GFR preserving properties. Lastly, CRRL269 generated greater cAMP than BNP in 
vitro and exerted less arterial ring relaxation ex vivo. Thus, CRRL269 may represent 
a potential renal enhancing therapeutic for cardiorenal disease states such as CRS 
going beyond native pGC-A activators.

These studies, which are highly relevant to CRS therapeutics, underscore that 
the pGC-A/cGMP pathway is a critical stimulator of water and sodium excretion 
with increases in GFR [25]. Studies have established that cGMP mediates its renal 
enhancing actions through cGMP-gated ion channels, which include the amiloride- 
sensitive cation channel, and through protein kinase G activation [26, 27]. Sodium 
retention observed with a pGC-A receptor antagonist in canine studies support the 
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role of pGC-A/cGMP in the renal actions of NPs [28]. The increased cGMP gen-
erating properties in renal cells and the trend of higher plasma cGMP production 
in vivo by CRRL269 support the role of cGMP. During the infusion of CRRL269, 
URO and BNP, the increase in diuresis was similar with CRRL269 and URO and 
greater for both compared to BNP.  A similar pattern was observed for natriure-
sis. Importantly however, CRRL269 induced natriuresis and diuresis was more 
sustained and persistent well into the washout and recovery periods compared to 
BNP or URO. Renal blood flow increased with all three peptides. Of note, GFR 
increased with CRRL269 compared to baseline that was also observed at the end 
of the recovery period, which was more efficacious, that either other peptide. We 
concluded that the greater maintenance of blood pressure and renal perfusion pres-
sure by CRRL269 might be a central mechanism by which it mediates the greater 
increase of GFR. Further studies are needed, such as the use of isolated glomeruli, 
to provide greater insights into the GFR enhancing actions of CRRL269. A key 
property of pGC-A activation is the inhibition of both renin and aldosterone [29]. 
The mechanism(s) may involve direct activation of pGC-A in the adrenal gland 
and in the kidney but also may involve a macula densa mechanism for renin sup-
pression. CRRL269 retained RAAS suppressing properties observed with URO and 
BNP. Thus, the unique design of CRRL269 possesses favorable renal and adrenal 
properties beyond native BNP and URO with more sustained natriuresis and diure-
sis together with GFR enhancing and RAAS suppressing actions.

It is well recognized that NEP is a degrading enzyme for NPs and is highly 
expressed in the kidney [30]. BNP is known to be highly resistant to NEP degrada-
tion. Investigations of URO and ANP have documented that the increased renal 
actions of URO compared to ANP were also secondary to the greater resistance 
to NEP [31]. It is reasonable to conclude that CRRL269 retained the resistance to 
NEP degradation from the core AA sequences of BNP and/or URO. In our study, we 
reported that CRRL269 possessed improved resistance to NEP compared to URO, 
but less than BNP, which also may a mechanism that contributes to CRRL269’s 
enhanced renal actions in vitro and in vivo.

The greater and sustained renal actions of CRRL269 support its potential as a 
renal therapeutic drug in CRS (Fig. 3.3). Its RAAS suppressing actions with less 
hypotension than BNP or URO further advances its therapeutic potential. The com-
bination of renal enhancing and RAAS inhibiting properties of CRRL269 renders 
it a potential drug for CRS as well as AKI. Of note, clinical trials have documented 
that ANP and BNP infusion mediated sustained renal benefits in patients undergo-
ing cardiac surgery [32, 33]. However, both ANP and BNP resulted in unwanted 
arterial hypotension. Based on the renal-selective properties in vitro and in vivo of 
CRRL269 and less of a blood pressure lowering action compared to BNP or URO, 
CRRL269 may represent a novel drug for renoprotection in CRS and AKI.

Nesiritide (BNP) was approved for ADHF treatment in 2001 but in the piv-
otal ASCEND-HF Trial, nesiritide demonstrated no significant additive beneficial 
effects compared to standard therapy [34]. The lack clinical benefits with nesirit-
ide in ASCEND-HF may be secondary to excessive hypotension, as a reduction 
in blood pressure may have reduced renal perfusion pressure, thus worsening kid-
ney function and reinforcing the concept that blood pressure preservation is critical 
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during HF treatment [35]. The discovery of URO revealed that this renal NP has 
less BP lowering effects as compared to cardiac derived BNP. However in human 
AHF, URO (Ularitide) mediated beneficial physiological actions, but short-term 
treatment did not improve clinical composite end points or reduce long-term car-
diovascular mortality which again may have been due to excessive reductions in 
blood pressure36. CRRL269 has enhanced natriuresis and diuresis, which was more 
sustained than URO or BNP with less blood pressure reductions compared to BNP 
or URO and retained anti-RAAS properties. These favorable properties suggest that 
CRRL269 may represent a novel drug for HF and especially CRS.

Writing about designer NPs, Gardner stated intriguing possibilities may exist for 
designing novel NPs with attractive therapeutic profiles based on the selection and 
synthesis of specific structural motifs from native NPs37. Thus, designer NPs could 
result in properties that are not available in endogenous NPs. CRRL269 represents a 
novel designer NP that possesses a more efficacious renal profile compared to URO 
or BNP which is more natriuretic and diuretic than either BNP or URO which both 
bind to pGC-A but with less hypotension and possible positive inotropism.

 Conclusion

It is important to go beyond looking at the kidney as a black box if advances are to be 
made in syndromes such as the CRS as well as AKI. Increasing evidence establishes 
that like the heart in HF there is widespread activation of deleterious molecular 
pathways related to inflammation, fibrosis, apoptosis and renal injury. A key media-
tor may be RAAS, which may not only activate such deleterious pathways but may 
offset the renoprotective actions of the NPs. As we develop novel therapies, such 
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Fig. 3.3 CRRL269 as an enhanced pGC-A activator. (a) CRRL269 structure; (b) CRRL269 
implicated as a potential drug for CRS mediating increased GFR, diuresis and natriuresis with less 
hypotension than native NPs. (Adapted from Ref. [24])
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as the designer peptide CRRL269 whose molecular target is pGC-A/cGMP signal-
ing in the kidney, the renal produced NP CNP (and its molecular form NT-CNP53) 
may provide the opportunity to detect early renal injury and CRS prompting novel 
preventive therapies to reduce the burden of CRS.
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4Pathophysiology of Cardio-Renal 
Syndrome: Autonomic Mechanisms

D. R. Shanti Gunawardena and Mark E. Dunlap

 Introduction

Heart failure (HF) is a complex clinical syndrome with high morbidity and mortal-
ity characterized by signs and symptoms of congestion. The abnormal circulatory 
hemodynamics resulting from the failing heart invokes a response, in particular, 
from the autonomic nervous system (ANS) and the kidneys that ultimately leads to 
a congestive state. This response is initially adaptive and attempts to maintain an 
adequate cardiac output and blood pressure. However, it becomes chronic and mal-
adaptive in the long term resulting in pathological structural and functional changes 
in the heart as well as multiple other organs. These changes are especially important 
in the heart and the kidneys on account of their direct interdependence. The heart 
depends directly on kidneys for the regulation of salt and water content of the body 
which is of particular importance in conditions with a congestive state such as HF, 
since the kidneys are directly dependent upon blood flow and pressure generated 
by the heart.

Interactions between the heart and the kidneys have been alluded to as early as 
the nineteenth century [1]. The adverse effects of passive venous congestion on 
kidney function in dogs was demonstrated by Rowntree et al. in 1913 [2]. In a series 
of experiments in dogs, Blake et al. demonstrated that even modest elevations of 
renal venous pressure resulted in significant decreases in sodium and water excre-
tion without any change in renal plasma flow or glomerular filtration rate [3]. These 
experiments recognized for the first time the importance of venous congestion for 
the development of renal dysfunction in the setting of a congestive state such as 
HF. Since then there have been a plethora of studies on cardiorenal interactions par-
ticularly in the setting of HF. It is now clear that acute or chronic dysfunction of the 
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heart can cause acute or chronic dysfunction of the kidneys and vice versa. These 
complex and multifaceted interactions were recognized as a syndrome around 2004. 
Ronco and colleagues described the condition as a distinct entity and suggested the 
existence of at least 5 conceptual subtypes of the ‘Cardiorenal syndrome’ [4]. In 
“Type 1,” acute worsening of cardiac function leads to acute kidney injury (AKI). 
In “Type 2,” chronic abnormalities in cardiac function leads to kidney injury or 
dysfunction [5]. The other subtypes of cardio-renal syndrome refer to the develop-
ment of cardiac dysfunction in the setting of renal dysfunction or systemic illness. 
While the classification has been useful in developing an awareness of the various 
cardiorenal interactions, data to support the distinction based on pathophysiology, 
treatment, and prognosis are limited [6].

This chapter will focus on cardio-renal syndrome (either acute or chronic) in 
which HF is the driver of renal dysfunction, with a focus on the autonomic mecha-
nisms affecting the pathophysiology of this syndrome.

 Epidemiology

In ambulatory patients with chronic HF, several retrospective analyses of clinical 
trials demonstrated that even moderate degrees of renal dysfunction are indepen-
dently associated with increased risk for all-cause mortality [7–9]. In patients 
with advanced HF, renal dysfunction was a stronger predictor of mortality than 
Left Ventricular ejection fraction and New York Heart Association class. A more 
recent meta-analysis of 85 studies involving over 1 million patients with HF, base-
line chronic kidney disease (CKD) and/or worsening renal function (WRF) were 
associated strongly with increased mortality risk [10]. This was particularly true 
for patients with CKD.  The overall prevalence of CKD was 32% while WRF 
was present in 23% of the patients. The mortality risk for patients with HF and 
coexisting renal dysfunction was approximately twice that of those without evi-
dence of renal dysfunction, a risk independent of the chronicity or phenotype of 
HF. Only studies that provided a detailed description of the definition of WRF 
were included in this meta-analysis, defined by either a decrease in estimated 
glomerular filtration rate (GFR) or an increase in serum creatinine or cystatin C 
over time. In hospitalized patients with acute decompensated HF (ADHF), the 
ADHERE database revealed that at least moderate renal dysfunction (stage III) 
was seen in 75,382 of 118,465 patients (63.6%) [11]. Only 10.6% of men and 
7.5% of women had normal renal function as defined by GFR. In-hospital mor-
tality increased from 1.9% for patients with normal renal function to 7.6% and 
6.5% for patients with severe dysfunction (stage IV) and kidney failure (stage V), 
respectively. Acute cardio-renal syndrome occurs in about 25 to 33% of patients 
hospitalized for ADHF [12, 13]. It is clear that renal dysfunction is common in 
patients with HF regardless of the chronicity and it is associated with a 2-fold or 
greater increase in mortality.
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 Pathophysiological Mechanisms Implicated in Cardio-Renal 
Syndrome

The pathophysiological mechanisms attributed to the development of cardio-renal 
syndrome can be subdivided broadly into hemodynamic and non-hemodynamic 
factors, although from the description of the cardiorenal connection proposed by 
Bongartz et  al. it would appear impossible to separate the two completely [14]. 
In this model, the renin-angiotensin-aldosterone system (RAAS), sympathetic ner-
vous system (SNS), nitric oxide-reactive oxygen species (NO-ROS) imbalance and 
inflammation are ‘cardiorenal connectors’ that interact synergistically contributing 
to cardiac and renal functional derangement.

 Hemodynamic Factors

Historically, the development of renal dysfunction in patients with HF has been 
attributed to the inability of the failing heart to develop sufficient forward flow or 
intravascular volume depletion on account of aggressive diuresis, resulting in renal 
hypoperfusion and a decrease in GFR. However, in a landmark study of patients 
with moderate to severe HF, Ljungman and colleagues demonstrated that although 
the renal blood flow (RBF) decreased as the cardiac output decreased, this was 
accompanied by a compensatory increase in filtration fraction such that GFR 
remained relatively stable except in patients with severely impaired cardiac output. 
GFR became flow dependent only in patients with the most advanced stage of HF 
who had exhausted the renal autoregulatory capacity [15].

In recent years, a reappraisal of the relationship between venous congestion and 
decreased GFR has led to a shift in focus for the causes of renal dysfunction in the 
setting of HF. Decrease in urinary flow in the presence of venous congestion had 
been observed as early as 1861 [16]. There has been convincing evidence to support 
the association between increased central venous pressure (CVP) or venous conges-
tion and reduced GFR independent of reduction in RBF [17, 18]. In the chronic 
setting, a significant association has been shown between increasing CVP and 
impairment in renal function [19]. In the setting of ADHF Mullens and colleagues 
demonstrated that central venous congestion was the most important hemodynamic 
determinant of WRF [18]. Multiple hypotheses have been proposed to explain 
venous congestion induced renal dysfunction. They include renal venules distorting 
distal tubules, and increased renal interstitial pressure on account of elevated central 
venous pressures causing tubular collapse and progressive decline in GFR [16, 20]. 
Yet the pathophysiology of venous congestion-induced renal dysfunction remains 
incompletely understood, and the relationship between CVP and WRF is not with-
out controversy, and appears more complicated than previously thought [21]. For 
example Uthoff and colleagues reported that although ADHF patients with low sys-
tolic blood pressure (SBP) and high CVP had lower GFR, CVP seemed to have 
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no effect on GFR in patients with normal to high SBP [22]. In another report by 
Dupont and colleagues, blood pressure decrease, rather than alterations in cardiac 
output or central venous pressure, was associated with changes in serum creatinine 
during treatment of ADHF [23]. Improvement in renal function was less related to 
changes in right atrial (RA) pressures and cardiac output than previously thought.

Despite the recent focus on venous congestion and renal dysfunction, on account 
of the tight coupling between the RBF and GFR, RBF remains the most important 
determinant of GFR in HF [6]. Although renal autoregulation can increase filtra-
tion fraction (within limits), very low RBF can result in low GFR. The relative 
contribution of venous congestion in these circumstances is thought to be marginal 
at best.

 Non-hemodynamic Factors

“Nonhemodynamic factors” influence GFR primarily through changes in intra- 
renal hemodynamics. Activation of nonhemodynamic factors can in turn worsen 
cardiorenal hemodynamics and a vicious cycle develops through the cardiorenal 
connection [14].

Renin-Angiotensin-Aldosterone System (RAAS) RAAS activation is a common 
feature in HF, particularly in patients with HF with reduced ejection fraction 
(HFrEF). Angiotensin II (ANG II) promotes renal fibrosis, directly affects GFR, 
induces hypo-responsiveness to natriuretic peptide and mediates sympathetic ner-
vous system (SNS) activation which in turn has deleterious effects on the kidneys 
[24, 25]. Through nicotinamide adenine dinucleotide phosphate (reduced) oxidase 
activation, ANG II promotes the formation of ROS, which can cause intrarenal 
injury, in particular in the proximal tubules [26, 27]. Chronic RAAS activation can 
damage the structure and function of both the heart and kidney.

Sympathetic Nervous System SNS activation is a common feature in both heart 
failure and renal failure. Converse and colleagues first reported the connection 
between chronic renal failure and SNS activation [28]. Such activation, regardless 
of the source, results in adverse consequences to the heart as well as the kidneys. It 
also is associated with formation of ROS, renal tubular injury, and activation of 
RAAS [14]. Prolonged SNS activation can promote ROS-mediated growth on the 
walls of intrarenal blood vessels and cause inflammation by norepinephrine- 
mediated cytokine production from the liver [14, 29, 30].

Inflammation and Nitric Oxide-ROS Imbalance Studies in a canine model of HF 
by Ichiki and colleagues have demonstrated up-regulation of genes related to inflam-
mation, renal inflammation and injury, apoptosis and fibrosis within the kidney even 
in early stage HF [31]. These investigators found that there was also vacuolization 
of the distal tubules consistent with mild renal injury. NO has several salutary effects 
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in multiple organ systems. In the kidney, it is involved in vasodilation, natriuresis, 
and desensitization of tubuloglomerular feedback mechanisms [14, 32]. It also 
inhibits several components of atherogenesis and smooth muscle cell proliferation. 
In renal dysfunction there is a relative deficiency of NO and the balance between 
NO and ROS is shifted in favor of ROS.

Abdominal Congestion and Redistribution Abdominal congestion that includes 
splanchnic venous and interstitial congestion has been implicated in the develop-
ment of cardio-renal syndrome [33]. Fallick and colleagues have proposed that 
increased neurohormonal activation can result in redistribution of the splanchnic 
venous reservoir leading to an increase in effective circulatory volume and thereby 
venous congestion in the absence of a net increase in total body weight or volume 
[34]. This helps to explain the phenomenon of circulatory congestion in the absence 
of increased weight, which is the case in most patients presenting with ADHF.

There is cross talk between the cardiorenal connectors, viz. RAAS, SNS, 
Inflammation, NO-ROS balance and, hemodynamic control involving the extracel-
lular fluid volume (ECFV), cardiac output (CO), and mean arterial pressure. This is 
particularly true with RAAS and SNS.

 Autonomic Nervous System (ANS) in HF

HF is characterized by hemodynamic abnormalities that result in neurohormonal 
activation and autonomic imbalance. In particular, there is increased sympathetic 
activity and a withdrawal of parasympathetic activity [35, 36]. These changes can 
have profound effects on cardiac as well as renal structure and function. Evidence- 
based therapies for HF mitigate the effects of these neurohormonal changes and 
are now standard of care for patients with reduced LVEF. However, much less well 
studied are the therapies that augment parasympathetic activity and also address 
autonomic dysregulation in ADHF [37, 38]. As important as they are, the focus 
in this chapter will be the autonomic mechanism involving cardio-renal syndrome 
and, in particular, neural control of the kidney that may impact the maladaptive 
autonomic imbalance driving HF.

 Innervation of the Kidney

Efferent sympathetic nerve fibers reach the renal vasculature, tubules, juxtaglomer-
ular cells, and the renal pelvic wall to innervate the kidney. These nerves derive 
from the para and pre-vertebral ganglia (neuraxis) and enter the hilus of the kidney 
along the renal artery and vein. In contrast to the widespread distribution of sympa-
thetic nerve fibers, the majority of the afferent renal sensory nerves are found in the 
renal pelvis [39], where they proceed from the kidney along the spinal cord toward 
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the dorsal root ganglia. Eventually, interneurons that synapse with the afferent renal 
nerves project to sites within the central nervous system associated with cardiovas-
cular regulation, including nucleus tractus solitarius, rostral ventrolateral medulla, 
subfornical organ, and paraventricular nucleus of hypothalamus [40]. Evidence also 
exists for a monosynaptic projection of the afferent renal nerves to areas within the 
brainstem [41]. Electrical stimulation of the renal afferent nerves has been shown 
to activate neurons in the rostral ventricular lateral medulla and supraoptic nucleus 
leading to increased urinary sodium excretion by the contralateral kidney, providing 
functional evidence for central integration of the afferent renal nerve signals [42]. 
Additionally, using immunohistochemical detection of the protein Fos (a marker for 
neuronal activation), Goodwill and colleagues demonstrated that the renal pelvic 
administration of hypertonic NaCl resulted in the activation of numerous CNS sites 
in the forebrain and brainstem [43].

Many of the sympathetic nerve fibers are in close contact with the sensory nerves 
in the renal pelvis. Furthermore, sympathetic nerves and the sensory nerves are sepa-
rate fibers that often are intertwined [44]. The majority of renal nerves are unmyelin-
ated. There is no direct evidence of parasympathetic innervation of the kidney [45], 
and studies in animal models have failed to demonstrate any connection between 
the kidney and the vagal nuclei [46]. However, using tissue derived from patients 
undergoing autopsy, van Amsterdam and colleagues determined that sympathetic, 
parasympathetic and afferent nerves exist in the vicinity of the renal artery [47]. The 
nerves were closer to the artery in the more distal segments, and parasympathetic 
fibers were closer to the lumen than sympathetic or afferent fibers. While this infor-
mation is useful to ensure complete renal denervation (RDN), the significance of the 
finding pertaining to parasympathetic nerves is unclear. Sakakura and colleagues 
reported that the density of peri-arterial renal sympathetic nerve fibers is lower in 
distal segments and dorsal locations, but as reported by Amsterdam they were closer 
to the lumen in more distal segments [48, 49]. They found a clear predominance of 
efferent nerve fibers, with decreasing prevalence of afferent nerves from proximal 
to distal peri-arterial and renal parenchyma. Afferent nerves dominate in the renal 
pelvis [50].

Efferent sympathetic nerves also reach the renin-containing granular cells of the 
juxtaglomerular apparatus, the renal tubular epithelial cell basement membrane, 
and the renal pelvic wall [44, 45, 51]. Efferent renal nerves are post-ganglionic 
fibers, and the majority of them are adrenergic with norepinephrine varicosities at 
the nerve terminals. In the vasculature and renal tubules, increasing efferent renal 
sympathetic nerve activity (RSNA) reduces RBF and urinary sodium excretion via 
α1-adrenoceptor activation. In the juxtaglomerular cells, increases in RSNA result 
in increased renin secretion by activation of β1-adrenoceptors. These are the pri-
mary mechanisms whereby RSNA plays a critical role in the homeostatic regulation 
of sodium and water balance.

Two classes of renal sensory nerves have been identified: Mechanosensory and 
chemosensitive. Mechanosensory nerves respond to stretch of renal tissue in the 
pelvis and/or interstitium. Chemosensitive nerves respond to renal ischemia and/or 
changes in the chemical environment surrounding the nerve endings [52, 53]. Two 
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classes of chemosensitive fibers have been described in the kidney. R1 chemosensi-
tive nerve fibers, which have no basal activity and are activated by renal ischemia, 
and R2 chemosensitive nerve fibers, which are active both tonically and by changes 
in the chemical composition of the urine [54].

 Renal Sympathetic Nerve Activity

Animal studies have demonstrated that small increases in RSNA augment renin 
secretion without altering either RBF or tubular reabsorption of sodium. With fur-
ther increases of RSNA, renin secretion continues to increase and urinary sodium 
excretion begins to decrease. Reduction in RBF requires much higher levels of 
RSNA suggesting that RBF is not modulated by changes in renal sympathetic nerve 
activity within the physiological range [45, 52].

The primary neurotransmitter released by the renal sympathetic nerves is norepi-
nephrine. Stimulation of the renal efferent nerves increases renal venous outflow of 
norepinephrine, and surgical removal of the renal nerves results in >90% decrease 
in renal tissue norepinephrine content [55, 56]. Neuropeptide Y (NPY) and ATP 
are co-released from renal efferent nerve terminals during increases in RSNA [52]. 
Studies in isolated rat and mouse models have demonstrated that ATP contributes 
to vasoconstrictor responses from renal sympathetic nerve stimulation at relatively 
low frequencies [57, 58]. ATP may also contribute to neurally-induced sodium reab-
sorption [59]. Release of NPY requires high intensity renal nerve stimulation and, 
as such, the physiologic impact of NPY in the kidney is unclear [45]. Of note, ANG 
II facilitates neurotransmission, and stimulation of ANG II Type I (AT1) receptors 
on pre-synaptic nerve terminals enhances norepinephrine release [24, 45]. In addi-
tion to the classic RAAS pathway, there is also intrarenal production of ANG II 
which plays a paracrine role in the kidney [60]. There is selective local regulation 
of intrarenal ANG II [61, 62]. Inappropriate activation of intrarenal ANG II can lead 
to the development of hypertension and renal injury [63, 64]. Treatment with angio-
tensin converting enzyme inhibitors (ACEI) results in decreases in both plasma as 
well as intrarenal ANG II levels [60, 65].

 Afferent Renal Nerve Activity (ARNA)

While a great deal of attention has been paid to the role of efferent renal nerves 
in cardiovascular and renal dysfunction, the ability of the afferent renal nerves to 
modulate central reflexes and sympathetic outflow makes it a potential target for 
therapeutic intervention in HF and cardio-renal syndrome.

The primary sensory neurotransmitters in afferent renal nerves are Substance P 
and Calcitonin gene-related peptide (CGRP). Substance P is produced in the neural 
cell bodies in the dorsal root ganglia and transported along the afferent nerves to 
peripheral nerve endings where it is stored in vesicles for release in response to 
stimuli [45]. CGRP is co-localized with Substance P in the renal pelvic sensory 
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nerves and is released in response to the same stimuli that release Substance P [45, 
66]. While Substance P plays an important role in the activation of renal sensory 
nerves, the role of CGRP in this regard is unclear. CGRP receptor blockade does not 
reduce the responsiveness of afferent neural nerves to various stimuli. It appears that 
CGRP delays the catabolism of Substance P and prolongs the effects of neurally- 
released Substance P [67].

Several mechanisms contribute to the release of Substance P from renal pelvic 
sensory nerves. Bradykinin is an activator of sensory nerve fibers [68]. Bradykinin 
2 receptor antagonists reduce the ARNA responses to increases in renal pelvic pres-
sure [69]. The action of bradykinin appears to depend on the route of administra-
tion. Renal pelvic administration results in release of Substance P, increased ARNA, 
and decreased RSNA without altering mean arterial pressure [45, 69, 70]. On the 
other hand, intrarenal administration of bradykinin into the cortico-medullary bor-
der results in increases in RSNA, and infusion of bradykinin into the renal artery 
results in increased activation of neurosecretory vasopressin cells [71, 72]. Whether 
this is related to a differential response between the mechanosensory nerves and the 
chemosensitive nerves with one resulting in an inhibitory response and the other 
an excitatory response respectively is unclear. Prostaglandins have been shown to 
increase the responsiveness of sensory nerve fibers [73, 74]. The kidney, and in 
particular the renal medulla, has active prostaglandin-producing tissue [75]. ANG 
II reduces the responsiveness of renal afferent sensory nerves by suppressing the 
Prostaglandin E2 (PGE2) mediated release of Substance P [76].

 Renorenal Reflex in Heart Failure

Increases in RSNA result in increases in ARNA [44]. In physiologic states there is 
a reciprocal relationship between ARNA and RSNA whereby increases in ARNA 
will result in decreased RSNA via the activation of reno-renal reflexes and thus 
maintain a low level of RSNA [45]. Thus, ARNA activation produces a sympa-
thoinhibitory response. Pathological conditions such as hypertension and HF are 
characterized by impairment of sympathoinhibitory renorenal reflexes and, in the 
case of renal injury or disease, a shift to excitatory renorenal reflexes leading to 
increased RSNA (Fig.  4.1) [28, 45, 77]. This appears to initiate a vicious cycle 
in which increased RSNA increases ARNA leading to further increases in RSNA, 
with central activation of sympathetic outflow contributing to the sympathoexcit-
atory state and profound structural and functional changes involving the heart, kid-
ney, and other organs. The impairment in inhibitory renorenal reflexes has been 
attributed at least in part to increased endogenous ANG II present in many of these 
pathological conditions [78, 79]. Additionally, in HF, impairment of arterial and 
cardiopulmonary baroreflexes contribute to increased RSNA [80, 81]. Evidence for 
sympathoexcitatory reflexes originating in diseased or injured kidneys comes by 
way of studies in rats and humans. Recordati et al. demonstrated that stimulation of 
R1 and R2 chemoreceptors in rats resulted in excitatory renorenal reflexes that were 
present whether the spinal cord was intact or transected at the T6 level, suggesting 
that the excitatory chemoreceptor reflexes were integrated at a spinal level [82]. In 
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patients on hemodialysis, arterial blood pressure, vascular resistance, and muscle 
sympathetic nerve activity are significantly lower in patients with bilateral nephrec-
tomy compared to patients with intact kidneys [28]. The investigators attributed 
this finding to chemosensitive afferent nerve stimulation that in turn led to reflex 
activation of efferent sympathetic nerve discharge. They were uncertain about the 
chemical mediator stimulating the renal afferent nerves, and attributed it to ure-
mic toxins or other chemical substances present in the uremic milieu. Hausberg 
and colleagues confirmed and further extended these findings by comparing muscle 
sympathetic nerve activity in renal transplant patients with and without their native 
kidneys as well as a cohort of hemodialysis patients referred for renal transplanta-
tion [77]. Muscle sympathetic nerve activity did not differ significantly between the 
hemodialysis patients and patients after renal transplantation with their native kid-
neys, despite correction of uremia in the latter arguing against uremia-related toxins 
as the cause of sympathoexcitatory reflexes originating in the diseased kidneys. 
Of note, there was a significant decrease in muscle sympathetic nerve activity in 
patients who had undergone bilateral nephrectomy. These and other animal studies 
provide strong evidence for excitatory ARNA in diseased kidneys having an excit-
atory effect on the sympathetic nervous system [83].

 Clinical Implications

There is evidence for the integration of afferent nerve signals from a number of 
sources including the kidneys, the carotid sinus, and cardiac nerves, in areas of 
the brain involved in cardiovascular control and sympathetic outflow [40, 84–87]. 
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Fig. 4.1 Changes in the Reno-renal reflex in HF and kidney disease. Schematic diagram illustrat-
ing the different pathways integrating afferent renal nerve activity that affect renal sympathetic 
nerve activity. Normally, activation of reno-renal reflexes result in sympatho-inhibitory responses. 
In HF the reno-renal reflexes are impaired, with the attenuated signal resulting in increased 
RSNA. In states with renal injury or disease, reno-renal reflexes become excitatory. Abbreviations: 
ARNA Afferent Renal Nerve Activity, RSNA Renal Sympathetic Nerve Activity
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These interactions appear to ultimately determine overall sympathetic tone and 
extracellular fluid volume status. As a result, the kidney, with its extensive afferent 
sensory and efferent sympathetic innervation, can be a source as well as the target 
of sympathetic overactivation in HF [50, 88, 89]. Interventions to abort or mitigate 
the effects of impaired or excitatory afferent renal nerve signals present in HF, in 
particular with concurrent renal injury or disease, have the potential to change the 
course of cardio-renal syndrome and HF. Beta adrenoreceptor blockers, ACE inhibi-
tors, and angiotensin receptor blockers are already part of the armamentarium of 
interventions available to address the consequences of sympathetic overactivation 
and increased levels of ANG II. One intervention that has garnered a great deal of 
interest in supplementing the currently available interventions is RDN. The focus 
thus far has been on renal sympathetic denervation to reduce sympathetic outflow 
to the kidney [90, 91]. Surgical RDN in animal models with HF have demonstrated 
enhanced renal sodium excretion as well as improvement in cardiac structure and 
function [92–96]. Afferent RDN in rats with chronic kidney failure has demon-
strated that the ARNA in the diseased kidneys may contribute to an increase in 
central sympathetic outflow [83]. Based on the available evidence in disease states 
such as HF that exhibit exaggerated sympathoexcitatory reflexes, perhaps greater 
attention to afferent RDN should be made [88, 97, 98].

The development over the past decade of catheter-based endovascular RDN with 
proven overall safety has made this less invasive percutaneous technique a more 
acceptable intervention in patients with HF [99, 100]. Currently there are limited 
data from trials in humans pertaining to RDN in HF. In patients with HF and con-
current renal dysfunction, 12 month outcomes from the Simplicity HF feasibility 
study demonstrated statistically significant reductions in N-terminal pro-B-type 
natriuretic peptide and 120  minute glucose tolerance test following RDN [101]. 
There were no serious adverse events in this study that used a single-electrode cath-
eter system. However, no significant changes in left ventricular ejection fraction or 
6-minute walk test were noted. The REACH-pilot study that evaluated the effects of 
catheter based RDN in patients with reduced ejection fraction HF demonstrated that 
catheter based RDN was safe [102].

The development of newer multielectrode catheters to provide effective bilat-
eral RDN with histologically verified renal sympathetic denervation, and possibly 
concomitant afferent renal denervation, have the potential to for benefit in clinical 
practice. In a porcine model of HF, use of such a catheter resulted in significant 
improvement in cardiac function as well as well as a decrease in the renal and 
myocardial norepinephrine gradients, likely as a result of ablation involving both 
efferent as well as afferent renal nerves [98]. Whether these results can be repli-
cated in human trials and would hold up to result in clinical benefit over the longer 
term is yet to be seen. There are several factors that may play a role in the long-
term efficacy of complete RDN. Perhaps the most significant of them is the poten-
tial for renal nerves to reinnervate. Renal sympathetic nerves clearly reinnervate 
following denervation or transplantation, with the time course for reinnervation 
varying depending on the organism – weeks in rats, months in dogs, and months 
to years in humans [50, 103]. Studies in rats have demonstrated that renal afferent 
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nerves reinnervate in a time course similar to sympathetic nerve reinnervation 
[104]. A more recent study in sheep demonstrated complete anatomical and func-
tional reinnervation of afferent and efferent renal nerves by 11 months following 
endovascular RDN [105]. Data on afferent renal nerve reinnervation in humans is 
currently lacking. Another factor that may limit efficacy of RDN is the apparent 
supersensitivity to vasoconstrictor effects of norepinephrine noted in rats follow-
ing RDN, transplantation or neonatal sympathectomy [106, 107]. There may be 
other mechanisms responsible for the lack of benefit in the human trials com-
pleted thus far. Long-term follow up results from ongoing human trials evaluating 
the safety and efficacy of RDN in HF may inform how this intervention can be 
used in the future.

 Conclusions

A large body of evidence, mainly from animal studies, points to the integration of 
ARNA in areas of the brain involved in cardiovascular control and sympathetic 
outflow. The changes in ARNA that occur in disease states, with a shift from an 
inhibitory to less inhibitory—or even an excitatory response—can have a profound 
effect not only on central sympathetic outflow but also on renorenal reflexes. These 
changes may contribute to the development and maintenance of cardio-renal syn-
drome and also to the sympathetic activation present in HF.  Available evidence 
suggests that in the setting of renal disease, chemosensitive nerves contribute sig-
nificantly to excitatory ARNA. Human data following nephrectomy appear to con-
firm this finding. Therefore, RDN has the potential to attenuate or abrogate the 
maladaptive responses in HF, though awaits definitive testing in long-term outcome 
studies in humans.
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5Insights on Diuretic Therapy 
from Clinical and Pharmacologic 
Perspectives

David H. Ellison and Shweta Bansal

 Introduction

Diuretics are among the most commonly prescribed drugs for cardiorenal dis-
orders; while effective, such patients are at substantial risk for complications, 
making it especially important to understand and appreciate diuretic pharmaco-
kinetics and pharmacodynamics. Although the available diuretic drugs possess 
distinctive pharmacokinetic and pharmacodynamic properties that affect both 
response and potential for adverse effects, many clinicians use them in a ste-
reotyped manner, reducing effectiveness and potentially increasing side effects 
(common diuretic side effects are listed in Table 5.1). Diuretics have many uses, 
but this chapter will focus on clinical use of diuretics to treat extracellular fluid 
(ECF) volume expansion in the setting of cardiorenal syndrome, taking their 
pharmacology into consideration.
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 Classification and Mechanisms of Action

Diuretic drugs are typically classified first according to their predominant site 
of action along the nephron and second by the mechanism by which they inhibit 
transport (Fig. 5.1). The sulfonamide-based loop diuretics furosemide, bumetanide, 
and torsemide act from the lumen to inhibit the Na-K-2Cl cotransporter (NKCC2 
encoded by SLC12A1) along the thick ascending limb and at the macula densa. 
Ethacrynic acid is a non-sulfonamide-based loop diuretic. It is used primarily for 
patients who are truly allergic to the sulfonamide-based drugs, as it appears to have 
greater toxicity and is more difficult to use. As organic anions, loop diuretics bind 
within the translocation pocket on the transport protein by interacting with the 
chloride- binding site (2). Because they are larger than chloride, they are not trans-
ported through the pocket, and thereby inhibit the transporter. Distal convoluted 
tubule diuretics (thiazides and thiazide-like drugs) are also organic anions that act 
in much the same manner, but bind to the thiazide- sensitive NaCl cotransporter 
(NCC, encoded by SLC12A3) along the distal convoluted tubule (Fig. 5.1). This 
mechanism of action accounts for a key aspect of loop and distal convoluted tubule 
diuretic action; both classes of drug exert their effect from within the lumen of the 
tubule.

Table 5.1 Common side 
effects of diuretics

Loop diuretics
Hypersensitivity reactions
Extracellular fluid volume depletion
Hypokalemic alkalosis

Hypomagnesemia∗

Ototoxicity
Distal convoluted tubule diuretics
Hypersensitivity reactions
Hyponatremia
Hypokalemic alkalosis
hyperglycemia/diabetes
hyperuricemia/gout
Hypomagnesemia
Hypokalemia and prerenal azotemia, when combined with loop 
diuretics
Potassium sparing diuretics
Hypersensitivity
Hyperkalemia
Metabolic acidosis
Azotemia
Gynecomastia, vaginal bleeding (spironolactone)

May be secondary to underlying disease [75]
* hypomagnesemia is less common with loop diuretics than with 
distal convoluted tubule diuretics

D. H. Ellison and S. Bansal
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There are 2 major classes of potassium-sparing diuretics, which act along the 
aldosterone-sensitive distal nephron. The first includes drugs that block apical 
sodium channels (amiloride and triamterene), whereas the second includes drugs 
that antagonize mineralocorticoid receptors (spironolactone, eplerenone). A new 
non-steroidal mineralocorticoid blocker, finerenone, which is structurally unrelated 
to the others, is currently in phase III clinical trials. The mineralocorticoid blockers 
act within cells and do not require secretion into the tubular lumen.

 Bioavailability of Diuretics Determining the Dose 
and Frequency of Administration

The normal metabolism of loop diuretics is depicted in simplified form in Fig. 5.2a. 
Furosemide, bumetanide, and torsemide are absorbed relatively quickly after oral 
administration (see Fig. 5.2b), reaching peak concentrations within 0.5–2 hours [1, 
2]; when administered intravenously (IV), their effects are nearly instantaneous. The 
oral bioavailability of bumetanide and torsemide typically exceeds 80%, whereas 
that of furosemide is highly variable and substantially lower, at approximately 50% 
(see Table 5.2) [3]. Although the half-life of furosemide is short, its duration of 
action is longer when administered orally, as its gastrointestinal absorption may 
be slower than its elimination half-life. This is a phenomenon called absorption-
limited kinetics [1] and may explain the mnemonic that oral furosemide “lasts 6 
hours” [4]. This is not the case for bumetanide and torsemide, where oral absorption 
is rapid and consistent [5].

Based on oral bioavailability, when a patient is switched from an intravenous 
to oral loop diuretic, the dose of bumetanide or torsemide should be maintained, 
whereas the dose of furosemide should be doubled [5]; in practice, however, and 
as discussed further below, other factors affect diuretic efficacy and a fixed intra-
venous/oral conversion cannot be given [6]. Gastrointestinal absorption of thiazide 
and other potassium sparing diuretics is fairly rapid and predictable, and oral bio-
availability ranges from 65% to 90%.

The loop diuretics have steep dose response curves. This property is often 
neglected in clinical practice but is crucial to optimal use. Figure  5.2c shows a 
a schematic of a typical natriuretic response plotted versus the logarithm of the 
plasma diuretic concentration. Inspection reveals that there is little diuretic or natri-
uretic effect when the plasma concentration is low. Once the concentration exceeds 
a certain level, often called the diuretic threshold, the response increases, and even 
small further increases caused substantially increased sodium excretion. Although 
such relations are typically plotted as the logarithm of the diuretic concentration 
or dose, clinicians do not typically think in logarithmic terms. This underlies the 
reasoning behind the common recommendation to double the dose, if no response 
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[Diuretic]P

IV

Oral Threshold

Edema
Normal

Time

Fractional
Na

Excretion

‘ceiling’
Normal

‘threshold’

log [Diuretic]P

Ingestion

Metabolism

Absorption
Varies (see Table 2)

Distribution
(bound to albumin)

Excretion in urine
Secretion along
proximal tubule

Torsemide 80%

Bumetanide

Furosemide

50%

50%

100%

a

b c

Fig. 5.2 (a) shows features of absorption, distribution, metabolism, and excretion (so-called 
ADME of drugs). (b) compares the plasma diuretic concentration as a function of time following 
oral or intravenous diuretic administration. The dashed lines show natriuretic thresholds in normal 
individuals and in those with edema. Note that the primary determinant of natriuresis is the time 
above the threshold, indicating why route of administration has different effects in stable patients 
and in those with severe edema. In a normal individual, an oral dose may be effective, whereas it 
may not be in edema, despite retained bioavailability. (c) Classic dose response curve, plotted 
versus the logarithm of the plasma concentration. Note the threshold for natriuresis and the maxi-
mal level, often called the ceiling. (Figure adapted from Ref. [74])
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is obtained to the first dose. Although the dose response looks steep, when plotted 
logarithmically, it is less so when plotted in a linear manner, and a small increase 
will often be ineffective. At higher concentrations, a plateau or ceiling is reached, 
with progressively higher plasma concentrations failing to elicit more natriuresis. 
Although this fact has been used to invoke the concept of ceiling doses of loop 
diuretics, we will argue that increasing a diuretic dose above this ceiling often elicits 
more natriuresis, owing to pharmacokinetic considerations (see below).

As should be evident from these plots, a diuretic dose must exceed the threshold 
to be effective; yet the failure to give a dose that exceeds the threshold is one of the 
most common errors in diuretic usage. The problem is that the threshold is not eas-
ily estimated in an individual, especially an individual with cardiorenal syndrome. 
While nearly all healthy individuals will respond to 20 mg of oral furosemide (or 
its equivalent), patients with conditions that predispose to ECF volume expansion 
and edema need higher doses, since these conditions alter both the pharmacoki-
netics and pharmacodynamics of diuretics as discussed below. It is little wonder 
that an empirically selected dose may be ineffective. Below, we will provide broad 
generalizations about dose adjustments for individuals within a variety of settings. 
Yet adherence to algorithms may lead to diuretic failure. Instead, it is often best to 
approach a patient as an n of 1 trial. Start with a dose consistent with the clinical 
guidelines (more aggressive for acute edema, more conservative for more chronic 
processes) and then adjust the dose according to the response.

Although low bioavailability is a concern with furosemide, a larger problem 
may be its inconsistent bioavailability. Furosemide absorption varies from day to 
day in an individual, and between individuals [7, 8]. Absorption is also affected 

Table 5.2 Pharmacokinetics of commonly used diuretics

Diuretic Oral bioavailability, % Elimination half-life, hours

Normal CKD
Cirrhotic 
ascites

Heart 
failure

Furosemide 50 (10–100) 1.5–2 2.8 2.5 2.7
Bumetanide 80–100 1 1.6 2.3 1.3
Torsemide 68–100 3–4 4–5 8 6
Hydrochlorothiazide 55–77 6–15 Prolonged
Chlorthalidone 61–72 40–60 Prolonged
Metolazone 70–90a 14–20 Prolonged
Amiloride ~50& 6–26 100 Not 

changed
Spironolactone >90 1.5∗ ∗∗

Adapted from Ref. [76]
#Absorption may be decreased in heart failure
&Decreased by food
∗Active metabolites of spironolactone have half-lives of >15 hours
∗∗Active metabolites accumulate in CKD
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by food consumption, unlike that of bumetanide or torsemide [9, 10], although 
the clinical significance of this effect has been doubted [1]. The more consistent 
bioavailability of torsemide, compared with furosemide, and its relatively longer 
half-life, have suggested that it may be a superior loop diuretic, as suggested by 
2 small clinical trials [11–14]. A recent non-randomized post-hoc analysis of the 
large Acute Study of Clinical Effectiveness of Nesiritide in Decompensated Heart 
Failure (ASCEND-HF) has suggested that patients with heart failure discharged 
on torsemide have lower mortality [15]. In contrast, the bioequivalent doses of 2 
loop diuretics given in a double-blind randomized crossover trial, failed to dem-
onstrate superiority of torsemide with respect to natriuresis or 24-h ambulatory 
blood pressure control in chronic kidney disease (CKD) patients [16]. The com-
pelling differences in pharmacokinetics suggest that torsemide might be superior 
clinically, but this needs to be tested in sufficiently powered and rigorous trials. 
ToRsemide compArisoN With furoSemide FORManagement of Heart Failure 
(TRANSFORM-HF) is a large-scale, pragmatic, randomized, unblinded clini-
cal effectiveness study comparing torsemide versus furosemide as treatment for 
heart failure. The study is sponsored by National Heart, Lung, and Blood Institute 
(NHLBI), actively recruiting patients and expected to be complete by 2022 (NCT 
03296813).

Gastrointestinal absorption can be slowed, especially during exacerbations of 
heart failure, although again, this problem is worst with furosemide [17]. Even 
though total bioavailability is typically maintained in these situations, natriuresis 
may be impaired when absorption is slowed, especially given a concomitant increase 
in natriuretic threshold, as diagramed in Fig. 5.2b. As an example, the areas under 
the curves for arbitrary intravenous and 2× oral furosemide doses may be similar, 
but the differences in shapes of those curves may lead to a diuretic being effective 
when given intravenously, but not orally. As the diuretic threshold is higher in car-
diorenal syndrome, this difference may be especially relevant in this situation. This 
is likely to explain the common observation that intravenous doses of loop diuret-
ics, which achieve higher peak levels, may be effective when oral doses lose their 
efficacy, especially if the natriuretic threshold is increased. Not surprisingly, heart 
failure exacerbation requiring IV diuretics remains one of the major reasons for vis-
its to emergency department and outpatient clinics, and for hospital admissions. In 
this context, development of subcutaneous (SC) furosemide has garnered increasing 
optimism as a safe and effective outpatient alternative to the traditional hospital- 
based IV diuretic strategy. Recently, 2 proof-of-concept studies have demonstrated 
similar urine output with a pH-neutral formulation of SC furosemide compared to 
IV furosemide in outpatients presenting with decompensated heart failure [18]; and 
longer duration at therapeutic plasma levels and more urine output compared to 
oral furosemide [19]. Subcutaneous administration of buffered furosemide was well 
tolerated with no evidence of any drug-induced skin reactions. The possibility of 
delivering an IV equivalent diuretic agent at home, if proved efficacious in larger 
trials, could be transformative for HF care delivery.
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 Volumes of Distribution, Metabolism and Half-lives

Loop diuretics are organic anions that circulate tightly bound to albumin (>95%). 
Thus, their volumes of distribution are low, except during extreme hypoalbumin-
emia [20]. This has suggested that severe hypoalbuminemia might impair diuretic 
effectiveness, owing to impaired delivery to the kidney, and that albumin adminis-
tration might enhance natriuresis. This conjecture was supported in an early proof- 
of- concept study [20], but subsequent larger studies have produced mixed results. A 
relatively recent meta-analysis concluded that the existing data, albeit of poor qual-
ity, suggest transient effects of modest clinical significance for co-administration 
of albumin with furosemide in hypoalbuminemic patients [21]. One concern about 
the more recent studies, many of which have been negative, is that most have only 
enrolled patients whose serum albumin concentrations exceeded 2 g/dL. Owing to 
physiological plausibility and anecdotal experience, most experts would still con-
sider adding albumin infusion for refractory patients who are severely hypoalbumin-
emic. Yet, extreme caution should be used when treating patients with cardiorenal 
syndrome, as their extracellular fluid volume is typically expanded substantially; as 
albumin infusions expand the extracellular fluid volume, they should be avoided in 
most patients with cardiorenal syndrome.

Approximately 50% of an administered furosemide dose is excreted unchanged 
into the urine. The remainder appears to be eliminated by glucuronidation, pre-
dominantly also in the kidney. Torsemide and bumetanide are eliminated both by 
hepatic processes and urinary excretion, although hepatic metabolism may predom-
inate, especially for torsemide [22]. The differences in metabolic fate mean that 
the half- life of furosemide is prolonged in kidney failure, where both excretion by 
the kidney and kidney-mediated glucuronidation are slowed. In contrast, the half-
lives of torsemide and bumetanide tend to be preserved in patients with kidney 
dysfunction [23]. While the ratio of equipotent doses of furosemide to bumetanide 
is 40:1 in normal individuals, that ratio declines as kidney disfunction worsens [24]. 
Although this apparent increase in furosemide potency may seem beneficial, it also 
likely increases the toxic potential of furosemide when it is used in very high doses. 
Deafness and tinnitus from loop diuretics appear to result primarily from high serum 
concentrations, which inhibit a Na-K-2Cl isoform (NKCC1, encoded by SLC12A2). 
This transport protein, which is different from that reabsorbs salt in the kidney, is 
expressed by the stria vascularis and participates in secretion of K+-rich endolymph 
[25, 26]. Although this complication was seen more frequently in the past when 
very large bolus doses of loop diuretics were employed to forestall dialysis [27], 
one relatively recent meta-analysis of furosemide use for patients with acute kidney 
injury, suggested that the odds ratio for hearing loss was >3 when high dose furose-
mide was used; it should be noted, however, that the doses cited in that analysis (1–3 
grams daily) exceeded those currently recommended [28]. The tendency of bolus 
infusion to lead to high peak furosemide concentrations is one reason that many 
investigators recommend continuous infusions instead [29].

Although loop diuretics are small molecules, they typically undergo little glo-
merular filtration. As they exert their actions by binding to transport proteins along 
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the luminal membrane of thick ascending limb cells, to gain access to the tubular 
fluid and therefore to their sites of activity, they must be secreted. This is likely 
true for all three loop diuretics, although some data suggest that bumetanide is also 
delivered into the tubule lumen by filtration [30]. However, most evidence still sug-
gests that bumetanide gains entry primarily via secretion [31]. Peritubular uptake by 
cells along the proximal tubule is mediated by the organic anion transporters OAT1 
and OAT3, whereas the apically located multidrug resistance-associated protein 4 
(Mrp-4) appears to mediate at least a portion of secretion into the tubular fluid. Mice 
lacking OAT1, OAT3 or Mrp-4 are resistant to loop and thiazide diuretics illustrating 
the functional importance of diuretic secretion for diuretic effectiveness [30, 32].

 Impact of Drugs and Chronic Kidney Disease 
on the Effectiveness of Diuretics

While human mutations in OAT1 have not been described, drugs other than diuretics 
as well as endogenous toxins also bind to the OATs, thereby competing with diuret-
ics for secretion into the proximal tubule [30]. Non-steroidal anti- inflammatory 
drugs inhibit diuretic secretion and alter diuretic responsiveness, and because of 
their frequent use, are an important cause of heart failure exacerbations [33]. Yet 
other classes of drugs, including antihypertensives,antibiotics and antivirals may 
also interact with these transporters and cause resistance [34]. Endogenous metabo-
lites also compete for diuretic secretion, including indoxyl sulfate, carboxy-methyl- 
propyl-furanpropionate, p-cresol sulfate, and kynurenate, all of which accumulate 
when kidney function is poor [35]. In all of these situations, the natriuretic dose- 
response curve is shifted to the right (Fig. 5.3a).

There are additional reasons that patients with poor kidney function are resis-
tant to loop diuretics. Metabolic acidosis, which is frequently observed in ure-
mia, depolarizes the membrane potential of proximal tubule cells [36] which also 
decreases organic anion secretion, an effect that may explain why diuretic secretion 
is enhanced by alkalosis [37]. In addition to a shift in the dose-response curve, 
patients with poor kidney function and those taking non-steroidal anti-inflammatory 
drugs (NSAIDs) have a downward shift of the ceiling natriuresis, when expressed 
as absolute sodium excretion (rather than fractional). The mechanism for resistance 
attributable to NSAIDs is complex. Loop diuretic inhibition of NaCl reabsorption 
at the macula densa stimulates both renin secretion and prostaglandin production, 
the latter predominantly via cyclooxygenase-2 (COX-2) [38]. When this happens, 
prostaglandin E2 feeds back on tubules, contributing to the resulting natriuresis by 
inhibiting NaCl transport along the thick ascending limb and collecting duct [39, 
40]. NSAIDs block this prostaglandin-mediated natriuresis. When used chronically, 
NSAIDs increase the abundance and activity of NKCC2 along the thick ascend-
ing limb [41]. Additionally, loop diuretics inhibit the second transporter isoform, 
NKCC1, mentioned above, which, in addition to being expressed in the ear, is also 
expressed by vascular smooth muscle cells; loop diuretics contribute to vasodilation 
of the glomerular afferent arteriole by blocking this transporter [42], thus helping 
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Fig. 5.3 (a) effects of chronic kidney disease on diuretic actions. Note that, in CKD, baseline frac-
tional sodium excretion is high, to maintain absolute rates of sodium excretion equal to intake. There 
is a shift in the dose response curve to the right (R), primarily owing to impaired diuretic secretion, 
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sodium excretion, given a retained effect on fractional excretion. (Figure adapted from Ref. [74])
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to maintain glomerular filtration rate despite a lower ECF volume. Again, this com-
pensatory adaptation is largely dependent on prostaglandin production and can be 
blocked by NSAIDs. The clinical impact of these effects is evident in the asso-
ciation between recent use of NSAIDs and risk for hospitalization in patients with 
heart failure [33]. In fact, in the setting of loop diuretics and angiotensin-converting 
enzyme inhibitors or angiotensin receptor blockers, the addition of a third class of 
drug that alters intrarenal hemodynamics such as NSAIDs, is associated with acute 
kidney injury [43].

Intrinsic kidney dysfunction also impairs the natriuretic response to diuretics 
through a different mechanism (Fig. 5.3b). It is frequently noted that the maximal 
natriuretic capacity of loop diuretics is maintained in the setting of chronic kidney 
disease, when natriuresis is measured as a fraction of filtered load (FENa). Yet the 
maximal natriuretic effect of these diuretics, when measured as the more clinically 
relevant absolute rate, is markedly reduced. This is because, as glomerular filtration 
rate and filtered sodium load decrease, kidneys suppress sodium reabsorption by 
the remaining tubules to keep sodium excretion equal to dietary salt intake. This 
suppression occurs in part along the thick ascending limb, so that even when a 
diuretic reaches the segment and inhibits the transporter, its net effect is reduced. 
Thus, NSAIDs and CKD cause diuretic resistance both by shifting the diuretic 
dose response curve to the right (which can be overcome by higher doses) and by 
reducing maximal natriuresis (which cannot overcome by higher doses, compare 
Fig. 5.3a, b).

Loop diuretics are characterized by relatively short half-lives (see Table  5.2). 
Thus, the initial natriuresis typically wanes within 3–6  hours, so that a single 
daily dose leaves some 16–21 hours per day for the kidneys to compensate for the 
diuretic- induced salt and water losses (Fig.  5.4). For individuals in steady state, 
the phenomenon of post-diuretic NaCl retention defines the fact that urinary NaCl 
excretion declines below the baseline when the diuretic effect wears off. This is 
typically true until another dose of diuretic is administered [44]. It should be noted 
however that while this relationship applies to patients who are at steady state (and 
thereby excreting their daily intake of salt), it is altered in patients with decompen-
sated edema, such as many patients with cardiorenal syndrome, who may present 
during a period of a positive NaCl balance, with urinary NaCl very low, even with-
out diuretic administration. In this case, any increase in urinary NaCl excretion will 
be beneficial.

Regardless of these differences, the net NaCl loss from a diuretic typically 
results from a short period of natriuresis and a longer period of anti-natriuresis. This 
accounts for the usual recommendation to use loop diuretics twice daily. Clearly, 
from inspection of the half-lives, this imperative is most important when using 
furosemide and bumetanide and least so with torsemide. As noted above, when 
CKD progresses, the half-life of furosemide is prolonged, increasing its apparent 
relative potency versus bumetanide. Even when administered twice daily, however, 
long inter-natriuretic periods limit drug effectiveness; this is most important when 
dietary NaCl intake is high, as NaCl retention by the kidneys will lead to more posi-
tive NaCl balance.
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One strategy to address half-life issues, at least for hospitalized patients, is to 
infuse loop diuretics continuously. While the advantages of this approach over 
high- dose bolus treatment remain contentious [45], the physiological basis for this 
approach is appealing, and recent stepped care guidelines regarding treatment of 
acute decompensated heart failure (ADHF) (see below), recommend continuous 
infusions [46]. Along these lines, an investigational extended release formulation of 
torsemide that delivers torsemide to the circulation during 8–12 hours was reported 
recently to double salt and water losses in normal volunteers after a single dose, 
without increasing potassium excretion [47]. If such a formulation, which should 
avoid some of the obvious pharmacokinetic limitations of short-acting loop diuret-
ics, works as well in patients with heart failure, it may change the standard approach 
to treatment.

After oral use, diuresis begins within 2  hours with hydrochlorothiazide and 
amiloride. Plasma half-life of hydrochlorothiazide averages 10 hours and amiloride 
ranges from 6–9  hours in subjects with normal renal function. These are pro-
longed in renal failure as both the drugs are mainly eliminated via the kidneys in 
unchanged form. On the other hand, spironolactone gets rapidly metabolized into 
its active metabolites; half-lives of these metabolites can last up to 18 hours. Due 
to mechanism of action involving genomic effect, the onset of action of spirono-
lactone is prolonged. All these 3 drugs allow once daily dosing because of their 
long half-lives.
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 Using Diuretics Effectively to Treat Extracellular Fluid Volume 
Expansion

When diuretics are initiated to treat edema, whether in a patient with normal or 
abnormal kidney function, it is essential to confirm that the dose provides a concen-
tration in the tubule lumen that exceeds the threshold (Fig. 5.1). That this threshold 
has been reached can be detected by most ambulatory patients, who should notice an 
increase in urine volume within 2–4 hours of an oral dose. A discrepancy between 
diuresis and weight loss in outpatients suggests that excessive NaCl consumption 
is limiting efficacy. In such cases, measuring 24-hours urine Na+ excretion, with 
urinary creatinine excretion assessed to confirm collection adequacy, may confirm 
excessive NaCl intake, although single urine collections may not give fully accurate 
results [48]. Many patients with cardiorenal syndrome are hospitalized; there, a dose 
reaching the threshold should lead to an increase in urine volume should be evident 
during the 6 hours that follow it. Based on the relationship of plasma diuretic concen-
tration and time shown in Fig. 5.2b, diuresis should occur more promptly following 
an intravenous dose. This difference may be especially pronounced if furosemide 
is the diuretic chosen. If an effect is not observed during this period, it is custom-
ary to double the dose, for example from 20 to 40 mg of furosemide or from 80 to 
160 mg of furosemide, a recommendation predicated on the dose response curve 
shown above. The dose is then escalated to a maximal safe level, as discussed below. 
Although loop diuretics are typically administered twice daily, there is no reason to 
introduce a second daily dose if the first dose does not exceed the threshold. Once a 
threshold has been reached, however, most patients will require 2 daily doses.

Although dose recommendations for loop diuretics have been published based 
on pharmacokinetic and pharmacodynamic considerations [22] or expert consensus 
[49], a few more specific dose ranges have been tested in clinical trials. For ADHF, 
Felker and colleagues compared 2.5 times the home daily dose versus 1 times the 
home daily dose, given intravenously. Although differences in the primary outcome 
were not observed, several prespecified secondary outcomes, such as weight loss and 
area under the curve for dyspnea, favored the higher dose; importantly, negative con-
sequences of the higher dose were not observed. This and other recent trials, includ-
ing those for patients with cardiorenal syndrome, aimed for 3–5 liters of diuresis 
per day for initial treatment [46], rates that are more aggressive than often targeted. 
These studies emphasize that, for hospitalized patients, an aggressive approach to 
diuresis is often safe, as well as effective. Prior observational trials suggesting that 
higher diuretic doses were associated with worse patient survival, therefore, likely 
reflected confounding by indication [50]. In fact, post-hoc analyses of large trials 
suggest that those who experience a moderate increase in creatinine (worsening kid-
ney function) may actually have better prognosis than those who do not [51, 52].

The net or therapeutic natriuretic response to a diuretic is determined by the 
difference between the sodium excreted in the urine and the sodium consumed. 
Although increasing a diuretic dose above the ceiling does not increase the maxi-
mal minute-natriuresis (the maximal rate of NaCl excretion per given time, see 
Fig.  5.2c), it often increases the net natriuresis by prolonging the period during 
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which the diuretic concentration exceeds the threshold (see Fig. 5.2a). This is one 
reason that current guidelines for heart failure may recommend doses that exceed 
ceiling doses and are multiples of prior or home doses [44].

 Braking Phenomenon or Loop Diuretic Resistance

In both normal individuals and in patients with ECF volume expansion, there 
is a linear relationship between ECF volume and sodium excretion (UNaV), ele-
gantly elucidated by Walser [53]. This is similar to, but distinct from the pressure 
natriuresis, which describes the relationship between mean arterial pressure and 
UNaV.  Diuretics are recommended universally to treat symptomatic ECF volume 
expansion and therapeutic success is considered to be reduction in the ECF volume, 
and as importantly, symptoms and signs. This invariably requires initial sodium and 
water losses, induced by diuretic doses that exceed the threshold (Fig. 5.4). Yet the 
situation changes as initial treatment moves toward successful chronic treatment. At 
any therapeutically active dose, natriuresis wanes as extracellular fluid declines, an 
effect often called the braking phenomenon [54]. This means that, at steady state, 
the individual returns to NaCl balance during which urinary NaCl excretion is equal 
to dietary NaCl intake once again. This occurs, however, at a lower ECF volume 
than prior to treatment. Functionally, chronic diuretic treatment shifts the relation-
ship between ECF volume and UNaV to the left (see Fig. 5.4), thereby permitting 
NaCl excretion rates to again equal intake, albeit with lower ECF volume. It should 
be noted, however, that although daily NaCl excretion normalizes, the pattern of 
salt and water loss remains more episodic, so that a patient may complain that the 
diuretic regimen is increasing urine output.

While the braking phenomenon is adaptive once ECF volume has been reduced 
successfully, it is maladaptive when it occurs in the setting of persistent ECF vol-
ume expansion. Many factors resulting from a decrease in ECF volume, such as 
stimulation of renal nerves and activation of the renin-angiotensin system, likely 
contribute to braking [55, 56], but it is now recognized that adaptive structural 
changes in segments other than the thick ascending limb also contribute importantly 
[57, 58]. Remodeling of the distal nephron occurs [59] leading to hypertrophy and 
hyperplasia, especially of distal segments. This results from increased salt delivery 
[60], increased angiotensin II [61] and aldosterone concentrations [62], and changes 
in potassium balance [63]. The consequences of remodeling are that distal tubules 
increase their transport capacity substantially; for this reason, more of the NaCl that 
escapes the loop of Henle is reabsorbed distally, and net natriuresis is reduced.

 Approaches to Overcome the Braking Phenomenon

Adding a thiazide or thiazide-like drug will help to treat, and may even prevent, 
this type of adaptation and restore diuretic efficacy. Most commonly, especially 
in patients with advanced kidney dysfunction, metolazone is chosen as the agent 
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added to the loop diuretic regimen, although other thiazides may be equally effec-
tive [64]. Interestingly, at least three factors may contribute to the beneficial effects 
of adding a diuretic that acts in the distal convoluted tubule. First, by blocking trans-
port along the distal tubule, where tubule remodeling has led to enhanced transport 
capacity, the potency of these normally relatively weak thiazide-type diuretics will 
be increased [65]. Second, when oral metolazone or chlorthalidone is used in this 
situation, its longer half-life (approximately 14 and 50 hours [66] may attenuate 
post- diuretic NaCl retention and overcome one of the key limitations of the loop 
diuretics. Third, thiazide diuretics may mitigate distal nephron remodeling itslf and 
thereby prevent or reverse a key contributing feature (NCC) [67]. Nevertheless, a key 
hazard of this approach is the potential for enhanced side effects, especially hypoka-
lemia [68]. As a decrease in plasma potassium concentration is now recognized as 
the dominant factor that activates NCC [69], the resulting metabolic changes may 
counteract the beneficial effect of adding a second class of diuretic. In this situation, 
using a mineralocorticoid receptor antagonist, or when already in use, increasing 
the dose can be an alternative. The potassium sparing effect, long duration of action 
and alleviation of distal nephron remodeling via inhibition of aldosterone [62] has 
the advantage of increasing natriuresis while maintaining potassium balance. In ear-
lier studies, addition of high-dose spironolactone resulted in significant natriuresis 
without hyperkalemia in patients with heart failure and resistance to loop diuret-
ics [70]. However, the recent Aldosterone Targeted Neurohormonal Combined with 
Natriuresis Therapy in Heart Failure (ATHENA-HF) trial using high-dose spirono-
lactone (100 mg/day) added to standard of care in ADHF patients; failed to improve 
the primary outcome of reduction in NT-proBNP and congestion scores [71]. One 
shortcoming of this trial was that it randomized all heart failure patients, instead 
of only those who found to have loop-diuretic resistant ADHF. One of the major 
causes for ADHF admissions is improper use of loop diuretic either because of lack 
of affordability or inadequate doses for the disease state. ATHENA-HF trial ran-
domized all these subjects to the intervention or control arm without considering the 
underlying cause of decompensation. Thus, it is possible that the majority of these 
subjects would respond to the usual care without any additional benefit of high-dose 
spironolactone; if this is true, the ATHENA-HF trial may not have been powered 
to capture the diuretic resistant population. In a recent study of patients with loop- 
diuretic resistant ADHF, the addition of high dose spironolactone (100–200 mg/
day) resulted in significant weight loss, increased urine output and symptoms relief. 
This decongestion was not associated with worsening renal function or hyperkale-
mia (Bansal, Abstract, Kidney Week 2018).

Addition of an aldosterone antagonist is an attractive option in hospitalized 
patients admitted with ADHF and loop diuretic resistance; however, this approach 
may lead to complications patients with heart failure in outpatient setting and 
advanced CKD. Addition of aldosterone antagonists may work well in patients with 
persistent ECF expansion in steady state by overcoming the braking phenomenon. 
However, patients may not be in steady state, as the dietary NaCl changes frequently 
and doses of loop diuretic may need to be adjusted. In the absence of those adjust-
ments, these patients are prone for acute kidney injury from either rapid diuresis 
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(when the rate of diuresis is higher than rate of shift of fluid from interstitium to 
intravascular space) or overdiuresis. Hyperkalemia as a complication of AKI can 
be disproportionate to the degree of AKI due to potassium-sparing effect of spi-
ronolactone and can be difficult to manage given the long half-lives of its active 
metabolites, which are further prolonged in renal insufficiency, heart failure and cir-
rhosis patients. For the similar reasons, use of spironolactone is not recommended 
in patients with advance renal insufficiency with braking phenomenon.

Combination of Loop with Thiazide-type Diuretics in Patients with 
Decompensated Heart Failure (CLOROTIC) is an ongoing trial to assess the safety 
and efficacy of loop and thiazide diuretic combination in patients with ADHF 
in comparison with a loop diuretic regimen alone. The CLOROTIC trial should 
answer the safety concerns of hypokalemia with this approach. High-dose aldo-
sterone antagonists in combination with loop diuretics should not be prescribed in 
outpatient setting or advanced CKD unless close monitoring is available to adjust 
the dose of diuretics and follow serum chemistry.

 Evidence-based Diuretic Dosing for Extracellular Fluid 
Volume Expansion

While recommendations for loop diuretic dosing have traditionally been based on 
their pharmacology, some more recent studies of ADHF have focused on patient- 
centered outcomes. The Diuretic Optimization Strategies Evaluation trial in Acute 
Heart Failure (DOSE-AHF) trial compared high and low doses of loop diuretics for 
ADHF and showed that the higher dose (2.5× the home daily dose) is well toler-
ated and effective. One concern about aggressive diuretic approaches in this situ-
ation is worsening kidney function, which was used as a harm signal in this study. 
Yet worsening kidney function in this trial, as indicated by a rise in creatinine, 
was found in a post-hoc analysis to be associated with better, rather than worse, 
prognosis [51]. When adequate diuresis does not occur, a stepped care approach, 
shown in Table 5.3, has been recommended [46]. While not compared directly with 
other approaches, this approach was employed successfully in randomized trials 
and proved at least as effective as invasive techniques, such as ultrafiltration [72].

 Comparison of Three Loop Diuretics

Table 5.2 shows the differences in pharmacokinetics of various diuretics. It is a 
common practice to switch from one loop diuretic to another one in both inpa-
tient and outpatient setting when adequate responses are not achieved. Taking 
the pharmacology into consideration, switch from oral furosemide to either oral 
bumetanide or torsemide is logical given wide variation in bioavailability of oral 
furosemide administration. However, there are no definitive clinical studies com-
paring the effectiveness of different loop diuretics in heart failure patients; thus, 
results of TRANSFORM-HF trial will be valuable (see above). Until then, many 
experts prefer torsemide rather than furosemide or bumetanide in managing heart 
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failure patients in the outpatient setting, given the convenience of once a day dos-
ing and avoidance of nocturia as seen with furosemide or bumetanide if the second 
dose is administered late in the day. On the contrary, these pharmacokinetic differ-
ences have less impact when using diuretics IV, since the bioavailability is similar 
of the IV preparations. Rather, a stepped-up approach is recommended to achieve 
the threshold for the particular diuretic to be effective.

 Summary

Diuretic drugs, agents that target solute transport along the nephron, are used com-
monly in individuals with cardiorenal syndrome. Each has a unique pharmacoki-
netic profile, but such differences may not receive sufficient consideration when the 
drugs are used therapeutically. Recent large clinical trials now provide an evidence 
base for diuretic treatment of ADHF. Yet, even when such evidence is available, a 
deep understanding of diuretic pharmacokinetics and pharmacodynamics enhances 
the clinical approach to diuresis. A formal collaboration between cardiologists and 
nephrologists can bridge gaps in knowledge to augment the goal of decongestion. 
As the drugs have substantial ability to ameliorate breathlessness and edema, the 
goal of optimizing their use should improve patient-focused clinical outcomes. The 
development of diuretic drugs has been one of the greatest accomplishments of 
scientific medicine; the persistence of disorders of extracellular fluid volume into 
the twenty-first century, means that these drugs will continue to play central roles in 
medical practice for the foreseeable future.
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6A Patient with Progressive Renal 
Insufficiency in Chronic Heart Failure 
with Reduced Ejection Fraction

Kevin Damman

Case Vignette
Mr. Y is a 72 y/o man with an ischemic cardiomyopathy after suffering an 
anterior myocardial infarction at the age of 68 years. He is currently residing 
in New York Heart Association functional class II. His past medical record is 
also notable for poorly controlled diabetes with microvascular complications 
of retinopathy and nephropathy. Serum creatinine levels were normal at the 
time of his myocardial infarction, but have increased gradually up till 2.47 mg/
dL now (estimated glomerular filtration rate 25 mL/min/1.73 m2). Mr. Y is 
taking aspirin, atorvastatin, metformin, insulin in a basal-bolus scheme, lisin-
opril 20 mg daily, carvedilol 25 mg twice daily, and eplerenone 50 mg daily. 
Serum potassium levels are slightly elevated at 5.2  mmol/L without other 
electrolyte disturbances. Blood pressure is well controlled at 132/58 mmHg. 
The electrocardiogram of Mr. Y shows a left bundle branch block with QRS 
width equal to 148 ms. On his latest echocardiography, left ventricular ejec-
tion fraction was 30%.

Chapter Key Points
• Incidence and prognostic impact of chronic kidney disease (CKD) in heart 

failure with reduced ejection fraction (HFrEF)
• Use of evidence-based medications for HFrEF in patients with CKD
• Device therapy in HFrEF and CKD
• Reno-protective strategies in HFrEF
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Brief Discussion of the Case

The first thing that should come to mind in any clinician treating patients similar to the 
case presented here, is whether this patient is in stable condition. To do so, a detailed 
anamnesis, followed by physical examination and if necessary follow up diagnostic 
tests are warranted to do so. It is imperative to identify unstable patients before the 
clinical course is detrimental to such an extent only limited treatment options remain. 
If the patient is stable, this gives the clinician time to evaluate the patient closely, pos-
sibly seeing the patient in the outpatient clinic several times, and perhaps discuss this 
patients treatment with other physicians, consulting specialists and of course the patient 
and his caregivers. Fortunately, the gentleman in this case seems to be in reasonable 
shape, as he is in NYHA functional class II heart failure (HF). This means there is time 
to evaluate the current status, get a detailed picture of the medical situation, and decide 
on a treatment plan based on patients condition, laboratory and other diagnostic and 
functional test, as well as taking into consideration current HF guidelines [1–3].

This patient is suffering from HF with reduced ejection fraction (HFREF), 
probably caused by the (large) myocardial infarction 4 years ago. Immediately, a 
clinician familiar with the syndrome of HF will recognize that there is no available 
cure, which means all treatment options available are focused on improving quality 
of life, including extending length of life, as well as keeping the patient out of hospital 
[2]. When assessing such a patient with HFREF, it is important to evaluate whether 
any comorbidities exist that might further impair long term outcomes or increase the 
risk of decompensation, hospitalization or dying [4]. Furthermore, some comorbidities 
may interfere with treatment options. Certainly, the presence of comorbidities that by 
itself confer a substantial mortality risk (which could surpass the mortality risk of 
HF), could mean certain HF treatments should not be embarked on.

In general comorbidities that should interest a HF physician include among 
others: Diabetes Mellitus, Pulmonary Disease (including chronic obstructive 
pulmonary disease (COPD)), Coronary Artery Disease, Atrial Fibrillation, 
Cerebrovascular disease, Depression and perhaps most importantly for the current 
case: renal insufficiency [4–7].

 Renal Function in HFREF

Why is renal function so important in HF? First, it is the organ that is in the end 
responsible for the maladaptive salt and water retention in response to neurohor-
monal activation when cardiac dysfunction (whatever is the cause) develops [8]. 
Second, because it is exactly there where evidence based treatments in HFREF exert 
their action (among other places). Thirdly, whatever the cause of renal dysfunction 
in HF, it is one of the strongest predictors of clinical outcome (and therefore risk 
marker) in HF [6, 9]. At the end of the twentieth century, this detrimental associa-
tion between lower creatinine clearance and mortality was formally recognized in 
retrospective analyses from both SOLVD and PRIME II studies, sparking up more 
research in the field on why renal dysfunction was so important in HF [10, 11]. 
Ultimately, this culminated in a large study based meta-analysis, including over one 
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million cases, where having chronic kidney disease (CKD) at baseline was associ-
ated with a more than two-fold mortality risk [6]. This risk was, surprisingly, similar 
in acute and chronic HF.  These findings by itself should be sufficient reason to 
evaluate renal function closely in patients with HFREF.

 Pathophysiology of Renal Insufficiency in Heart Failure

Even though we largely think we understand the importance of renal dysfunction in 
HFREF patients, the pathophysiology is still under debate (Fig.  6.1 shows most 
common concepts) [8, 12, 13]. However, we now know from small mechanistic 
studies that a reduction in cardiac output and increase in central venous pressure 
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Fig. 6.1 Overview of the pathophysiology of renal insufficiency in HFREF. (a) Organ-specific 
factors: Reduction in RBF and increased (renal) venous pressure, resulting in increased renal inter-
stitial pressure (directly opposing filtration in Bowmans capsule (b)). Glomerular factors: Renal 
autoregulation preserves GFR, a process inhibited by RAAS inhibitors causing (pseudo) worsen-
ing renal function. Non-steroidal anti-inflammatory drugs inhibit prostaglandin synthesis, thereby 
impairing prostaglandin associated increase/dependent renal blood flow. Concomitant diseases 
have direct, but differential effect on glomerular filtration, glomerular integrity and podocyte func-
tion, as well as autoregulation. (c) Nephronic factors: the combination of increased interstitial 
pressure, reduced arterial perfusion, concomitant disease and therapies can cause tubular and glo-
merular injury. Increased renal interstitial pressure causes collapsing of renal tubules, thereby low-
ering GFR, and eventually leading to decreased urine output, sodium retention, and congestion. 
Abbreviations: ACEi, angiotensin-converting enzyme inhibitor: ARB, angiotensin II receptor 
blocker: FF, filtration fraction: GFR, glomerular filtration rate: MRA, mineralocorticoid receptor 
antagonist: NSAIDs, non-steroidal anti-inflammatory drugs: RAAS, renin–angiotensin–aldoste-
rone system: RBF, renal blood flow. (From Damman et al. [21])
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directly transmit to the kidney [14–17]. This means that in HFREF patients, with 
and without renin angiotensin aldosterone system (RAAS) blockade, there is a 
direct and strong relationship between renal blood flow and glomerular filtration 
rate (GFR) [14, 16]. When HF advances, and besides left sided filling pressures, 
also right sided pressures, especially central venous pressure start to rise and overt 
congestion develops, this also has it effects on renal function [18]. Importantly, high 
central venous pressure (directly transmits to renal venous pressure) contributes to 
a reduced GFR in two important ways. First it decreases the pressure gradient over 
de kidney (and glomerulus), thereby decreasing renal blood flow (this is an indirect 
way). Second, increased central and renal venous pressure leads to renal interstitial 
hypertension (high intracapsular pressure) [19–21]. On the long term this acceler-
ates fibrosis and intrarenal damage, but on the short term it means pressure in the 
renal parenchymal tissues are high, resulting in collapsing of tubules, reducing the 
flow of ultrafiltrate from Bowman’s capsule to the collecting duct, which means 
lower filtration [22]. There are also signs that by itself, high renal venous pressure 
further promotes salt and water retention. It is therefore essential to get a feeling of 
congestive status of the HFREF patient with renal dysfunction to understand the 
cause of CKD in the individual patient (Tables 6.1, 6.2, and 6.3).

In the current case, this patient does have a strikingly reduced estimated GFR 
(25  mL/min/1.73  m2), more than might be expected from his age, creatinine and 
severity of HF. In such a situation, it is important to re-evaluate findings and medical 
history to understand the disproportional low eGFR. It could be that the hemody-
namic status of the patient is more compromised than can be seen with minimal 

Table 6.1 Important considerations when approaching a HFREF patient with renal dysfunction

Current situation: Hemodynamics
  Is the patient stable? If not, this should be the first treatment goal.
  Excessive congestion? Evidence of edema?
  Hypo or hypertensive?
Predisposing conditions that can cause (more than expected) renal impairment
  Diabetes mellitus
  Atherosclerosis
  Hypertension
Background therapy
  Any medical therapy that can compromise renal function?
  Any medical therapy that is renally cleared?
  What about HF therapy: what is the current type and dose of evidence based HF therapy, 

especially RAAS inhibitors?
  Use of (loop) diuretics?
Dynamics in renal function
  What was the course of eGFR/serum creatinine in the past weeks/months?
  What was the most likely reason for the change?
  Any indication of organ damage? What about albuminuria (especially in hypertensives, diabetics)
Any indication of adverse events linked to renal dysfunction?
  Hyperkaleamia
  Gout like symptoms
  Muscle cramps

Abbreviations: eGFR: estimated Glomerular Filtration Rate, HF: Heart Failure, HFREF: Heart 
failure with reduced ejection fraction, RAAS: Renin Angiotensin Aldosterone System
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examination and anamnesis. If this is suspected, care should be taken to get objective 
evidence of to support this. More importantly, not only HF induces a decline in renal 
function, also many comorbidities exert detrimental effects, some of which contrib-
ute to the development of HF as well. Particularly, atherosclerosis, hypertension and 
diabetes mellitus are associated with worse renal function and more renal function 
decline in non HF populations, and all are associated with the development of HF by 
themselves [23, 24]. What this actually means is that in some patients, before the 
development of (overt) HF, renal function is often already compromised [25]. In the 
current case, this patient was already suffering from poorly controlled diabetes with 
end organ damage (retinopathy and nephropathy) probably long before HF occurred 
after the myocardial infarction. Although this did not translate in to an elevated serum 
creatinine level when the infarction occurred, diabetes can cause accelerated decline 
in renal function, cause glomerulosclerosis and tubular injury, as well as causing 
nephron loss [26]. Diabetic patients are also known to have renal hyperfiltration 

Table 6.2 Hyperkalaemia

Hyperkalaemia is a frequent condition that occurs in patients with heart failure and 
concomitant renal dysfunction. Normally, hyperkaleamia is defined as a potassium above 
5.0 mmol/L. Up to 25–30% of chronic HFREF patients may develop at some stage 
hyperkaleamia, which may be due to underlying conditions, such as renal dysfunction, or can 
occur after initiation and/or uptitration of evidence based heart failure therapies. It is therefore 
a very important disorder that prohibits sometimes the uptitration of RAAS-inhibitor therapy, 
and in specific mineralocorticoid receptor antagonists (MRA’s) that are known to elevate 
potassium levels. Some obvious causes of hyperkaleamia such as inadequate blood draw, use 
of potassium supplements or metabolic disorders should always be considered and excluded. 
Then, as with the current patient is the case, if no other causes can be identified, care should be 
taken to re-evaluate potassium levels regularly. If any further increase is observed, either MRA 
(or other RAAS inhibitor) should be downtitrated, or if the patient is congested, loop diuretics 
can be initiated, which are known to reduce serum potassium levels.
Novel treatments to specifically lower potassium levels to allow further uptitration of evidence 
based therapies are now being evaluated but have not found their way to clinical practice yet.

Table 6.3 Worsening renal function

Changes in filtration rate occur all the time in patients with HFREF, and even with daily 
determination of serum creatinine it is difficult to establish true alterations in GFR. Improvements 
in serum creatinine and GFR will hardly alert any clinician, while certain increases in creatinine 
will quickly alarm many HF specialists. From epidemiological data, any increase in serum 
creatinine, whatever the cause, was associated with worse clinical outcomes. However, the 
magnitude of this excess risk (which can be minimal to substantial) depends entirely on the 
circumstances during which this increase developed. If the clinical status of a patient improves, 
but serum creatinine increases, this normally is not associated with worse outcomes. It should 
prompt re-evaluation after some time, but would not necessarily need any action to be taken. 
Similarly any modest increase in serum creatinine after RAAS-inhibitor initiation or uptitration 
should be expected and accepted, even in patients with already compromised kidney function. 
Only very large (and unexpectedly large) increases in serum creatinine should alarm the HF 
specialist to reduce or even stop these life saving drugs. Always check whether other factors could 
have been responsible for the deterioration in renal function, such as over the counter NSAIDs, 
antibiotics, loop diuretics, or clinical deterioration. If the patient remained stable, re-challenge 
with a RAAS inhibitor should be considered, possibly in lower dosages and a slower uptitration 
regime. In difficult cases, a consultation by nephrologist should be considered.
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where filtration fraction (GFR divided by renal blood flow) actually increases; which 
is thought to be a sign of renal compensation, but also a sign of renal end organ dam-
age [27]. This might have been the case with the current patient when serum creati-
nine was still normal at the time of the coronary event. Although hyperfiltration 
normally doesn’t occur in hypertension, this condition is also associated with accel-
erated decline in renal function and loss of nephrons [28]. It is also a major risk factor 
for HF, either directly or through promoting cardiovascular events [29]. Controlling 
blood pressure and optimizing diabetic regulation are therefore important treatment 
targets in patients at risk of HF, but also in HF patients themselves, since this might 
be associated with favourable renal outcomes. Although this has not been shown in 
an evidence based manner, it is unlikely that pathophysiological processes associated 
with early renal function decline in patients without (or before) HF are either halted, 
attenuated or even reversed when overt HF develops. Therefore, from a renal per-
spective, taking care of blood pressure and especially diabetic control, should be part 
of the treatment of HFREF patients with renal insufficiency.

 Treatment of HFREF Patients with Renal Insufficiency

Besides diagnosing, controlling and treating comorbidities in HFREF, the primary 
focus of the treatment of HFREF patients – also in those with important renal insuf-
ficiency- should be initiation, uptitration and continuation of evidence based thera-
pies as much as possible according to most recent HF guidelines [1–3]. As is the 
case for any HFREF patient, a patient with mild to moderate renal insufficiency 
(CKD stage 1–3, eGFR >30 mL/min/1.73 m2) should be treated with guideline rec-
ommended HF treatment (Fig. 6.2) [30]. The classes of drugs to consider in these 
patients include Angiotensin converting enzyme inhibitors (ACEi), angiotensin II 
receptor blockers (ARB), Angiotensin receptor blocker neprilysin inhibitors 
(ARNI), beta-blockers and mineralocorticoid receptor antagonists (MRA), which 
all have a class I recommendation in clinical HF guidelines [2, 3]. ACEi and ARBs 
are often withheld in patients with modest to moderate (and severe) renal insuffi-
ciency in HF because of the perceived risk of worsening of renal function and 
hyperkaleamia [30]. In randomized clinical trials, where only patients were included 
with eGFR >30 ml/min/1.73m2 (so CKD stage 1 to 3b, but not stage 4 or 5 (dialy-
sis)), there was no significant interaction between baseline CKD and the treatment 
effect of either ACEi or ARB. This means that the beneficial effects were main-
tained when baseline eGFR was lower. Since the absolute risk in these high risk 
patients was higher, this also meant that with similar relative risk reduction, the 
absolute risk reduction in these patients was actually greater [30]. However, this was 
offset by more frequent occurrence of hyperkaleamia and other adverse events, indi-
cating that close monitoring of renal function and electrolytes is warranted, espe-
cially when renal function at baseline is already compromised. Similar results were 
found in post hoc analyses of both RALES and EMPHASIS-HF, showing that MRA 
therapy was beneficial also in patients with moderate renal insufficiency [31, 32]. 
The perceived risk of worsening renal function with RAAS inhibitors is actually 
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true but should be seen in a different context [21]. As a response to a reduction in 
renal perfusion pressure, efferent vasoconstriction occurs in the kidney, which 
results in a stable GFR (at the cost of neurohormonal activation). With RAAS inhi-
bition by ACEi, ARB and MRA’s, this efferent vasoconstriction is (partly) attenu-
ated, which directly results in improvement of renal perfusion, but decline in GFR 
(and therefore lower FF) [14]. This decline in GFR called worsening renal function 
is seen in all studies with RAASi in HF [33]. However, when worsening renal func-
tion occurs in the setting of starting or uptitration of RAAS inhibitors, there is no 
associated detrimental effect on clinical outcome. Some increase in serum creati-
nine (or decrease in eGFR) should therefore be accepted, which could be up to 
3 mg/dL or more than 50% increase in eGFR. Very large or steep increases in serum 
creatinine should always prompt more investigating and temporary halting the 
RAAS inhibitor, and in any circumstance, renal function and electrolytes should be 
checked regularly. The one exception within the group of RAAS inhibitors with 
regards to change in renal function is sacubitril/valsartan (ARNI). Compared with 
enalapril, sacubitril/valsartan resulted in a less pronounced decline in eGFR over 
time, while improving prognosis, even in patients with moderate CKD [34].

In some situations, as is the case with the present patient, renal function could 
decline below the threshold of eGFR <30 ml/min/1.73 m2, either because of or 
despite starting treatment with RAAS inhibitors. It is imperative to try to keep 
patients on these life saving drugs, even though renal function is poor. Although 
we do not know whether discontinuation of these drug in these situation do any 

Fig. 6.2 Evidence of guideline recommended treatments in HFREF according to CKD stages. 
Angiotensin blocker neprilysin inhibitor (ARNI) shows the same evidence as for ACEi, although 
only in one study. Abbreviations: ACEi: angiotensin-converting enzyme inhibitor, ARB: angioten-
sin II receptor blocker, CKD: Chronic kidney disease, CRT: cardiac resynchronization therapy, 
ESRD: End stage renal disease, GFR: glomerular filtration rate, H-ISDN: hydralazine and 
isosorbide- dinitrate, ICD: implantable cardioverter-defibrillator, MRA: mineralocorticoid receptor 
antagonist, RAAS: renin angiotensin aldosterone system. (From Damman et al. [30])
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harm (or good), it is also very unlikely that the benefit of these therapies suddenly 
stops in patients with baseline eGFR <30 mL/min/1.73m2 [30]. However, what we 
do know is that more side effects such as hypotension occur, and the risk of hyper-
kaleamia rises [32]. With close monitoring and a case by case treatment plan, it is 
often possible to keep these patients on their evidence based therapies. Whether to 
pursue further uptitration (i.e. the present patient is treated with lisinopril 20 mg 
OD which could be uptitrated further) should also be decided on an individual 
basis. For instance, if a drop in eGFR was caused by the introduction of the ACEi, 
further uptitration might not be reasonable. On the other hand, if eGFR has 
remained stable over some period of time, and blood pressure permits, under close 
monitoring of vital signs and potassium, uptitration could be considered. In the 
circumstance this particular patient was RAAS inhibitor naïve and had the same 
laboratory results, a similar approach can be followed; use small dose steps, adjust 
according to changes in renal function and electrolytes and monitor vitals. For 
Beta-blocker therapy, although also in these trials patients with eGFR <30 ml/
min/1.73 m2 were mostly excluded, there is even more consensus to treat HFREF 
patients with moderate/severe renal insufficiency according to general guidelines 
[30]. The reason is that there is no (detrimental) effect of beta-blocker therapy on 
renal function in HFREF patients, and the effect of the drugs were at least as 
strong (possibly stronger) in patients with more severe CKD stages. Whether or 
not other medical therapies such as digoxin, ivabradine, hydralazine or nitrates 
may be used in patients with moderate renal insufficiency has been extensively 
reviewed [30].

 Device Therapy in HFREF Patients with Renal Insufficiency

After a HFREF patient with renal insufficiency has been treated with optimal 
medical therapy (highest tolerated dose), the question arises whether there is also an 
indication for device therapy [1, 3]. As is the case for medical treatment, large trials 
on implantable cardioverter defibrillator (ICD) treatment have excluded patients 
with severe renal dysfunction. But it is probable that the beneficial effect ICD ther-
apy as observed in the entire HFREF population persists when renal dysfunction 
worsens. These patients might also be at increased risk of sudden death, especially 
given electrolyte abnormalities such as hyperkaleamia, and lower dosage of pre-
scribed evidence based therapies [30]. Of course, whether or not an ICD should be 
implanted is not only dependent of cardiac status, but also of age, frailty, non car-
diac life expectancy, comorbidities and patients preference.

Whereas all above mentioned treatment option should only be considered 
because of mortality or morbidity benefit (and not particularly for their benefit on 
renal function), this might not be the case for cardiac resynchronization therapy 
(CRT). The patient in the current case has a widened QRS complex (148 ms), with 
left bundle branch block morphology, which makes CRT a good option when on 
stable, high dose evidence based treatment (IIa B recommendation) [1]. This ther-
apy is associated with improved long term outcomes in this patient category, 
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including those with CKD stage 3 a/b, and it is plausible that it also improves out-
come in patients with more severe stages of CKD (i.e. stage 4), although these were 
not included in the large trials. More importantly there is some evidence that CRT 
therapy may improve cardiac output and thereby improve renal perfusion, increas-
ing GFR [35]. This might not be a direct reason to implant such a device, given also 
the risk of peri and post procedural complications, one of which could be contrast-
induced nephropathy, but it at least suggests that renal impairment by itself should 
not be a reason not to implant a CRT in these patients.

Finally, HF patients who have severe renal dysfunction often have advanced 
HF. In selected patients, left ventricular assist devices (LVAD) implantation may be 
an option, either as bridge to transplant or as destination therapy. Conceptually, 
LVAD implantation will result in improvement of hemodynamics and most often 
result in improved renal function [36, 37]. However, there is increased risk of peri 
and direct posteroperative worsening of renal function on top of a compromised 
renal function already. The risk of dialysis is therefore real, but difficult to establish 
individually. Probably, renal impairment by itself (to some extent), should not be a 
reason not to implant a LVAD.

 Renoprotective Strategies in Chronic HFREF

Certainly, no trial has been designed with the specific intent of improving renal 
function, although the Evaluation of Losartan in the Elderly Study (ELITE) specifi-
cally aimed to reduce the risk of worsening renal function [38]. However, losartan 
was similar to captopril with respect to renal function, but showed lower mortality 
risk, which was then not confirmed in ELITE II [39]. Renal dysfunction or worsen-
ing renal function has been part of most randomized clinical trials as adverse events. 
However the interpretation of these adverse events, especially in RAAS-inhibitor 
placebo controlled trials is difficult. In most if not all RAAS-inhibitor trials, the 
active compound was associated with more frequent renal adverse events [30]. 
However, we also know that despite this, mortality benefit was maintained suggest-
ing that striving for improved or stable renal function when RAAS- inhibitor therapy 
is started or uptitrated really doesn’t necessarily translate into better outcomes [33]. 
Diuretics (mainly loop diuretics) have not been studied in a randomized, placebo 
controlled manner, but their use is advocated when congestion is present in any HF 
patient. From a renal perspective, diuretics probably have beneficial but also 
unwanted effects in HF.  They improve and reduce (renal) venous congestion, 
thereby improving renal perfusion and reducing renal interstitial pressure. This may 
lead to improved renal function opening up the possibility for uptitration of evi-
dence based treatments. On the other hand, reports suggest that long term use of 
(high dose loop) diuretics may be associated with worse (renal) outcomes, and even 
alterations on a nephron level [40–42]. However, it is extremely difficult to establish 
whether these associations are causative, considering confounding by indication 
where sicker patients are prescribed more (often) diuretics. The general consensus 
is however to prescribe a HFREF patients with as much diuretics as possible to 
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achieve and maintain euvolemia, and as little diuretics as possible to preserve renal 
function and prevent common side effects such as gout like symptoms, cramps and 
intravascular depletion. By using a standardized approach, clinicians may be able to 
improve renal function (by altering dosing of ACEi, Diuretics, switching to clopido-
grel), which might be especially useful in the frail, elderly population where also 
orthostatic hypotension and frequent multiple comorbidities are present [43]. 
Finally, it is important to prevent the use of certain (combination of) drugs to pre-
vent (or treat) renal function decline. For instance, the use non-steroidal anti-inflam-
matory drugs (NSAIDs) should be minimized as their combination with 
RAAS-inhibitors can cause significant renal dysfunction. Combination therapy of 
ACEi and ARBs (or ARNI/Direct Renin inhibitors) is not advised, given the higher 
incidence of worsening renal function and hyperkaleamia, without robust evidence 
of improved outcomes. In any circumstance, frequent determination of renal func-
tion (serum creatinine, estimated GFR) and associated electrolytes (sodium, potas-
sium, blood urea nitrogen) is indicated in any patients with HFREF, especially those 
who have changes in renal function, are unstable and/or are uptitrated with 
RAAS-inhibitors.

 Conclusion

As the pivotal organ that induces the maladaptive salt and water retention in HF and 
is the target for therapy for most of our evidence based treatments, the kidney can 
never receive too much attention from HF clinicians. Although (severe) renal dys-
function in chronic HFREF should prompt concerns, it should not be a reason to 
withhold evidence based treatments. In any patient with chronic HFREF with renal 
dysfunction it is important to regularly monitor renal function and electrolytes, and 
to put effort into keeping or starting patients on these life saving therapies.
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7A Patient with Chronic Kidney Disease 
and Heart Failure with Preserved

Zubair Shah and James C. Fang

Case Vignette
A 61-year-old woman presents to the emergency department because of 
severe dyspnea. Her symptoms began gradually 4 weeks ago; she has noted 
increasing leg swelling and the inability to sleep supine. She has noted 
increasing difficulty controlling her blood pressure. Her history is notable 
for longstanding obesity, glucose intolerance, hypertension, and chronic 
renal insufficiency. Her current medications include atorvastatin, ramipril/
hydrochlorothiazide 5/12.5  mg twice daily, amlodipine 10  mg daily and 
moxonidine 0.4  mg daily. On exam, she is dyspneic and sitting upright. 
Height 5′2″, weight 250 pounds, blood pressure 186/112 mmHg, heart rate 
114 bpm, oxygen saturation 92%. Venous pressure difficult to discern, lungs 
with bibasilar rales, heart sounds distant but tachycardic, abdomen obese 
and distended, clear 1+ bilateral lower extremity edema with venous stasis 
changes, warm to touch. The electrocardiogram shows sinus tachycardia 
114 bpm and left ventricular hypertrophy. Chest X-ray shows cardiomegaly 
and small bilateral pleural effusions. Hemoglobin 9.8  g/dL, potassium 
5.9  mmol/L. sodium 132  mg/dL, glucose 210  mg/dL, BUN 35  mg/dL, Cr 
2.5 mg/dL. Five years ago, her serum Cr was 1.0 mg/dL.
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 Brief Discussion of the Case

This case illustrates a common presentation for volume overload in a patient with 
HFpEF. Multiple comorbidities are present, including obesity, diabetes, hypertension, 
and chronic renal insufficiency which all contribute to a cardiometabolic profile 
common to HFpEF.  The consequent systemic inflammation, oxidative stress, and 
endothelial dysfunction affect the cardiovascular system to produce myocardial and 
vascular stiffness as well as cardiac fibrosis; other organ systems are similarly affected.

In the case of the kidney, progression of the renal insufficiency is typical leading to 
inability of the kidney to maintain salt and water homeostasis. Salt and water avidity 
may be further stimulated by dynamic and heterogeneous degrees of neurohormonal 
activation. In obese patients (due to the limitations of the physical exam), unrecognized 
vascular distension may also lead to further vascular dysfunction.

 Epidemiology of HFpEF and CKD

Chronic kidney disease and HFpEF are common and increasing. The worldwide 
prevalence of CKD is 8–16% (generally defined as an estimated glomerular 
filtration rate (eGFR) <60 mL/min/m2) [1]. CKD is also a well-known independent 
cardiovascular risk factor [2, 3] and even mild to moderate decreases in eGFR 
translate into worse cardiovascular outcomes [3–6]. CKD acts as a risk multiplier, 
accelerating the development of cardiovascular disease and increasing the 
cardiovascular mortality 10–20 times compared to age- and gender-matched 
controls [2–6]. Cardiovascular disease accounts for 50% of deaths in CKD patients 
[7–10]. Furthermore, CKD patients on renal replacement therapies are more likely 
to die from cardiovascular causes than from renal failure itself [7–10].

The prevalence of HFpEF has also increased over the past few decades and now 
accounts for 54% of all patients with clinical heart failure [11, 12]. Importantly, the 
coexistence of CKD and HFpEF is very common, with numerous studies suggesting 
that more than half of HFpEF patients have CKD [4, 5, 13–17]. Furthermore, studies 
have shown that up to 40% and 17% of HFpEF patients show worsening of renal 
function (WRF) during hospitalization and after 1 year of follow-up, respectively [4, 14, 

Chapter Key Points
• Incidence of heart failure with preserved ejection fraction (HFpEF) in 

patients with chronic kidney disease (CKD) is increasing
• Important comorbidities common to both HF and CKD mediate cardiac 

and renal disease progression (e.g. cardiometabolic syndrome tension)
• Close followup and aggressive treatment of common comorbidities is 

essential
• Treatment options in HFpEF and CKD are currently limited
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15]. Several underlying risk factors have been postulated for this predisposition. Patients 
with HFpEF are typically older and frequently have hypertension and diabetes [11]. As 
a result, they may have significant pre-existing intrinsic renal disease and hence are at 
higher risk for progression of renal disease. Moreover, renal dysfunction in HFpEF may 
also be a marker of more advanced systemic vascular disease or a reflection of metabolic 
syndrome.

Comorbidities are common to CKD and HFpEF and 30% of patients with HFpEF 
die of non-cardiac causes, as compared with 17% of patients with heart failure 
with reduced ejection fraction (HFrEF) [18–20]. This is likely a reflection of the 
comorbidity burden on mortality rates. It has long been recognized that heart failure 
and renal dysfunction are a lethal combination; this amplification of mortality in 
heart failure by CKD may be more pronounced in HFpEF relative to HFrEF [21, 
22]. Several studies have shown a deleterious impact of decreased baseline eGFR on 
the in-hospital and long-term mortality in HFpEF [13, 16–18, 22]. A meta-analysis 
of 16 studies has revealed an annual mortality of 42% among HFpEF patients with 
any degree of renal impairment [22]. Rasinaru, et al. in a prospective study revealed 
that renal impairment at the time of admission for HFpEF was associated with a 
significant increase in the adjusted risk of 7-year mortality (35% for all-cause death 
and 42% for death from cardiovascular causes). Additionally, HFpEF patients with 
impaired baseline renal function who developed WRF during the hospitalization 
had an extremely high 7-year mortality risk. In contrast, the occurrence of WRF 
from admission to discharge did not appear to increase the long-term mortality risk 
in HFpEF patients with normal baseline renal function [17].

 Pathophysiology of Renal Impairment in HFpEF

Which condition, CKD or HFpEF, comes first is unclear. Some observational reports 
imply that renal impairment is the pathogenic process leading to HFpEF, as some 
degree of renal dysfunction has preceded the development of HFpEF in these studies. 
Data from the Prevention of Renal and Vascular End-stage Disease (PREVEND) trial 
and Atherosclerosis Risk in Communities (ARIC) study noted that the presence of 
renal impairment doubled the risk of new-onset HFpEF [23–26]. Other observations 
have suggested that CKD is independently associated with findings common in 
HFpEF, such as greater left ventricular (LV) mass and impaired cardiac mechanics 
(more impaired diastolic relaxation, worse left atrial strain, LV longitudinal strain, 
and RV free wall strain) [27–29]. However, HFpEF and its associated comorbidities 
may, themselves, lead to CKD through changes to glomerular or tubular function.

Perhaps most likely is a simultaneous insult to both organs from the inflammatory, 
oxidant, and metabolic insults of multiple comorbidities, e.g. metabolic syndrome. 
In this paradigm, the impact of these insults on the heart or kidneys relative to one 
another would likely be variable in any given patient. It should be appreciated that 
the vascular tree as an organ would also be a casualty of such a hostile milieu and 
the subsequent vascular dysfunction would be anticipated to exacerbate the injury 
to both organs through abnormal vascular coupling and endothelial dysfunction.

7 A Patient with Chronic Kidney Disease and Heart Failure with Preserved
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Regardless of the order of the insults, the interplay between CKD and HFpEF is 
almost certainly bidirectional and results in a vicious cycle, often referred to as the 
cardiorenal syndrome (CRS) [30–32]. Mechanistic studies have revealed that injury 
to kidneys or the myocardium results in adaptive responses that may influence the 
other organ and exacerbate disease progression [33]. Some authors have suggested 
that it may be more appropriate to acknowledge the primacy of the renal dysfunction 
(e.g. renocardiac syndrome), which would refer to development of cardiac failure 
and cardiac complications in patients with CKD [33].

The cardiorenal axis is mediated by several mechanisms including hemodynamic, 
neurohumoral, oxidant, inflammatory and metabolic factors (Fig. 7.1 and Table 7.1) 
[30]. A central hemodynamic finding in HFpEF and CKD is water and sodium 
retention resulting in cardiac and renal congestion; in some, but not all, impaired 
organ perfusion can also be found. Renal inability to maintain sodium and fluid 
balance seem to be a proximal event contributing to the development of HFpEF 
[34]. Sodium and volume overload ultimately lead to renal and cardiovascular 
dysfunction in a vicious cycle, likely mediated by vascular distension and consequent 
endothelial dysfunction. For example, a high-salt diet intake in animal models 
results in hypertension, LV hypertrophy, and cardiac fibrosis, as well as proteinuria, 
glomerulosclerosis, and renal inflammation. Renal impairment also predisposes to 
salt-sensitive hypertension, which is common in the elderly with HFpEF [35].

Neurohumoral mechanisms drive salt and water avidity in HFrEF and consist 
of activation of the renin-angiotensin-aldosterone system (RAAS) and sympathetic 
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Fig. 7.1 Mechanisms of impaired renal function in heart failure with preserved ejection fraction
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nervous system (SNS) [36, 37]. Although both systems are presumed to be operational 
in HFpEF, there is only modest evidence to support this hypothesis [22, 38].

Chronic inflammation plays an especially important role in CKD and likely leads 
to the promotion and progression of HFpEF. Many factors contribute to the induction 
and maintenance of chronic inflammation in CKD, such as SNS activation, oxidative 
stress, venous congestion, uremic toxins, obesity, and diabetes, as well as nutritional, 
environmental and genetic factors. Increased inflammation and oxidative stress lead 
to fibrosis and remodeling in both organs, as well as endothelial dysfunction [36, 
37]. High levels of reactive oxygen species (ROS) induce several molecules, such 
as transforming growth factor (TGF)-β, nuclear factor (NF)-kB and galectin-3, 
which are involved in inflammation and interstitial fibrosis though upregulation 
and proliferation of fibroblasts and production of procollagen [36, 37]. Many other 
conditions common to the patient with CKD, such as Anemia, metabolic changes, 
hyperphosphatemia, insulin resistance, hyper-homocysteinemia and dyslipidemia 
may also play important roles in myocardial dysfunction characteristic of HFpEF 
[3, 30, 35, 39].

 Comorbidities in HFpEF and CKD

The term “cardio-metabolic syndrome” describes the clustering of several 
cardiovascular and renal risk factors, including type 2 diabetes, central obesity, 
hypertension, and dyslipidemia. Approximately 34% of the adult US population 
have cardio-metabolic syndrome, which significantly increases the risk for both 
HFpEF and CKD [40].

Table 7.1 Pathophysiologic mechanisms of cardiorenal interactions

Traditional cardiovascular risk factors Smoking
Obesity
Hypertension
Diabetes
Dyslipidaemia

Neurohumoral factors Sympathetic nervous system
Renin-angiotensin-aldosterone system

Inflammation-mediated pathways Endothelial dysfunction
Immune-mediated damage
Oxidative stress
Coagulation imbalance

Hemodynamic factors Ventriculo-arterial uncoupling
Elevated central venous pressure
Sodium and water retention
Hypertension

Other factors Natriuretic peptides
Anemia
Uremic solute retention
Calcium and phosphate abnormality
Electrolyte and acid-base imbalances
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The prevalence of diastolic dysfunction in the patients with cardio-metabolic 
syndrome is reported to be significantly higher compared with the general 
population [41, 42]. However, the progressive transition into clinical HFpEF 
remains to be fully studied. Cardiac insulin resistance and impaired insulin 
signaling are the main molecular mechanisms leading to diastolic dysfunction and 
clinical HFpEF in patients with CMS [43]. In the early stage, altered substrate use, 
endothelium- related dysregulation of myocardial perfusion and impaired calcium 
handling leads to decreased myocardial ATP generation; the consequent repetitive 
intermittent energy supply and demand mismatch results in diastolic dysfunction. 
The progression to remodeling processes include myocellular hypertrophy, 
altered titin, collagen and fibrosis metabolism, accumulation of triglycerides, and 
advanced glycemic end-products. The subsequent activation of the RAAS and 
SNS leads to further myocardial cell damage, contractile dysfunction and clinical 
HFpEF [44, 45].

Numerous studies have also confirmed CMS as an independent risk factor for 
the development of CKD.  Multiple abnormalities that can lead to kidney injury 
have been identified in CMS patients including insulin resistance, compensatory 
hyperinsulinemia, inappropriate activation of the RAAS and increased oxidative 
stress, endoplasmic reticulum stress, coagulability, and impaired fibrinolysis. The 
combined effects of these conditions in the kidney lead to pressure natriuresis, 
glomerular hypertension, endothelial dysfunction, and vasoconstriction, as well as 
matrix proliferation and expansion, which culminate in clinical CKD [46].

 Diabetes

Diabetes is a leading cause of CKD and end-stage renal disease; about 50% of 
patients with diabetes will develop CKD [47, 48]. The prevalence of heart failure in 
patients with diabetes is high (27–50%) and mostly of the HFpEF phenotype [49, 
50]. The rising prevalence of diabetes in young individuals and increasing longevity 
characterize the changes in the epidemiology of CKD and HFpEF in the United 
States and worldwide [51].

Diabetes has been shown to be an independent predictor of adverse outcomes 
in HFpEF patients. Analyses of the Irbesartan in Patients with Heart Failure and 
Preserved Ejection Fraction (I-PRESERVE) trial showed that HFpEF patients with 
diabetes had more signs of congestion, worse quality of life, and a higher risk of 
cardiovascular mortality and hospitalization [52]. Similarly, in the Candesartan in 
Heart failure – Assessment of mortality and Morbidity (CHARM) study, diabetes 
was associated with an adjusted two-fold increase in cardiovascular death or 
hospitalization for heart failure and a 80% increase in the hazard of all-cause 
mortality [53]. The Digital Intervention Group (DIG) trial enrolled patients with 
a left ventricular ejection fraction >45% and showed that patients with diabetes 
had an adjusted hazard of 1.68 for heart failure death or hospitalization [54]. An 
ancillary study of the Phosphodiesterase-5 Inhibition to Improve Clinical Status and 
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Exercise Capacity in Heart Failure with Preserved Ejection Fraction (RELAX) trial 
showed that apart from a worse clinical presentation, more frequent hospitalizations 
and less exercise capacity, HFpEF patients with diabetes had more LV hypertrophy 
and greater LV stiffness [55].

Evidence indicates that the cardio-renal interaction is aggravated by diabetes 
and this combination is sometimes referred as a “triple threat” [56]. Recently, an 
analysis of the National Health and Nutrition Examination Survey (NHANES) 
data revealed that the prevalence of primary renal failure that progressively leads 
to cardiac dysfunction was significantly higher among individuals with diabetes as 
compared to those without diabetes after controlling for medical and demographic 
risk factors [56]. Furthermore, studies have shown the presence of diabetes as an 
independent risk factor for WRF among HFpEF patients during hospitalization and 
after 1 year follow up period [13].

 Anemia

Anemia is more frequent in HFpEF patients than in HFrEF patients [57–60] and is 
a common complication of CKD. In the Get with The Guidelines Registry, there 
was an association between higher ejection fraction and increased prevalence of 
Anemia [60]. These findings were confirmed in the Organized Program to Initiate 
Lifesaving Treatment in Hospitalized Patients with Heart Failure (OPTIMIZE-
HF) registry and CHARM studies [61, 62]. Several studies have shown Anemia 
as an independent predictor of mortality in HFpEF [18, 63–65]. Persistent Anemia 
has also been associated with ventricular hypertrophy and myocyte dysfunction, 
as well as activation of the RAAS, renal vasoconstriction and diminished eGFR 
[64–66]. Recently, a post-hoc analysis of the Treatment Of Preserved Cardiac 
function heart failure with an Aldosterone Antagonist (TOPCAT) study revealed 
Anemia as an independent predictor of hyperkalemia among HFpEF patients that 
received spironolactone [67]. The combination of HFpEF, CKD, Anemia, and/
or iron deficiency is associated with the progression of CKD and HFpEF and an 
unfavorable prognosis [3, 68, 69]. Analysis of a large Medicare database did note 
that the relative risk of death at 2 years was increased by a factor of 1.6 in anemic 
patients with HFpEF who also had CKD [70].

Several studies have shown CKD as one of the strongest predictors of Anemia 
in HFpEF patients [64, 71–73]. Inadequate production of erythropoietin has been 
suggested as one of the main mechanisms of Anemia in the patients with HFpEF 
with concomitant CKD [73, 74]. Also, 50–70% of HFpEF patients have iron 
deficiency, which is exacerbated by CKD [9, 66, 72, 75, 76]. Chronic inflammation 
in HFpEF and CKD may also lead to functional iron deficiency, erythropoietin 
resistance and bone marrow unresponsiveness to erythropoietin due to intrinsic 
bone marrow defects [77–79]. Low vitamin D levels are common in CKD patients, 
and associated with the development of myocardial dysfunction, heart failure, and 
sudden cardiac death [80–83].
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 Heart Failure Assessment in a Patient with CKD

Interpretation of various cardiovascular biomarkers in the presence of CKD is 
complicated by the near ubiquitous presence of concomitant cardiovascular disease. 
However, heart failure biomarkers such as B-type natriuretic peptide (BNP), 
N-terminal of the prohormone of BNP (NT-proBNP) and troponin T (TnT) appear 
to have good predictive value for cardiovascular outcomes in patients with CKD 
[84–86]. Elevated TnT and NT-proBNP levels correlate with hypervolemia and 
identify a subgroup of asymptomatic CKD patients with increased cardiovascular 
mortality [84, 87–90]. A detailed baseline echocardiographic assessment with focus 
on parameters of diastolic dysfunction should therefore be obtained.

Renal tubular biomarkers are available primarily for research purposes, and 
have not been generally incorporated into clinical practice. Urinary N-acetyl 
glucosaminidase (NAG), kidney injury molecule-1 (KIM-1), neutrophil gelatinase- 
associated lipocalin (NGAL) may reflect tubular injury that may not be apparent 
from assessments of blood urea nitrogen (BUN), eGFR, or sodium excretion. 
NGAL seems to play an important role in limiting oxidative damage in acute 
kidney injury and CKD, and it represents the earliest kidney biomarker of ischemic 
damage. KIM-1 is a transmembrane glycoprotein, normally undetected in urinary 
samples, that can be found in the urine after an ischemic or nephrotoxic insult to 
proximal tubular cells; urinary KIM-1 levels seem to be highly specific for acute 
tubular necrosis. Such biomarkers may have diagnostic and prognostic value for 
cardiovascular outcomes in CKD patients [91, 92].

 Treatment Options in HFpEF and CKD

Medical management of patients with concomitant cardiac and renal dysfunction 
remains challenging as there are no consensus approaches to the management of 
HFpEF or the cardiorenal syndrome (Table 7.2).

 Preventative Measures

Primary prevention cannot be overemphasized for both renal and cardiac disease as 
they share common risk factors. Aggressive and early treatment of comorbidities, 
such as hypertension, diabetes, and lipids with lifestyle changes and pharmacologic 
therapies form the cornerstone of prevention. Although there is evidence that 
inhibition of a stimulated RAAS by angiotensin II receptor blockers (ARB) in 
CKD patients has cardioprotective effects, the specific impact of such agents on 
preventing HFpEF in CKD is not clear [93–96].

Clinical trial evidence suggests that drugs that impact sodium excretion reduce 
incident HFpEF among CKD patents. In the Antihypertensive and Lipid Lowering 
Treatment to Prevent Heart Attack Trial (ALLHAT), the diuretic chlorthalidone, 
was associated with less incident HFpEF over time in comparison with lisinopril, 
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amlodipine, or doxazosin [97]. It also is notable that spironolactone, a diuretic, lowered 
the risk of the secondary end-point of heart failure hospitalizations (predominantly 
attributable to volume overload) in the landmark HFpEF trial, TOPCAT [98].

Dyslipidemia represents another fundamental target to achieve in managing 
cardiovascular complications in CKD patients. The Study of Heart and Renal 
Protection (SHARP) represents the largest study of statin therapy in CKD patients 
and has demonstrated a significant benefit of the combination simvastatin/ezetimibe 
on major atherosclerotic events, although all-cause mortality was unaffected [99].

Treatment of the complications of CKD may also impact on the development 
of heart failure, although data for HFpEF in particular are not clear. Cinacalcet is 
a calcimimetic that is used to treat hypercalcemia and hyperparathyroidism. In the 
Evaluation of Cinacalcet Hydrochloride Therapy to Lower Cardiovascular Events 
(EVOLVE) trial, a reduction in the number of first heart failure episodes was reported 
in the cinacalcet group [103]. Hyperphosphatemia, through FGF-23, may also be 
operational in predisposing CKD patients to heart failure. Di Lullo et  al. found 
that treating pre-dialysis patients with sevelamer hydrochloride, a calcium- free 
phosphate binder, reduced cardiac valve calcifications and attenuated the decline 
in kidney function [104]. Gut-derived uremic toxins, such as indoxyl sulphate, a 
metabolite of dietary tryptophan, may also contribute to vascular stiffness in heart 
failure; oral charcoal has been used to decrease indoxyl sulphate levels and decrease 
cardiovascular complications in animal models.

Treatment of the cardiometabolic syndrome may be instrumental in preventing 
the consequences (e.g. HFpEF) of diabetes, CKD, and obesity. The Empagliflozin 
Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients (EMPA- 
REG OUTCOME) and Canagliflozin Cardiovascular Assessment Study (CANVAS) 
have revealed a marked reduction in deaths from cardiovascular causes, heart failure 
hospitalizations, and deaths from any cause when empagliflozin and canagliflozin, 
respectively, were added to the standard care of patients with diabetes [105, 106]. 
Similar findings were observed in Comparative Effectiveness of Cardiovascular 

Table 7.2 Management of heart failure patients with preserved ejection fraction and chronic 
kidney disease

Initial assessment Collaborative relationship between cardiologist and nephrologist
A detailed patient history and physical examination
Baseline electrocardiogram and echocardiogram
Renal ultrasound
Urinalysis
Consider renal biomarkers

Preventive measures Blood pressure, cholesterol and glucose management
Physical activity
Smoking cessation

Treatment options Diuretics to achieve euvolemia in patients with volume overload
Strong consideration to mineralocorticoid receptor antagonists
Consider sacubitril/valsartan
Consider pulmonary artery pressure–guided management
Statins according to current guidelines
Comorbidity management
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Outcomes in New Users of SGLT-2 Inhibitors (CVD-REAL) study [107]. Multiple 
planned and ongoing trials are testing the hypothesis that this class of diabetes 
agents can be used to treat patients with established HFpEF or HFrEF.

 Treatment Options in the Patients with Cardiorenal Syndrome

 Treatment of Volume Overload

For the patients presenting with volume overload and not requiring dialysis, diuretics 
should be used for relief of symptoms. The dose should be adjusted according to 
the patient’s body weight, symptoms, and electrolyte status. Intermittent use of a 
thiazide-like diuretic such as metolazone, administered before the dose of a loop 
diuretic, may be helpful in outpatients with volume overload that is refractory to 
higher doses of loop diuretics. A careful monitoring is required because of the 
risk of hypokalaemia, hyponatremia, and WRF. Persistent diuretic resistance may 
result from impaired diuretic absorption, necessitating intravenous administration 
of loop diuretics. In the light of the TOPCAT trial, strong consideration should be 
given to mineralocorticoid receptor antagonists if the eGFR and serum potassium 
levels are acceptable (e.g. serum creatinine <2.5  mg/dL and serum potassium 
level <5.0 mmol/L). In cases of diuretic-refractory volume overload, dialysis may 
be required for relief of patient symptoms. Lowering of extremely elevated central 
venous pressures (e.g., >15 mmHg) with direct volume removal may in fact improve 
renal function to the point that dialysis can be discontinued in favor of traditional 
diuretic management.

 Treatment of Hypertension

Hypertension may exacerbate heart failure and predispose patients to other adverse 
outcomes. The 2017 Joint National Committee recommend target blood pressures 
of less than 130/80 mmHg in persons with CKD. In those with stage 3 or higher 
CKD or stage 1 or 2 CKD with albuminuria (>300  mg/day), treatment with an 
angiotensin-converting enzyme inhibitor is reasonable to slow progression of 
kidney disease. An angiotensin receptor blocker is reasonable if an angiotensin- 
converting enzyme inhibitor is not tolerated [108]. The choice of additional agents 
to achieve blood pressure control should be guided by the presence of coexisting 
conditions, the patient’s ability to receive the agent without adverse effects, and the 
effect of the agent on blood pressure.

 Treatment of Comorbidities

Patients should be treated with statins according to the usual criteria. Patients with 
coronary artery disease should receive medical therapies according to current 
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guidelines. Atrial fibrillation should be managed according to current guidelines, 
which recommend rate control and anticoagulation initially; a trial of rhythm 
control should be considered if symptoms persist despite adequate rate control 
[109]. Parenteral iron therapy in iron-deficient HFpEF patients improves symptoms, 
exercise tolerance, quality of life and reduces readmissions [110]. Observational 
studies, including a propensity-score–matched analysis and a large meta-analysis 
have shown lower mortality among patients with HFpEF who have received statins 
[100–102].

 Pulmonary Artery Pressure-Guided Management

In a subgroup analysis from the CardioMEMS Heart Sensor Allows Monitoring 
of Pressure to Improve Outcomes in NYHA Class III Heart Failure Patients 
(CHAMPION) trial, pulmonary artery pressure–guided management in patients 
with heart failure showed to reduce hospitalizations for both HFrEF and 
HFpEF. However, the effect of remote monitoring strategies in the patients with 
CKD and HFpEF needs to be further explored [111].

 Targeting Natriuresis in HFpEF

Modulation of the natriuretic peptide system in patients with HFpEF is appealing. 
The natriuretic peptide activity appears to be relevant in both HFpEF and HFrEF; 
elevated BNP levels predict adverse clinical outcomes in both groups of patients 
[112]. In addition, data suggests that the natriuretic peptide system may also 
modulate cardiomyocyte stiffness and resting passive tension [113].

 Neprilysin Inhibition

Neprilysin is responsible for the breakdown of multiple endogenous vasoactive 
peptides including bradykinin, natriuretic peptides, and adrenomedullin. The 
Prospective comparison of ARNI with ARB on Management of Heart Failure with 
Preserved Ejection fraction (PARAMOUNT) study provides phase 2 clinical trial 
data for the use of sacubitril/valsartan in HFpEF patients. The sacubitril/valsartan 
group demonstrated a greater decline in NT-proBNP levels, greater improvement in 
left atrial volumes, no increase in clinical adverse events, and lower levels of high- 
sensitivity troponin. Furthermore, treatment with sacubitril/valsartan as compared 
to valsartan resulted in significantly less decline in eGFR and fewer episodes of 
elevated creatinine or serum potassium [114–116]. In aggregate, these data suggest 
that ARNIs could potentially slow the progression of CKD, lower NT-proBNP and 
decrease left atrial volume in HFpEF. The Prospective Comparison of ARNI with 
ARB Global Outcomes in HF With Preserved Ejection Fraction (PARAGON-HF) 
trial is the subsequent ongoing phase 3 trial of sacubitril/valsartan use in HFpEF. It is 
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aimed to compare the rate of cardiovascular death and heart failure hospitalizations 
among subjects with New York Heart Association functional class II–IV HFpEF 
with an ejection fraction ≥45% who are treated with sacubitril/valsartan versus 
valsartan.

 Sodium-Glucose Transporter-2 Inhibitors

The role of sodium-glucose transporter-2 (SGLT-2) inhibitors is also being explored 
in a number of HFpEF trials, which include patients with and without diabetes. 
Dapagliflozin in Type 2 Diabetes or Pre-diabetes, and Preserved Ejection Fraction 
Heart Failure (PRESERVED-HF) is assessing the role of dapagliflozin in lowering 
NT-proBNP levels in HFpEF without diabetes and Dapagliflozin Evaluation 
to Improve the Lives of Patients with Preserved Ejection Fraction Heart Failure 
(DELIVER-HF) is testing the hypothesis that dapagliflozin will lower clinically 
relevant outcomes and is powered for cardiovascular mortality and heart failure 
hospitalizations as a primary end-point.

 Treatment Pearls for the Case Vignette

The cornerstone of management is the prevention of insidious salt and water 
overload, e.g. avoidance of TZDs, NSAIDs, and other agents that may stimulate 
volume overload. Ambulatory hemodynamic monitoring (e.g. CARDIOMEMS) 
may also be useful in this regard. The use of SGLT2i should also be considered in 
light of their known natriuretic effects, ability to slow renal insufficiency, and the 
observed reduction in HF events in randomized trials. Spironolactone has also been 
associated with a reduction in HF hospitalizations, which may reflect its pleiotropic 
cardiovascular effects as well as its diuretic action. Weight loss, exercise, and dietary 
management should be addressed as well.
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Case Vignette
Mrs. X is a 76 year-old lady with type 2 diabetes, diabetic retinopathy, and 
nephropathy that has progressed to end-stage renal disease (ESRD) for which 
she has been in chronic ambulatory hemodialysis for 14 years. Over the last 
month, she suffered from persistent volume overload with progressive dys-
pnea with New  York Heart Association functional class III.  She has been 
experiencing frequent episodes of intradialytic hypotension (IDH) during her 
regular dialysis sessions that required holding dialysis and reducing blood 
pressure lowering medications like amlodipine. An echocardiography demon-
strates diastolic dysfunction and high normal left ventricular end-diastolic 
dimensions with moderate left ventricular hypertrophy and a preserved left 
ventricular ejection fraction (LVEF) of 64%. Mitral inflow shows restrictive 
filling and moderate-to-severe pulmonary hypertension (PH) estimated by tri-
cuspid valve insufficiency signal. Laboratory values are notable for a hemo-
globin level of 8.7 g/dL, parathyroid hormone level of 167 ng/L, and 1,25-OH 
vitamin D level of 8.7 pmol/L.
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 Brief Discussion of the Case

This case describes a common sequela of ESRD. Because she has had dialysis for a 
long period of time, excessive shunting from arterio-venous fistula may have led to 
high-output HF in this case. Therefore, the most common cause in this scenario is 
the progressive cardiac and vascular remodeling leading to reduced so-called “effec-
tive circulating volume,” which is manifested via the development of stiffer ventri-
cles and vasculature, both with lower capacitance to propel blood volume. 
Meanwhile, volume overload alone promotes left ventricular hypertrophy (LVH) 
[1]. Especially salient is the progressive LVH without significant increase in ven-
tricular volumes, leading to relative underfilling due to a reduced stroke volume. 
This is coupled with calcification and fibrosis in both myocardium and vessel walls 
leading to an overall “non-compliant” cardiovascular system and inadequate perfu-
sion on demand despite a preserved LVEF.

Hemodialysis itself imposes significant cardiovascular stress with large intra-
vascular volume shifts, which promotes cardiac remodeling, left ventricular 
hypertrophy and diastolic dysfunction, and development of HF as seen in this 
patient. Unable to support systemic perfusion, blood pressure falls, and myocar-
dial ischemia may even ensue. Besides hemodynamic challenges, many metabolic 
derangements further contribute to HF. Uremia activates fibroblasts, leading to 
fibrosis and stiffening of the myocardium, which ultimately impair diastolic fill-
ing as shown in this patient’s echocardiogram [2]. As the endocrine functions of 
the kidney are also impaired, erythropoietin production and vitamin D activation 
are compromised, leading to anemia and hyperparathyroidism respectively. 
Anemia decreases the viscosity of the blood, promoting endothelial dysfunction 
[3–5]. Anemia also decreases myocardial oxygen delivery, promoting a chronic 
state of cardiac ischemia. With decreased vitamin D levels and electrolyte reab-
sorption derangement, renal failure causes a state of hyperphosphatemia, hyper-
calcemia and hyperparathyroidism, which promotes calcification of blood vessels 
[6]. Calcification decreases vasculature compliance, increasing afterload, which 
further promotes left ventricular hypertrophy. In addition to calcium disturbances, 
ESRD also causes metabolic acidosis, which decreases cardiac contractility as 
hydrogen is exchanged for calcium at the myocardial cell membrane [7]. In this 
section, we will review the physiologic impact of dialysis in patients with HF and 
discuss its management.

Chapter Key Points
• Incidence and predictors of reno-cardiac syndrome in patients with ESRD
• Diagnostic work-up for heart failure (HF) in an ESRD patient on dialysis
• Assessment of cardiac stressors associated with hemodialysis
• Approach to metabolic derangements in patients with HF on dialysis (ane-

mia, calcium/phosphate metabolism, metabolic acidosis)
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 Epidemiology and Risk Factors

The majority of deaths among ESRD patients are due to cardiovascular disease 
(CVD) [8]. Though the connection between the kidney and heart may seem obvi-
ous, there are many factors that cause accelerated cardiovascular pathology in the 
setting of renal failure (Fig.  8.1). ESRD patients may exhibit so-called “reverse 
epidemiology” when it comes to traditional CVD risk factors. Specifically, obesity, 
hypercholesterolemia, and hypertension appear to be paradoxically protective fea-
tures against CVD in the ESRD population. However, it is also clear that concomi-
tant traditional cardiovascular risk factors contribute to disease progression, with 
parallel hemodynamic and metabolic derangements that promote significant cardio-
vascular compromise, including the thrice weekly “stress sessions” of hemodialysis 
in which significant intravascular volumes are being shifted for purposes of extra-
corporeal solute exchange.

Despite continued advancements in understanding and managing CVD and 
ESRD, we simply do not fully understand the intersection of these often co-morbid 
diseases [9]. We have recognized for some time LVH is prevalent in ESRD patients 
on hemodialysis. Predictors of HF in the ESRD population include primarily co- 
morbidities of CVD: history of ischemic heart disease, LVH, diabetes mellitus, age 
>60 years, heightened inflammation (defined as elevated C-reactive protein), and 
>1 year on dialysis [10, 11]. However, some may be promoted in the setting of 
dialysis.

Although dialysis reduces fluid overload, it also induces significant hemody-
namic stress, inflammation, and endothelial dysfunction. Cardiovascular event inci-
dence is high in the first few weeks after hemodialysis initiation [12] and repeated 
treatment promotes physiologic changes that may inadvertently contribute to the 
accelerated decay of cardiac function. Indeed, heart failure with preserved ejection 
fraction (HFpEF) is the more prevalent subtype in hemodialysis patients, [13, 14] 
and age, female sex, body mass index, blood pressure, and dialysis modality are 
predictive of HFpEF [13].

Uremia

Cardiac Remodeling

High-output Heart
Failure

↓ SVRAV fistula

Anemia
Chronic

hypoxemia
↓ Reserve

volume
Rapid fluid removal

with dialysis

↑ RAAS activity

Hyperparathyroidism

Vascular
calcification

Fibrosis

Fluid overload

LV hypertrophy

Fig. 8.1 Accelerated cardiovascular pathology in the setting of renal failure
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 Cardiovascular Stressors of Hemodialysis

 Pathophysiologic Considerations

During intermittent hemodialysis, non-physiological fluid removal imposes hemo-
dynamic stress on the already maladaptive cardiovascular system in uremic patients. 
As a result of impaired filling due to uremic cardiomyopathy and vascular calcifica-
tion, reserve volume in the intravascular compartment is reduced. With rapid 
removal of fluid from the intravascular compartment, IDH occurs commonly, and is 
a well-established predictor of mortality [15]. Rapid volume contraction also acti-
vates the baroreceptor-mediated reflex arc, further increasing neurohormonal acti-
vation, a well-described contributor to HF pathophysiology [16, 17]. The 
combination of intradialytic hypotension and left ventricular hypertrophy creates a 
vicious cycle for further myocardial damage during dialysis (Fig. 8.2).

During dialysis, oxygen delivery to the subendocardium is compromised due to 
both decreased supply (decreased blood volume, pre-existing anemia) and increased 
demand (neurohormonal activation, continuous ultrafiltration). In addition, left ven-
tricular hypertrophy and uremic cardiomyopathy contribute to compression of the 
coronary vasculature during systole [18]. Hemodialysis-induced regional wall 
motion abnormalities occur in over 25% of patients and are an independent risk fac-
tor for increased mortality [19]. Patients often develop myocardial stunning during 
dialysis and this injury often remains subclinical, particularly in patients with dia-
betic neuropathy [19, 20]. However, direct demonstration that such observations 
indeed correspond to the oxygen tension at the myocyte level have not been consis-
tently shown in humans, even though such postulated pathophysiology is highly 
plausible.

Extrinsic stressors not accounted for in non-dialysis individuals may also play a 
role. For example, dialysis also imposes thermal stress with relatively large volume 
infusion and exchange of dialysates, and an increase in core temperature can be 
observed during a typical session [21]. Heat accumulation is related to decline in 
blood volume, which can lead to paradoxical reflex vasodilation. Especially in those 

Left Ventricular
Hypertrophy

Intradialytic
Hypotension

Stiffening → ↓ reserve volume
Myocardial ischemia

↓ Oxygen delivery → stunning
Neurohormonal activation

Fig. 8.2 Vicious cycle for myocardial damage during dialysis

S. Ahmadmehrabi et al.



111

with large ultrafiltration requirements, this vasodilation may prevent maintenance 
of blood pressure. Cooling of the dialysate has been shown to decrease the inci-
dence of IDH compared to isothermic dialysis, in which there is no change in core 
temperature, and thermoneutral dialysis in which there is no energy added or 
removed from the patient [22].

Dialysis also imposes inflammatory stress, most notably due to biomaterial con-
tact. Current dialyzer membranes, optimized for pore size manipulation and perme-
ability, are hydrophobic and provide ample surface area for protein deposition, 
which promotes deposition of IgG, C3, and fibrinogen, promoting complement acti-
vation and coagulation [23]. Complement activation has been shown to occur in the 
first 30 minutes of HD sessions and leads to proinflammatory changes in cytokine 
transcription profiles [23, 24]. Heparin can inhibit complement, however, this effect 
is not seen in the doses typically prescribed during dialysis [23]. Inflammatory 
markers, including C-reactive protein (CRP), have been independently associated 
with HD-induced regional left ventricular systolic dysfunction [19]. The mechanis-
tic link between inflammation and CVD is not clear and involves significant cross-
talk between inflammation, thrombosis, and vascular dysfunction pathways [25]. 
Surface-modified hydrophilic membranes which have lower protein-adsorptive 
properties are available but not commonly used [23, 26].

 Evaluation of Congestive HF in ESRD

 Renal Evaluation in ESRD with HF

Dialysis modality and timing can impact the severity of dialysis-induced cardiovas-
cular dysfunction. Interestingly, long-term development of LVH is more common 
and more severe in peritoneal dialysis (PD) patients, while hemodialysis (HD) 
patients may have more acute issues with effective blood pressure control. Standard 
intermittent hemodialysis is typically three sessions per week lasting 4–6 hours. In 
patients with persistent symptoms, often times a re-evaluation of their “dry weight” 
targets is necessary with changes in cardiovascular physiology. This can be accom-
plished by assessment of hemodynamics to determine if intracardiac filling pres-
sures are adequately controlled (as a surrogate of volume overload). Prolonging 
duration of dialysis with slower fluid removal rates and more frequent sessions may 
reduce cardiovascular stress and improve survival. A benefit in a composite out-
come of death, LV mass, and quality of life was associated with intensive hemodi-
alysis in the Frequent Hemodialysis Network (FHN) Daily trial [27]. Meanwhile, 
online hemodiafiltration also showed improved survival over high-flux hemodialy-
sis in the ESHOL (Estudio de Supervivencia de Hemodiafiltración On-Line) study 
[28]. Alternatively, home dialysis may also achieve the same duration and fluid 
removal goals, and has gained some traction for patients capable of performing it at 
home.

Dialysis access also directly or indirectly contributes to cardiovascular dysfunc-
tion. An arteriovenous fistula (AVF) is the most common route of vascular access 
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for chronic hemodialysis patients due to high blood flow rate, patency, and low 
infection risk. Upon creation of the direct shunt from arterial to venous circulation, 
systemic vascular resistance is decreased. In compensation, renin angiotensin aldo-
sterone and sympathetic systems are activated, ultimately increasing cardiac output. 
Neurohormonal activation promotes cardiac remodeling and further left ventricular 
hypertrophy. Congruently, patients with AVF closure show a decrease in both eccen-
tric and concentric hypertrophy [29]. Patients with underlying heart disease may not 
be able to sustain compensatory mechanisms and cardiac remodeling requirements, 
making them more susceptible to developing HF with a patent AVF. In the setting of 
high AVF blood flow, some patients can develop symptomatic high-output HF, 
defined by symptoms of HF in the presence of an elevated cardiac index (≥3 L/
min2) and low systemic vascular resistance [30]. This can be demonstrated during 
right heart catheterization, in which temporary compression of AVF by a blood 
pressure cuff can acutely reverse these hemodynamic abnormalities and indicate the 
need to surgically revise the AVF. In a small randomized study, ligation of the hemo-
dialysis AVF in stable post–renal transplant patients improves LV remodeling and 
also reduces NT-proBNP at 6 months [31].

 Cardiovascular Evaluation in ESRD with HF

Clinicians should actively monitor signs and symptoms of HF in all ESRD patients, 
which is the most challenging aspect of making the diagnosis since many of the 
clinical presentation of HF and ESRD are similar (shortness of breath, fatigue, 
edema, exercise intolerance). All ESRD patients at risk of congestive HF should 
have baseline echocardiographic assessment at dry weight. This is a challenge upon 
itself since body composition changes over time and so does the evolution of “dry 
weight” that is hard to determine at the bedside. Although no specific guideline 
recommendations are available, it is reasonable for symptomatic patients with 
LVEF >35% to have serial transthoracic echocardiography for monitoring annually, 
while those with LVEF ≤35% should repeat every 3–6 months until stabilized if 
correctable abnormalities are present especially when there are treatment changes 
with medical optimization [32]. Echocardiography is mainly a monitoring and diag-
nostic tool, and not a treatment modality.

Over time with volume overload in a similar manner to left-sided valve diseases 
or HFpEF, left-sided HF progresses to right-sided HF as increased pressures are 
transmitted to the pulmonary circuit. Persistent PH promotes pathological changes 
in the vasculature, including intimal thickening, smooth muscle cell hypertrophy, 
and development of irreversible plexiform lesions. Fluid overload between dialysis 
sessions can also cause progressive PH. Beyond the above-mentioned indications of 
right heart catheterization for assessing volume status and determining excessive 
shunting from AVF, hemodynamic evaluation is often helpful to determine the 
severity of PH and determinination of adequate cardiac compensation and balance 
between left- and right-sided pressures and the need for pharmacologic interven-
tions or changes in dialysis modalities or goals.
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Interestingly, the goals of dialysis have remained largely unchanged over the 
decades, which are focused on reducing solutes rather than other uremic toxins 
or maintaining optimal vascular function. Future studies are warranted to deter-
mine the optimal targets and choices of dialysis modalities and dialysate 
management.

 Medical Management of Congestive HF in ESRD

 Heart Failure Disease Management

Managing congestive HF in the ESRD population follows the same general princi-
ples as in the rest of the population, however, there is a paucity of data supporting 
clinical decisions. In HFpEF, evidence is even more limited but generally the goal 
is management of contributing conditions. The primary targets are adequate volume 
and afterload reduction. Dialysis remains a mainstay for acute decompensation 
from a volume management perspective (many patients on dialysis are oliguric or 
even anuric). In the long-term, salt restriction, beta blockers, and angiotensin- 
converting enzyme inhibitors (ACE-I) or angiotensin receptor blockers (ARB) can 
be used as treatment when there is adequate blood pressure support. In the context 
of HFrEF, addition of ARB like telmisartan to standard therapies significantly 
reduces all-cause mortality, cardiovascular death, and HF hospital stays in hemodi-
alysis patients, however, this has not been shown in HFpEF [33]. ARB therapy can 
reduce the risk of HF in ESRD patients but ACE-I is generally preferred [34]. 
Interestingly, there have been suggestions that pre-dialysis patients with Stage 4 
CKD may also benefit from ACE-I [35].

On the other hand, beta-blockers mitigate deleterious effects of neurohormonal 
activation, with carvedilol, which is poorly dialyzed, specifically showing signifi-
cant benefit in ESRD patients [36]. Large-scale clinical trials using beta-blockers 
have been attempted, but recruitment and blood pressure tolerability have been 
challenging [37, 38]. Meanwhile in small studies, spironolactone has been shown to 
reduce blood pressure, aortic calcification, and mortality [39, 40]. The use of min-
eralocorticoid receptor antagonists (MRA) remains controversial and randomized 
controlled-trials are ongoing (ALdosterone Antagonist Chronic HEModialysis 
Interventional Survival Trial [ALCHEMIST], ClinicalTrials.gov NCT01848639). It 
is noted that the combination of ACE-I, ARB, and an MRA should be avoided due 
to concern for hyperkalemia.

Associated conditions include atrial fibrillation, hyperlipidemia, and myocardial 
ischemia. The patient should be assessed for comorbid atrial fibrillation, which is 
common in HFpEF, with an EKG. Restoration and maintenance of sinus rhythm is 
preferred but rate control can be targeted when this cannot be achieved. Carvedilol, 
which shows significant benefit in ESRD patients, would be a reasonable first-line 
option although there might be higher risk of hypotension [37, 38]. Though used in 
HFrEF patients, digoxin use in HFpEF patients with AF at a mean follow-up of 
37  months had no effect on all-cause or cause-specific mortality or all-cause or 

8 Heart Failure in a Patient with End-Stage Kidney Disease on Renal Replacement…

http://clinicaltrials.gov


114

cardiovascular hospitalization [41]. Additionally, digoxin use in dialysis patients 
has been associated with increased mortality, particularly if predialysis serum potas-
sium levels are low [42].

 Coronary Atherosclerotic Disease Management

Statins appeared to have no incremental benefit in preventing major adverse cardiac 
events in the ESRD population as addressed in the 4-D, AURORA, and SHARP tri-
als, though continuation of previously prescribed statin therapy according to latest 
clinical guidelines is appropriate [43–46]. In ESRD patients with coronary artery 
disease, antithrombotic agents are often prescribed with little evidence to guide 
decision-making, and with increased complications since ESRD patients have 
acquired intrinsic platelet abnormalities. Specifically, ESRD patients have reduced 
serotonin content and impaired ADP release, and are simultaneously at increased 
risk of bleeding and in a prothrombotic state with “nontraditional” risk factors for 
thrombosis, such as hyperhomocysteinemia, endothelial dysfunction, inflammation, 
and malnutrition [47, 48].

Assessment of coronary artery disease is difficult in the ESRD population due to 
complications from comorbid conditions, such as diabetic neuropathy. However, 
revascularization by percutaneous coronary intervention (PCI) should be pursued if 
indicated. Low-dose aspirin use in ESRD patients is of unproven cardiovascular 
benefit and no clinical trials have addressed its utility. Observational studies inher-
ently present confounding by indication but have reported increased mortality risk 
in hemodialysis patients on aspirin. Overall, usage is likely safe, provider- dependent, 
and may be discussed with the patient [49–51]. Meanwhile, the Arterial 
Revascularization Therapies Study (ARTS) showed that in patients with CKD, there 
was no significant difference in operative death, myocardial infarction, and stroke 
for those treated by either coronary artery bypass grafting (CABG) or PCI, while 
CABG was associated with a lower risk for repeat revascularization [52]. For 
patients with Stage IV chronic kidney disease, CABG was associated with a 
decreased mortality rate compared to PCI, even though there may be higher mortal-
ity rates for the first 3 months in patients who underwent CABG compared to PCI 
[53]. The ASCERT study showed that the estimated mortality rate in the general 
population who underwent CABG was 3.2%, 6.4%, 8.1%, and 23.3% at 30 days, 
180 days, 1 year, and 3 years, respectively [53]. Predictors for late cardiac events 
include advanced age (>63 years), diabetes, and peripheral artery disease, whereas, 
predictors for late death include diabetes and LVEF <40% [54].

 Anemia and Metabolic Management

To mitigate chronic myocardial ischemia, anemia can be managed using 
Erythropoietin-Stimulating Agents (ESA), which effectively increase hemoglobin 
levels. However, higher doses of ESA and higher hematocrit management goals 
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have failed to show survival benefit in multiple RCTs; secondary analyses of these 
trials has implicated high ESA dose or resistance, rather than higher hemoglobin 
levels, as the cause [55–57]. Erythropoietin-stimulating agents are also associated 
with a higher risk of thrombotic events, mediated through a multifaceted mecha-
nism of polycythemia/hyperviscosity syndrome, thrombocytosis, platelet hyperac-
tivity, and activation of blood coagulation [58].

Both hyperphosphatemia and hyperparathyroidism promote vascular calcification 
in ESRD patients; the goal of management is to treat hyperphosphatemia, maintain 
normocalcemia, and treat vitamin D deficiency. Phosphate binders, calcimimetics, 
and vitamin D analogs can be used. Both ergocalciferol and cholecalciferol are effec-
tive in treating vitamin D deficiency. Metabolic acidosis can be managed using 
sodium bicarbonate. Dialysate content can also be manipulated to control electrolyte 
balance and affect survival. A dialysate potassium of <2 mEq/L has been associated 
with an increased risk of sudden cardiac death and a lower serum-to-dialysate cal-
cium gradient may be advisable in patients with cardiorenal syndrome [59].

 Device Therapy for HF and ESRD

ESRD patients are generally managed medically due to higher rates of complica-
tions, however, implantable cardioverter defibrillator (ICD) therapy may be consid-
ered in patients with cardiomyopathy as primary prevention of sudden cardiac 
death. The benefits and risks of ICD should be discussed with patients with LVEF 
consistently <35% despite medical therapy. Compared with estimates in HFrEF, the 
rates of sudden cardiac death in HFpEF are lower [60]. However, ESRD patients, 
who inherently have higher arrhythmic risk, may benefit from ICD therapy. In 
patients with mild to moderate CKD, ICD implantation regardless of indication 
reduces mortality, however, this benefit is balanced with a higher procedural risk in 
patients with more advanced renal failure [61]. Meanwhile, for those with CKD 
eligible for cardiac resynchronization therapy, they should be considered as they 
provide incremental benefits compared to ICD alone [62].

 Renal Transplantation Candidacy and Considerations

Patients with HF are often not referred for renal transplantation for a wide range of 
reasons. However, renal transplantation has been shown to improve left ventricular 
mass and function [63, 64]. Prolonged dialysis is associated with a decrease in the 
beneficial effect of transplantation, thus renal transplantation should be considered 
early in patients at risk of, or already diagnosed with congestive HF. There is cur-
rently no consensus on the minimum LVEF for renal transplantation, and it is 
important to reassess eligibility after optimizing medical therapy.

Combined heart-kidney transplants have outcomes similar to those with primary 
heart transplantation, though these cases are highly selective and uncommon. About 
a decade ago, a risk score was constructed from the United Network for Organ 
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Sharing (UNOS) data that identified risk factors associated with worse survival ben-
efit included: (1) a history of peripheral arterial disease (4 points); (2) recipient age 
>65 years (3.5 points); (3) non-ischemic cause of heart failure (2 points); (4) bridge 
to transplantation with use of a ventricular assist device (2 points); and dialysis 
dependency (2.5 points) [65]. They observed in patients with eGFR less than 33 mL/
min undergoing heart trasnplant with low-risk (total score <4), there was a signifi-
cant survival benefit of combined heart-kidney transplant compared to heart trans-
plant alone. Newer analysis also extended such benefits to those at high risk of 
developing post-transplant dialysis dependence or in older individuals [66, 67].

 Treatment Pearls for the Case Vignette

This patient’s echocardiogram supports a diagnosis of HFpEF with diastolic dys-
function and PH. The history of worsening symptoms suggests chronic progression, 
which is common in ESRD patients. High-output failure due to AVF is of lower 
probability in this case due to the chronicity of dialysis, although it needs to be ruled 
out if accompanied by acute changes in the AVF itself. In this patient with PH, pre-
vention of progression to right-sided HF should be prioritized. A right heart cathe-
terization would be necessary to determine the degree of elevated pulmonary 
pressures and their reversibility, as well as the severity of uremic cardiomyopathy. 
The challenge of medication intolerance due to reducing perfusion pressures is a 
common challenge, and there are various means including holding drug doses 
before/after dialysis session or changing to shorter acting drugs with lower propen-
sity of hypotension. In this case with HFpEF, the need to maintain neurohormonal 
antagonists is less certain. If feasible, switching to frequent hemodialysis may likely 
provide benefit in improving left ventricular mass and survival. As discussed, the 
FHN found benefit in a composite outcome of death, LV mass, and quality of life 
with intensive hemodialysis [27]. Hemodiafiltration has also shown a trend towards 
improved survival over standard hemodialysis [28]. Home dialysis is another option, 
but the cost and logistic inconvenience of daily home dialysis may be a barrier for 
some patients. The patient’s advanced age and the diagnosis of HFpEF precluded 
any meaningful indications or considerations of invasive device therapies or trans-
plantation options, although evaluation of underlying ischemic causes that leads to 
such changes in clinical presentation may be warranted.

References

 1. Foley RN, Parfrey PS, Harnett JD, Kent GM, Martin CJ, Murray DC, Barre PE. Clinical and 
echocardiographic disease in patients starting end-stage renal disease therapy. Kidney Int. 
1995;47:186–92.

 2. Gross ML, Ritz E. Hypertrophy and fibrosis in the cardiomyopathy of uremia – beyond coro-
nary heart disease. Semin Dial. 2008;21:308–18.

 3. Eckardt KU. Anaemia in end-stage renal disease: pathophysiological considerations. Nephrol 
Dial Transplant. 2001;16(Suppl 7):2–8.

S. Ahmadmehrabi et al.



117

 4. Malyszko J. Mechanism of endothelial dysfunction in chronic kidney disease. Clin Chim Acta. 
2010;411:1412–20.

 5. Boulanger CM, Amabile N, Guérin AP, Pannier B, Leroyer AS, Mallat CN, Tedgui A, London 
GM. In vivo shear stress determines circulating levels of endothelial microparticles in end- 
stage renal disease. Hypertension. 2007;49:902–8.

 6. Jablonski KL, Chonchol M. Vascular calcification in end-stage renal disease. Hemodial Int. 
2013;17(Suppl 1):S17–21.

 7. Orchard CH, Kentish JC. Effects of changes of pH on the contractile function of cardiac mus-
cle. Am J Phys. 1990;258:C967–81.

 8. United States Renal Data System. 2018 USRDS Annual Data Report: Epidemiology of Kidney 
Disease in the United States. National Institutes of Health, National Institute of Diabetes and 
Digestive and Kidney Diseases, Bethesda, MD 2018.

 9. Kalantar-Zadeh K, Block G, Humphreys MH, Kopple JD. Reverse epidemiology of cardiovas-
cular risk factors in maintenance dialysis patients. Kidney Int. 2003;63:793–808.

 10. Harnett JD, Foley RN, Kent GM, Barre PE, Murray D, Parfrey PS.  Congestive heart fail-
ure in dialysis patients: prevalence, incidence, prognosis and risk factors. Kidney Int. 
1995;47:884–90.

 11. Wang AY. Prognostic value of C-reactive protein for heart disease in dialysis patients. Curr 
Opin Investig Drugs. 2005;6:879–86.

 12. Eckardt KU, Gillespie IA, Kronenberg F, Richards S, Stenvinkel P, Anker SD, Wheeler DC, 
de Francisco AL, Marcelli D, Froissart M, Floege J, ARO Steering Committee. High car-
diovascular event rates occur within the first weeks of starting hemodialysis. Kidney Int. 
2015;88:1117–25.

 13. Antlanger M, Aschauer S, Kopecky C, Hecking M, Kovarik JJ, Werzowa J, Mascherbauer J, 
Genser B, Säemann MD, Bonderman D. Heart failure with preserved and reduced ejection 
fraction in hemodialysis patients: prevalence, disease prediction and prognosis. Kidney Blood 
Press Res. 2017;42:165–76.

 14. Oktay AA, Rich JD, Shah SJ. The emerging epidemic of heart failure with preserved ejection 
fraction. Curr Heart Fail Rep. 2013;10:401–10.

 15. Burton JO, Jefferies HJ, Selby NM, McIntyre CW.  Hemodialysis-induced cardiac injury: 
determinants and associated outcomes. Clin J Am Soc Nephrol. 2009;4:914–20.

 16. Mentz RJ, O’Connor CM. Pathophysiology and clinical evaluation of acute heart failure. Nat 
Rev Cardiol. 2016;13:28–35.

 17. Lymperopoulos A, Rengo G, Koch WJ. Adrenergic nervous system in heart failure: patho-
physiology and therapy. Circ Res. 2013;113:739–53.

 18. Edwards NC, et  al. Defining the natural history of uremic cardiomyopathy in chronic kid-
ney disease: the role of cardiovascular magnetic resonance. JACC Cardiovasc Imaging. 
2014;7:703–14.

 19. Assa S, Hummel YM, Voors AA, Kuipers J, Westerhuis R, de Jong PE, Franssen 
CF. Hemodialysis-induced regional left ventricular systolic dysfunction: prevalence, patient 
and dialysis treatment-related factors, and prognostic significance. Clin J Am Soc Nephrol. 
2012;7:1615–23.

 20. Koch M, Gradaus F, Schoebel FC, Leschke M, Grabensee B. Relevance of conventional car-
diovascular risk factors for the prediction of coronary artery disease in diabetic patients on 
renal replacement therapy. Nephrol Dial Transplant. 1997;12:1187–91.

 21. Kooman JP, Katzarski K, van der Sande FM, Leunissen KM, Kotanko P.  Hemodialysis: a 
model for extreme physiology in a vulnerable patient population. Semin Dial. 2018;31:500–6.

 22. Selby NM, McIntyre CW. A systematic review of the clinical effects of reducing dialysate fluid 
temperature. Nephrol Dial Transplant. 2006;21:1883–98.

 23. Ekdahl KN, Soveri I, Hilborn J, Fellström B, Nilsson B. Cardiovascular disease in haemodi-
alysis: role of the intravascular innate immune system. Nat Rev Nephrol. 2017;13:285–96.

 24. Friedrich B, Alexander D, Janessa A, Häring HU, Lang F, Risler T, Friedrich B, et al. Acute 
effects of hemodialysis on cytokine transcription profiles: evidence for C-reactive protein- 
dependency of mediator induction. Kidney Int. 2006;70:2124–30.

8 Heart Failure in a Patient with End-Stage Kidney Disease on Renal Replacement…



118

 25. Golia E, Limongelli G, Natale F, Fimiani F, Maddaloni V, Pariggiano I, Bianchi R, Crisci M, 
D’Acierno L, Giordano R, Di Palma G, Conte M, Golino P, Russo MG, Calabrò R, Calabrò 
P.  Inflammation and cardiovascular disease: from pathogenesis to therapeutic target. Curr 
Atheroscler Rep. 2014;16:435.

 26. Bonomini M, Pavone B, Sirolli V, Del Buono F, Di Cesare M, Del Boccio P, Amoroso L, Di 
Ilio C, Sacchetta P, Federici G, Urbani A. Proteomics characterization of protein adsorption 
onto hemodialysis membranes. J Proteome Res. 2006;5:2666–74.

 27. FHN Trial Group, et al. In-center hemodialysis six times per week versus three times per week. 
N Engl J Med. 2010;363:2287–300.

 28. Maduell F, Moreso F, Pons M, Ramos R, Mora-Macià J, Carreras J, Soler J, Torres F, 
Campistol JM, Martinez-Castelao A, ESHOL Study Group. High-efficiency postdilution 
online hemodiafiltration reduces all-cause mortality in hemodialysis patients. J Am Soc 
Nephrol. 2013;24:487–97.

 29. Movilli E, Viola BF, Brunori G, Gaggia P, Camerini C, Zubani R, Berlinghieri N, Cancarini 
G. Long-term effects of arteriovenous fistula closure on echocardiographic functional and struc-
tural findings in hemodialysis patients: a prospective study. Am J Kidney Dis. 2010;55:682–9.

 30. MacRae JM, Dipchand C, Oliver M, Moist L, Yilmaz S, Lok C, Leung K, Clark E, Hiremath 
S, Kappel J, Kiaii M, Luscombe R, Miller LM, Canadian Society of Nephrology Vascular 
Access Work Group. Arteriovenous access: infection, neuropathy, and other complications. 
Can J Kidney Health Dis. 2016;3:2054358116669127.

 31. Stokes MB, Rajwani A, Rao NN, McDonald SP, Coates T, Teo KS, Worthley MI. Cardiac 
remodeling following ligation of arteriovenous fistula in stable renal transplant recipients: a 
randomised controlled study. AHA Scientific Sessions 2018 Late Breaking Clinical Trial.

 32. Bhatti NK, Karimi Galougahi K, Paz Y, Nazif T, Moses JW, Leon MB, Stone GW, Kirtane 
AJ, Karmpaliotis D, Bokhari S, Hardy MA, Dube G, Mohan S, Ratner LE, Cohen DJ, Ali 
ZA. Diagnosis and management of cardiovascular disease in advanced and end-stage renal 
disease. J Am Heart Assoc. 2016;5:e003648.

 33. Cice G, Di Benedetto A, D’Isa S, D’Andrea A, Marcelli D, Gatti E, Calabrò R. Effects of 
telmisartan added to Angiotensin-converting enzyme inhibitors on mortality and morbidity in 
hemodialysis patients with chronic heart failure a double-blind, placebo-controlled trial. J Am 
Coll Cardiol. 2010;56:1701–8.

 34. Liu Y, Ma X, Zheng J, Jia J, Yan T. Effects of angiotensin-converting enzyme inhibitors and 
angiotensin receptor blockers on cardiovascular events and residual renal function in dialysis 
patients: a meta-analysis of randomised controlled trials. BMC Nephrol. 2017;18:206.

 35. Hou FF, Zhang X, Zhang GH, Xie D, Chen PY, Zhang WR, Jiang JP, Liang M, Wang GB, Liu 
ZR, Geng RW. Efficacy and safety of benazepril for advanced chronic renal insufficiency. N 
Engl J Med. 2006;354:131–40.

 36. Cice G, Ferrara L, D’Andrea A, D’Isa S, Di Benedetto A, Cittadini A, Russo PE, Golino P, 
Calabrò R. Carvedilol increases two-year survivalin dialysis patients with dilated cardiomy-
opathy: a prospective, placebo-controlled trial. J Am Coll Cardiol. 2003;41:1438–44.

 37. Roberts MA, Pilmore HL, Ierino FL, Badve SV, Cass A, Garg AX, Isbel NM, Krum H, 
Pascoe EM, Perkovic V, Scaria A, Tonkin AM, Vergara LA, Hawley CM, BLOCADE Study 
Collaborative Group. The β-blocker to lower cardiovascular dialysis events (BLOCADE) fea-
sibility study: a randomized controlled trial. Am J Kidney Dis. 2016;67:902–11.

 38. Assimon MM, Brookhart MA, Fine JP, Heiss G, Layton JB, Flythe JE. A comparative study 
of carvedilol versus metoprolol initiation and 1-year mortality among individuals receiving 
maintenance hemodialysis. Am J Kidney Dis. 2018;72:337–48.

 39. Bomback AS. Mineralocorticoid receptor antagonists in end-stage renal disease: efficacy and 
safety. Blood Purif. 2016;41:166–70.

 40. Shroff GR, Herzog CA. β-blockers in dialysis patients: a nephrocardiology perspective. J Am 
Soc Nephrol. 2015;26:774–6.

 41. Ahmed A, Rich MW, Fleg JL, Zile MR, Young JB, Kitzman DW, Love TE, Aronow WS, 
Adams KF Jr, Gheorghiade M. Effects of digoxin on morbidity and mortality in diastolic heart 
failure: the ancillary digitalis investigation group trial. Circulation. 2006;114:397–403.

S. Ahmadmehrabi et al.



119

 42. Chan KE, Lazarus JM, Hakim RM. Digoxin associates with mortality in ESRD. J Am Soc 
Nephrol. 2010;21:1550–9.

 43. Wanner C, Tonelli M, Kidney Disease: Improving Global Outcomes Lipid Guideline 
Development Work Group Members. KDIGO Clinical Practice Guideline for Lipid 
Management in CKD: summary of recommendation statements and clinical approach to the 
patient. Kidney Int. 2014;85:1303–9.

 44. Wanner C, Krane V, März W, Olschewski M, Mann JF, Ruf G, Ritz E, German Diabetes and 
Dialysis Study Investigators. Atorvastatin in patients with type 2 diabetes mellitus undergoing 
hemodialysis. N Engl J Med. 2005;353:238–48.

 45. Fellström BC, Jardine AG, Schmieder RE, Holdaas H, Bannister K, Beutler J, Chae DW, 
Chevaile A, Cobbe SM, Grönhagen-Riska C, De Lima JJ, Lins R, Mayer G, McMahon AW, 
Parving HH, Remuzzi G, Samuelsson O, Sonkodi S, Sci D, Süleymanlar G, Tsakiris D, Tesar 
V, Todorov V, Wiecek A, Wüthrich RP, Gottlow M, Johnsson E, Zannad F, AURORA Study 
Group. Rosuvastatin and cardiovascular events in patients undergoing hemodialysis. N Engl J 
Med. 2009;360:1395–407.

 46. Baigent C, Landray MJ, Reith C, Emberson J, Wheeler DC, Tomson C, Wanner C, Krane 
V, Cass A, Craig J, Neal B, Jiang L, Hooi LS, Levin A, Agodoa L, Gaziano M, Kasiske B, 
Walker R, Massy ZA, Feldt-Rasmussen B, Krairittichai U, Ophascharoensuk V, Fellström B, 
Holdaas H, Tesar V, Wiecek A, Grobbee D, de Zeeuw D, Grönhagen-Riska C, Dasgupta T, 
Lewis D, Herrington W, Mafham M, Majoni W, Wallendszus K, Grimm R, Pedersen T, Tobert 
J, Armitage J, Baxter A, Bray C, Chen Y, Chen Z, Hill M, Knott C, Parish S, Simpson D, 
Sleight P, Young A, Collins R, SHARP Investigators. The effects of lowering LDL cholesterol 
with simvastatin plus ezetimibe in patients with chronic kidney disease (Study of Heart and 
Renal Protection): a randomised placebo-controlled trial. Lancet. 2011;377:2181–92.

 47. Kaw D, Malhotra D.  Platelet dysfunction and end-stage renal disease. Semin Dial. 
2006;19:317–22.

 48. Casserly LF, Dember LM. Thrombosis in end-stage renal disease. Semin Dial. 2003;16:245–56.
 49. Ethier J, Bragg-Gresham JL, Piera L, Akizawa T, Asano Y, Mason N, Gillespie BW, Young 

EW. Aspirin prescription and outcomes in hemodialysis patients: the Dialysis Outcomes and 
Practice Patterns Study (DOPPS). Am J Kidney Dis. 2007;50:602–11.

 50. Chan KE, Lazarus JM, Thadhani R, Hakim RM. Anticoagulant and antiplatelet usage associ-
ates with mortality among hemodialysis patients. J Am Soc Nephrol. 2009;20:872–81.

 51. Hiremath S, Holden RM, Fergusson D, Zimmerman DL. Antiplatelet medications in hemodi-
alysis patients: a systematic review of bleeding rates. Clin J Am Soc Nephrol. 2009;4:1347–55.

 52. Ix JH, Mercado N, Shlipak MG, et  al. Association of chronic kidney disease with clinical 
outcomes after coronary revascularization: the Arterial Revascularization Therapies Study 
(ARTS). Am Heart J. 2005;149:512–9.

 53. Charytan DM, Yang SS, McGurk S, et  al. Long and short-term outcomes following coro-
nary artery bypass grafting in patients with and without chronic kidney disease. Nephrol Dial 
Transplant. 2010;25:3654–63.

 54. Shahian DM, O’Brien SM, Sheng S, et  al. Predictors of long-term survival after coronary 
artery bypass grafting surgery: results from the Society of Thoracic Surgeons Adult Cardiac 
Surgery Database (the ASCERT study). Circulation. 2012;125:1491–500.

 55. Koulouridis I, Alfayez M, Trikalinos TA, Balk EM, Jaber BL.  Dose of erythropoiesis- 
stimulating agents and adverse outcomes in CKD: a metaregression analysis. Am J Kidney 
Dis. 2013;61:44–56.

 56. Solomon SD, Uno H, Lewis EF, Eckardt KU, Lin J, Burdmann EA, de Zeeuw D, Ivanovich P, 
Levey AS, Parfrey P, Remuzzi G, Singh AK, Toto R, Huang F, Rossert J, McMurray JJ, Pfeffer 
MA. Trial to Reduce Cardiovascular Events with Aranesp Therapy (TREAT) Investigators. 
Erythropoietic response and outcomes in kidney disease and type 2 diabetes. N Engl J Med. 
2010;363:1146–55.

 57. Szczech LA, Barnhart HX, Inrig JK, Reddan DN, Sapp S, Califf RM, Patel UD, Singh 
AK. Secondary analysis of the CHOIR trial epoetin-alpha dose and achieved hemoglobin out-
comes. Kidney Int. 2008;74:791–8.

8 Heart Failure in a Patient with End-Stage Kidney Disease on Renal Replacement…



120

 58. Lippi G, Franchini M, Favaloro EJ. Thrombotic complications of erythropoiesis-stimulating 
agents. Semin Thromb Hemost. 2010;36:537–49.

 59. Thornley-brown D, Saha M. Dialysate content and risk of sudden cardiac death. Curr Opin 
Nephrol Hypertens. 2015;24:557–62.

 60. Vaduganathan M, Patel RB, Michel A, Shah SJ, Senni M, Gheorghiade M, Butler J. Mode of 
death in heart failure with preserved ejection fraction. J Am Coll Cardiol. 2017;69:556–69.

 61. Fu L, Zhou Q, Zhu W, Lin H, Ding Y, Shen Y, Hu J, Hong K. Do implantable cardioverter 
defibrillators reduce mortality in patients with chronic kidney disease at all stages? Int Heart J. 
2017;58:371–7.

 62. Friedman DJ, Singh JP, Curtis JP, Tang WH, Bao H, Spatz ES, Hernandez AF, Patel UD, 
Al-Khatib SM. Comparative effectiveness of CRT-D versus defibrillator alone in HF patients 
with moderate-to-severe chronic kidney disease. J Am Coll Cardiol. 2015;66:2618–29.

 63. Wali RK, Wang GS, Gottlieb SS, Bellumkonda L, Hansalia R, Ramos E, Drachenberg C, 
Papadimitriou J, Brisco MA, Blahut S, Fink JC, Fisher ML, Bartlett ST, Weir MR. Effect of 
kidney transplantation on left ventricular systolic dysfunction and congestive heart failure in 
patients with end-stage renal disease. J Am Coll Cardiol. 2005;45:1051–60.

 64. Hawwa N, Shrestha K, Hammadah M, Yeo PSD, Fatica R, Tang WH. Reverse remodeling and 
prognosis following kidney transplantation in contemporary patients with cardiac dysfunction. 
J Am Coll Cardiol. 2015;20(66):1779–87.

 65. Russo MJ, Rana A, Chen JM, Hong KN, Gelijns A, Moskowitz A, Widmann WD, Ratner L, 
Naka Y, Hardy MA.  Pretransplantation patient characteristics and survival following com-
bined heart and kidney transplantation: an analysis of the United Network for Organ Sharing 
Database. Arch Surg. 2009;144:241–6.

 66. Kilic A, Grimm JC, Whitman GJ, Shah AS, Mandal K, Conte JV, Sciortino CM. The sur-
vival benefit of simultaneous heart-kidney transplantation extends beyond dialysis-dependent 
patients. Ann Thorac Surg. 2015;99:1321–7.

 67. Reich H, Dimbil S, Levine R, Megna D, Mersola S, Patel J, Kittleson M, Czer L, Kobashigawa 
J, Esmailian F.  Dual-organ transplantation in older recipients: outcomes after heart-kidney 
transplant versus isolated heart transplant in patients aged ≥65 years. Interact Cardiovasc 
Thorac Surg. 2019;28:45–51.

S. Ahmadmehrabi et al.



121© Springer Nature Switzerland AG 2020
W. H. W. Tang et al. (eds.), Cardiorenal Syndrome in Heart Failure, 
https://doi.org/10.1007/978-3-030-21033-5_9

A. Ravera · M. Metra (*) 
University of Brescia, Brescia, Italy
e-mail: metramarco@libero.it 

J. M. ter Maaten 
University of Groningen, Groningen, Netherlands

9Diuretic Resistance and Chronic Heart 
Failure
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Case Vignette
Dr. Z’s patient is Mrs. X, a 78 y/o women with stage IV chronic kidney disease 
(serum creatinine 2.03  mg/dL  – estimated glomerular filtration rate 23  mL/
min/1.73m2) and a recent (<3 months) hospital admission due to heart failure. 
Mrs. X comes into the office complaining from exertional dyspnea and lower 
leg edema. He is on furosemide 75 mg daily, administered as 3 25 mg tablets in 
the morning, bisoprolol 2.5 mg daily and ramipril 2.5 mg daily. After examining 
Mrs. X, Dr. Z decides that the presence of volume overload warrants treatment 
further diuretic treatment. He wonders whether to admit the patient for intrave-
nous administration and reflects on the optimal dose to be given.

Chapter Key Points
• Volume overload and congestion are detected at a relatively late stage 

based on clinical signs and symptoms alone
• Loop diuretic resistance develops during chronic treatment through hyper-

trophy and hyperfunction of areas of the nephron where loop diuretics are 
not active and neurohormonal activation

• Increased loop diuretic doses and combined administration of diuretics with 
different sites of action my be used to overcome loop diuretic resistance

• Novel outpatient strategies may become available (e.g. subcutaneous furosemide)
• Administration of the lowest effective loop diuretics doses may prevent 

resistance
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 Brief Discussion of the Case

The clinical vignette presents the case of Mrs. X, a 78 year old woman with a recent 
hospitalization for heart failure (HF) in the past 3 months and with stage IV chronic 
kidney disease (CKD), complaining about leg edema and exertional dyspnea during 
an ambulatory visit in the outpatient clinic. The preliminary information about the 
recent admission for HF already allows the clinician to classify her into a subset of 
patients at higher risk of mortality and hospitalization [1–3]. Retrospective analyses of 
randomized trials and observational studies show that the mortality and readmission 
rates are higher in the first months after discharge and decrease, approximately in an 
exponential way, thereafter, though remaining higher than in ambulatory patients even 
in the long-term [4, 5]. Failure to normalize ventricular filling pressures and persis-
tence of subclinical congestion at discharge are among the main causes of the increased 
risk of readmission early after discharge [2]. Chronic kidney disease (CKD) increases 
the patient’s risk of diuretic resistance and congestion and contributes to the poor 
prognosis of the ambulatory HF patients [6]. When the attending resident visited the 
patient at the outpatient clinic, she had already developed overt signs and symptoms 
of congestion, despite the ongoing diuretic therapy. The presence of fluid retention 
despite diuretic treatment is classified as diuretic resistance [7]. Given the signs and 
symptoms of volume overload, intensification of diuretic treatment is recommended. 
The presence of peripheral edema despite ongoing oral furosemide administration, 
generally requires intravenous diuretic treatment with either the same dose or a higher 
dose compared to the one that the patient was receiving [8].

 Volume Overload: Clinical and Subclinical Congestion

Volume overload and/or lung congestion caused by fluid redistribution are the main 
causes of symptoms and admissions to hospital of HF patients. The relative value of 
these two mechanisms causes different clinical phenotypes of acute heart failure, 
independent whether the patients have reduced or normal ejection fraction [9–11]. 
Diuretic treatment is recommended in patients with signs and/or symptoms of con-
gestion to improve symptoms and reduce the risk of HF hospitalization [8, 12, 13].

Clinical signs of congestion are associated with an increased risk of death and 
HF hospitalization in patients with congestive HF [14]. However, when compared 
with direct measurement of cardiac filling pressures with right heart catheterization, 
physical signs of congestion as jugular venous distention (JVD), orthopnea, pulmo-
nary rales, lower extremity edema, left ventricular third heart sound, and hepato- 
jugular reflux showed limited sensitivity in identifying congestion [15]. A modified 
composite congestion score (CCS), obtained by summing the individual scores for 
orthopnea, JVD, and pedal edema may be helpful to quantify residual congestion 
although it has limited sensitivity [16]. Thus, despite a careful physical examination 
and the use of congestion scores, there is still a subset of patients that have fluid 
overload below the threshold of clinical detection [15, 17]. The detection of signs of 
increased cardiac filling pressures has a major prognostic value independently from 
the presence of clinical symptoms and signs [18, 19].
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 Use of Cardiac Biomarkers to Detect Congestion

As clinical signs have poor accuracy, measurement of natriuretic peptides (NP), 
namely B-type natriuretic peptide (BNP) and amino-terminal pro–B-type natriuretic 
peptide (NT-proBNP), is recommended not only for the diagnosis but also for the 
prognostic evaluation of HF patients [20]. However, their value to guide treatment is 
not demonstrated. The recent GUIDing Evidence Based Therapy Using Biomarker 
Intensified Treatment in Heart Failure (GUIDE-IT) study, the largest trial testing this 
hypothesis, enrolled 894 HFrEF patients with a recent HF hospitalization and 
NT-proBNP >1000 ng/L, randomized 1:1 to NP guided therapy or standard treat-
ment. The study was terminated early for futility and no difference was found in 
cardiovascular mortality or any of the secondary endpoints between the two treat-
ment strategies [21], with higher healthcare costs in the NT-proBNP guided arm [22]. 
Similar results were obtained in the PRIMAII trial (Can NT-ProBNP- Guided 
Therapy During Hospital Admission for Acute Decompensated Heart Failure Reduce 
Mortality and Readmissions?), enrolling 431 patients with acute HF [23]. Similar 
medical treatment in the control and the natriuretic peptides guided therapy arm 
seem as the main cause of lack of any significant difference. It is possible that mea-
surement of natriuretic peptides may be of greater value when performed in less 
selected patients’ populations. The HF Outpatient Monitoring Evaluation (HOME) 
study on patients with HFrEF and a recent HF hospitalization suggested that daily 
home BNP measurements could predict emerging clinical deterioration in patients 
with HF. However, this study was terminated early for slow enrolment [24]. Other 
biomarkers have been proposed to guide HF therapy, namely ST-2, galectin-3, adre-
nomedullin (ADM), carbohydrate antigen-125 (CA-125) and soluble CD146, 
although we lack of evidence regarding their clinical usefulness [8, 12, 25].

Another promising method to identify subclinical congestion, easily applicable, 
is point-of-care echography with lung and inferior vena cava (IVC) ultrasound [26, 
27]. Both can readily assess volume status and are sensitive to rapid changes in 
response to HF therapy [12]. Ongoing studies will assess the efficacy of such meth-
ods to guide therapy in congestive HF (NCT03613779, NCT03262571).

Comprehensive echocardiography with evaluation of myocardial structure and 
function and estimation of pulmonary artery pressures (PAP) and left ventricular 
filling pressures is also used to evaluate lung congestion. Multiparametric algo-
rithms are proposed to estimate left ventricular filling pressure with additive value, 
when compared to tissue Doppler alone [28, 29]. In addition, pulmonary arterial 
pressure monitor (PAPM) is an implantable device providing real time measure-
ments of PAP. The CardioMEMS Heart Sensor Allows Monitoring of Pressure to 
Improve Outcomes in NYHA Class III HF Patients (CHAMPION) trial showed 
morbidity and mortality benefit of this remote monitoring strategy in patients with 
advanced CHF with either HFrEF or HFpEF [30, 31].

Strategies to treat congestion in HF patients are generally not based on random-
ized clinical trials evidence but rather on small studies and practical recommenda-
tions. However, current evidence suggest the value of periodic assessments of 
congestion based on clinical examination as well as laboratory and/or imaging tech-
niques. Monitoring [8, 32],
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 Diuretic Resistance in Chronic Heart Failure. Definition 
and Prevalence

Diuretic resistance in HF is defined as a failure of diuretics to control salt and 
water retention despite being used in appropriate doses [7, 8, 33]. Several metrics 
have been used to quantify diuretic response in clinical studies, namely natriure-
sis, net fluid loss, weight loss, urine output, fractional sodium excretion and uri-
nary sodium/furosemide concentration. Then, to define diuretic resistance, 
diuretic response must be related to the diuretic dose administered. Examples are 
persistent congestion despite adequate and escalating doses of diuretic >80 mg 
of furosemide per day, failure to excrete at least 90  mmol of sodium within 
72 hours of a 160 mg oral furosemide dose given twice daily [7, 33]. In retro-
spective analyses of multicenter trials, diuretic response was measured as the 
ratio between the change in body weight and the furosemide dose administered 
and was independently related with mortality at 180  days, mortality and HF 
rehospitalizations and HF rehospitalizations alone, in one trial, and with death 
and HF rehospitalizations but not mortality alone in another study [34, 35]. 
Although it is difficult to quantify in the chronic setting given the complexity of 
its measurement, diuretic resistance may occur in one third of chronic HF 
patients, with higher prevalence among those with concomitant chronic kidney 
disease.

 Diuretic Resistance in Chronic Heart Failure. Mechanisms

The pathophysiology of diuretic resistance is multifactorial and single or multiple 
contributors can cause it in each patient [7, 8, 36].

 Compliance and Concomitant Medications

Poor adherence to prescribed medication or concomitant prescription of nephro-
toxic drugs (i.e. non-steroidal anti-inflammatory drugs, some antibiotics) can cause 
kidney injury and diuretic resistance.

 Altered Diuretic Pharmacokinetics and Dynamics

Oral loop diuretics are absorbed in the bowel, then circulate in the bloodstream 
bound to plasma proteins, and after being both filtered by the glomerulus (small-
est part) and actively secreted by the organic anion transporter and the multidrug 
resistance- associated protein 4 in the proximal tubule (largest part), they act on the 
sodium-chloride-potassium co-transporter (NKCC2) on the luminal side of the thick 
ascending limb of the loop of Henle [7, 37]. In congested patients, bowel edema 
can reduce absorption of orally administrated diuretics, causing lower peak plasma 
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concentration, especially if in case of concomitant food intake. Hypoalbuminemia 
reduces the amount of bound loop diuretics available for tubular secretion and con-
comitant albuminuria may bind diuretics on the luminal side of the loop of Henle, 
thus inhibiting their action. Furthermore, acidosis and uremia cause competitive 
secretion of organic acids by the proximal tubules’ transporters, thus reducing the 
amount of secreted loop diuretics. Reduced glomerular filtration rate (GFR) in 
patients with concomitant CKD can further modify loop diuretic pharmacokinetics 
and dynamics [7, 8].

 Hemodynamic Factors

Decreased renal blood flow in patients with low-output HF syndromes, or exces-
sively rapid diuresis with slow fluid recruitment from interstitium to the intravascu-
lar compartment may cause a decrease in diuretic response. Namely, renal 
hypoperfusion increase the fraction of filtered plasma at the glomerular level with 
more concentrated blood into the efferent arteriole and the peritubular capillaries. 
The consequent increase in the peritubular osmotic pressure promotes an increase in 
proximal tubular sodium reabsorption that reduces the distal delivery of sodium and 
hence loop diuretic efficacy [33]. Moreover, ascites and abdominal congestion 
cause an increase in intra-abdominal pressure with an increase in renal interstial 
pressure that further impairs kidney function [38].

 Neurohormonal Activation

NKCC2 inhibition by loop diuretics causes reduced chloride concentration in the 
macula densa cells, ultimately causing renin secretion that further potentiates the 
renin-angiotensin–aldosterone system (RAAS) activity, already enhanced in HF 
patients. This mechanism contributes to the post-diuretic sodium retention, namely 
increased sodium and water retention in between diuretic administrations, and the 
braking phenomenon, a decrease in the natriuresis produced by the same amount of 
loop diuretic over time [33, 36].

 Nephron Adaptation to Diuretic Treatment

The chronic increase in distal delivery of sodium and chloride in patients on long- 
term loop diuretic treatment, especially at high doses, causes hypertrophy and 
hyperplasia of distal convoluted tubule cells, principal cells, and intercalated cells 
with increased activity of the thiazide-sensitive sodium chloride cotransporter, the 
epithelial sodium channel, and the chloride–bicarbonate exchanger pendrin [7, 33, 
36, 37, 39]. These changes, named nephron remodeling [36], cause the increased 
reabsorptive capacity of the distal nephron and are the main cause of diuretic resis-
tance in chronic HF patients.
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 Diuretic Resistance in Chronic Heart Failure. Management

Based on the above-mentioned mechanisms, several strategies are adopted to over-
come diuretic resistance and restore appropriate diuresis.

 Multiple Administrations and Patient’s Position

In case of inappropriate diuretic response, an increase in the diuretic dose is war-
ranted, especially when concomitant kidney dysfunction is present [8, 36]. Splicing 
a single daily diuretic dose in multiple administrations may be a complimentary 
strategy to prevent post-diuretic sodium increased reabsorption, the so-called brak-
ing phenomenon [36]. Evening diuretic doses or lying after diuretic administration, 
a method to increase renal perfusion and reduce sympathetic activation, may further 
improve diuretic response [40]. Excessively rapid diuresis should be avoided, as an 
adequate circulatory volume is essential to maintain renal perfusion and diuresis.

 Changes in the Loop Diuretic Molecule

Furosemide, bumetanide, torasemide and azosemide are all loop diuretics targeting 
NKCC2, but with different pharmacologic profile (Table 9.1) [6, 7, 36, 41, 42]. It is 
common practice to use furosemide as first-line loop diuretic. However, choosing a 
loop diuretic with a longer half-life may reduce post-diuretic reabsorption phenom-
enon. Additionally, in hypoalbuminemic patients, switching to diuretics that can 
circulate bound to plasma globulins, such as bumetanide, may increase the diuretic 
response [7]. Torsemide and bumetanide have a larger and less variable oral bio-
availability, compared with furosemide, and may, thus, provide better diuresis when 
furosemide is poorly absorbed [8].

It has been suggested that torsemide may have favorable effects on outcomes 
compared with furosemide due to its anti-fibrotic and antialdosterone effects [41]. 
Some analyses of previous trials showed promising results [43, 44]. Data are, how-
ever, not conclusive [45]. A randomized clinical trial with an innovative pragmatic 
design comparing furosemide with torsemide in patients with HF is ongoing 
(ClinicalTrials.gov Identifier: NCT03296813) [8].

 Route of Administration

When patients develop congestion despite chronic oral loop diuretic therapy, it is 
standard procedure to shift to intravenous administration. This eliminates the effect 
of gut malabsorption due to gut edema and congestion. Therapy may be started 
administering intravenously the same dose that the patient was receiving orally, low 
dose regimen in the Diuretic Optimization Strategies Evaluation (DOSE) trial [46]. 
Alternatively, 1.5 times or higher doses may be administered intravenously, high 
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dose regimen in DOSE trial. No difference in outcomes between the two dosing 
regimens was shown in the DOSE trial. The high dose regimen was associated with 
a tendency to a greater symptoms’ relief, a larger body weight decrease and fluid 
loss and a greater likelihood to develop worsening renal function [46].

Intravenous loop diuretic treatment is generally done in a hospital setting. 
However, the practice of short-term intravenous administration of furosemide in 
specialized outpatient units is cost-effective and more and more often used [47, 48]. 
Short-stay unit treatment for <24 hours is compared with standard hospitalization in 
an ongoing randomized trial (NCT03302910).

A novel subcutaneous furosemide formulation was recently developed. First 
studies in healthy volunteers and a first phase II trial on CHF patients with refrac-
tory congestion showed a remarkable increase in furosemide bioavailability com-
pared with oral formulation, and similar safety, length of action and efficacy as 
intravenous furosemide in HF patients [49].

 Combining Different Diuretics: Sequential Nephron Blockade

When the previous strategies fail to achieve adequate diuresis, nephron remodeling 
with hyperfunction and hypertrophy of the nephron distally to the ascending branch 
of the loop of Henle is the most likely mechanism [36, 37, 39]. Thiazide-like diuret-
ics and metolazone promote sodium excretion in the distal tubule and thus counter-
act the distal tubular hypertrophy that impairs loop diuretic response. A stepped 
pharmacologic approach with the combination of these drugs on top of loop diuretic 
treatment is now indicated for the treatment of diuretic resistance [7, 36, 50]. 
Caution is, however, needed above all when administered on a long-term basis and 
with frequent, e.g. daily, administrations for the increased risk of hypokaliemia, 
hyponatremia, worsening renal function and even mortality [51]. Although based on 
retrospective analysis of existing database, these data made the Authors suggest that 
a strategy of increasing loop diuretics doses may be preferred to the early combina-
tion of thiazide-like diuretics in patients with decompensated HF resistant to stan-
dard doses of loop diuretics [51].

Mineralocorticoid receptor antagonists (MRA), administered at relatively high 
doses, e.g. spironolactone 100 mg, can promote natriuresis and prevent potassium 
loss associated with loop diuretic therapy, acting on the distal convoluted tubule. 
Properly powered studies have, however, failed to show a beneficial effect on out-
comes of their administration to patients with acute HF [8, 52].

Vasopressin receptor antagonists exert inhibition of aquaporin 2, the receptor 
responsible for free water reabsorption in the collecting duct. They may be particu-
larly effective in hyponatremic patients [53]. Results of randomized trials have, 
however, been failed to show beneficial effects on outcomes despite larger body 
weight reduction and fluid loss with these agents versus placebo [54, 55].

Acetazolamide inhibits carbonic anhydrase in the proximal tubule thus favor-
ing sodium bicarbonate excretion at this level. The increased delivery of sodium 
to the loop of Henle provides the substrate for loop diuretic action without 
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compromising renal ability to excrete diluted urine [56]. Moreover, it downregu-
lates pendrin expression in the distal tubule, one mechanism of nephron remodel-
ing and diuretic resistance [8, 36]. Small studies suggested the efficacy of 
acetazolamide added to furosemide in patients with diuretic resistance. The ongo-
ing randomized Acetazolamide in Decompensated Heart Failure With Volume 
OveRload (ADVOR) trial is testing the hypothesis that the addition of acetazol-
amide to standard therapy may improve decongestion and outcomes in patients 
with acute HF [8, 57].

Sodium-glucose cotransporter 2 (SGLT2) is located in the early proximal tubule 
and is the major mechanism of renal glucose reabsorption. In addition it also cause 
reabsorption of about 5% of the filtered sodium. SGLT2 inhibitors can therefore 
cause glycosuria, osmotic diuresis and natriuresis. Empaglifozin, dapaglifozin and 
canaglifozin have reduced HF hospitalizations in large randomized controlled trials 
where they were administered to diabetic patients at high risk of cardiovascular 
events. Ongoing studies are evaluating their role in patients with established HF 
with or without diabetes [58, 59].

 Sodium Restriction

Conflicting results exist about the optimal amount of sodium to be included in the 
HF patients’ diet [60]. Sodium restriction showed some benefit in stable HF patients 
(NYHA class II-III) in the Study of Dietary Intervention Under 100 mmol in Heart 
Failure (SODIUM-HF) [61]. Because of lack of evidence, current ESC hf guide-
lines recommend to avoid excessive sodium intake (>6  g of salt/die, equal to 
100 mmol of sodium, no class recommendation), while strict sodium restriction is 
not recommended, to date [12].

 Other Therapies

Patients with advanced HF who do not respond to increased loop diuretic doses and/
or to combination therapy with thiazide-like diuretics may need intravenous inotro-
pic treatment in order to improve renal perfusion and reduce systemic venous con-
gestion. This is still considered palliative therapy as no benefit on patients’ outcomes 
have been shown [12, 13]. However, an improvement in diuretic response may be 
observed I individual cases. Similarly, low dose dopamine infusion or nesiritide 
infusion, also proposed to selectively improve renal function have failed to show 
benefit in properly designed randomized trials [62] but may be of help in individual 
cases. At a late stage, patients may need ultrafiltration or continuous venous-venous 
hemofiltration, peritoneal dialysis or hemodialysis as renal replacement therapies. 
Ultrafiltration has been tested also at an earlier stage as alternative to high dose loop 
diuretic therapy but no indication to this treatment can be done based on current 
data. The Peripheral Ultrafiltration for the RElief From Congestion in Heart Failure 
(PURE-HF) trial (NCT03161158) is evaluating whether tailored, peripheral 
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veno–venous ultrafiltration added to low-dose diuretics can decrease cardiovascular 
mortality and HF hospitalization at 90 days after randomization compared to usual 
care in patients with acute HF and fluid overload [8].

 Treatment Pearls for the Case Vignette

The patient in the case vignette showed signs and symptoms of fluid overload, 
despite the ongoing diuretic therapy. The attending resident should therefore inter-
view the patient about her symptoms, measure her vital signs (blood pressure, heart 
rate and O2 saturation) and perform a careful physical examination looking for signs 
of congestion and precipitating factors of the acute decompensation (e.g. new onset/
recurrence of atrial fibrillation, infection, coronary artery disease, poor blood pres-
sure control, non-compliance to prescribed medications) [12, 13]. Blood sample 
collection for blood cell count, creatinine, electrolytes and natriuretic peptides mea-
surement, and spot urine analysis may provide further useful information to estab-
lish the best treatment plan. Echocardiography and possibly lung ultrasound should 
also be performed [32]. It may detect treatable causes of decompensation, e.g. acute 
mitral regurgitation, pulmonary embolism, pericardial effusion. Second, it allows 
categorization of the patients into the low, mid-range and preserved ejection fraction 
categories with only those with a low ejection fraction having evidence based thera-
pies. Third, echocardiography allows the detection of LV diastolic dysfunction as 
well as signs of increased intraventricular pressure, pulmonary artery pressure, infe-
rior vena cava dilation and collpsability… Lung ultrasound allows the detection of 
lung comets.

Given the additional information provided on the patient from the case vignette, 
i.e. stage IV CKD and a recent hospitalization for HF, it might be prudent to hospi-
talize this patient to start intravenous diuretic treatment and monitor laboratory 
exams, such as serum creatinine and electrolytes, and possibly reassess the patient 
for echocardiographic signs of congestion.

On the other hand, if patient’s symptoms are not severely limiting the patient 
with no signs of hypoperfusion and no treatable precipitating factor, an attempt to 
manage the patient in the outpatient setting can be made and oral diuretic dose can 
be doubled. Alternatively, intravenous loop diuretics may be administered in the 
outpatients clinic and the patient should be reassessed in the following days. With 
close follow-up visits.
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10Worsening Renal Function in a Patient 
with Acute Heart Failure and Volume 
Overload

Ely Gracia, Javed Butler, and Sandeep K. Mallipattu

Case Vignette
Mr. Y is a 73 year old man who has been admitted for decompensated heart 
failure with reduced ejection fraction for 6 days. During the course of his 
hospitalization, he lost 6 kg. Net fluid balance is negative 5200 mL and 
currently he has only trace pedal edema and no orthopnea. Serum creati-
nine has increased slightly, from 1.26 mg/dL at admission to 1.43 mg/dL 
currently. During the same time window, the hematocrit has increased from 
37% to 41%. Medications during the past 24 hours include lisinopril 20 mg 
once daily, carvedilol 12.5  mg twice daily, spironolactone 25  mg once 
daily, aspirin, rosuvastatin and chlorthalidone 50 mg (started on the third 
day of the admission for emerging diuretic resistance) as well as 80 mg 
furosemide twice daily. Heart rate is 78  bpm and blood pressure is 
108/69 mmHg when Mr. Y is sitting on the edge of his bed. Is Mr. Y ready 
for discharge?
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 Brief Discussion of the Case

Our patient, Mr. Y, was admitted because of an exacerbation of acute heart failure 
(AHF) and treated with furosemide. During the hospitalization, clinical deconges-
tion was achieved, which is reflected by the resolution of symptoms, weight loss and 
a negative fluid balance, while remaining hemodynamically stable. However, Mr. Y 
also demonstrates laboratory marker changes significant for subclinical deconges-
tion, including a rise in serum creatinine (Cr) and hematocrit. In addition to decon-
gestion, the patient is also managed on optimal medications for heart failure with 
reduced ejection fraction (HFrEF). Based on the above presentation, the patient was 
determined to be stable for discharge from the hospital with close outpatient follow-
 up at a heart failure clinic.

 Introduction

As one of the most common diagnoses responsible for hospital admissions in 
patients over the age of 65 years, heart failure accounts for up to one million hos-
pital admissions annually and is associated with high rates of mortality [1–3]. 
Heart failure is a spectrum disease with transitions between a stable, chronic state 
and acute decompensations. Acute heart failure (AHF) exacerbations are attributed 
to fluid retention and overall congestion, and contribute to symptom severity and 
overall outcomes [4]. Given the inciting factor being overt congestion, the goal of 
management revolves around diuresis, with loop diuretics being the modality of 
choice [5]. Although the mechanism of action with loop diuretics is clear, there are 
currently limited guidelines for the use of loop diuretics in the management of 
AHF [6] and their potential benefits in improving overall mortality remain 
debatable.

Chapter Key Points
• Pharmacokinetics of loop diuretics in acute heart failure
• Pharmacodynamics of loop diuretics in acute heart failure
• Impact of renal function on dosing strategies of loop diuretics to treat 

volume overload in acute heart failure
• Incidence and risk factors for worsening renal function and electrolyte 

disturbances in acute heart failure
• Prognostic impact of worsening renal function in acute heart failure, 

and relationship between worsening renal function and volume 
overload

• Treatment strategies when a rise in serum creatinine is observed during 
decongestive treatment in acute heart failure with a focus on renal 
preservation
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 Pharmacokinetics of Loop Diuretics in Acute Heart Failure

The ability to achieve appropriate decongestion with loop diuretics is dependent on 
various factors including adequate dosing, bioavailability, and half-life of each 
medication. The rate of drug delivery and response to loop diuretics is based on a 
sigmoidal-shaped dose-response curve that sits between both threshold and plateau 
concentrations [7, 8]. The goal in dosing is to achieve a sufficient concentration that 
will exceed the threshold (minimally effective dose) concentration. Due to the 
unique properties of each drug as well as the patient-specific response, tailoring and 
titrating the dose individually is required for optimization [9]. This optimal dose 
represents the maximally effective dose of diuretic capable of completely blocking 
sodium reabsorption at the level of the thick ascending limb within the Loop of 
Henle and varies amongst both choice of diuretic and patients, essentially a ceiling 
threshold to achieve [8, 9]. Previous literature indicates that the ceiling threshold 
represents the dosage at which a maximal response is elicited and a level that is not 
to be exceeded [9]. Conversely, a more recent review suggests that increasing the 
diuretic dose above the ceiling threshold causes further natriuresis by extending the 
time period at which the plasma diuretic concentration exceeds the natriuresis 
threshold [7].

Amongst the loop diuretics, furosemide has the most variable and limited 
bioavailability with an average bioavailability of 50% and ranging from as low as 
10–90% [7]. The absorption of furosemide is unpredictable and affected by numer-
ous factors including route of medication, absorption rates and presence of gastric 
contents. Intravenous furosemide is two times as potent as oral formulations in 
patients with preserved renal function, allowing for prolonged periods of time at 
which the peak plasma concentration surpasses the natriuresis threshold and pro-
motes diuresis [7]. The increased intestinal edema and reduced intestinal blood flow 
often seen in congestive heart failure reduces absorption rates via a reduction in the 
overall peak plasma concentration, thus keeping plasma concentrations below the 
natriuresis threshold. As with edema, intake of oral furosemide along with enteral 
feed alters the rate of absorption via prolongation of gastric emptying times, which 
affect peak concentration and time to peak concentration, as well as buffering gas-
tric contents via alkalization of normally acidic gastric fluids beyond the optimal pH 
for diuretic absorption [7, 8]. When compared to furosemide, torsemide and 
bumetanide both exhibit improved and less variable bioavailability (80–100%)(9) 
without the hindrance of absorption-limiting kinetics [7].

Amongst the three oral loop diuretics, torsemide has the longest half-life in heart 
failure patients (6  hours) compared to furosemide (2.7  hours) and bumetanide 
(1.3 hours) [9]. The significance of this relates to typical dosing schedules of diuret-
ics and inadequate amounts of diuretics at the site of action, which generally lead to 
periods of post-diuretic sodium retention and a braking phenomenon. Post-diuretic 
sodium retention is a compensatory mechanism in place to equilibrate sodium levels 
following periods of elevated diuretic-induced sodium losses [10]. During this 
period, patients are vulnerable for rapid retention of dietary sodium that can poten-
tially nullify the natriuresis previously achieved, which stresses the importance of 
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maintaining a negative sodium balance [7]. Another post-diuretic adaption is activa-
tion of the sympathetic nervous system and the renin-angiotensin-aldosterone sys-
tem (RAAS) leading to nephron remodeling, which prevents long-term extracellular 
volume contraction after periods of aggressive diuresis and can potentially lead to 
diuretic resistance in a persistently congested patient [7, 10]. These findings suggest 
the need to limit once a day dosing of diuretics as well as an evaluation of appropri-
ate dosing schedules to prevent diuretic resistance.

 Pharmacodynamics of Loop Diuretics in Acute Heart Failure

The pharmacodynamics of loop diuretics revolve around blockade of sodium chloride 
reabsorption at the level of the loop of Henle. Loop diuretics bind directly to the 
translocation pocket located on the extracellular surface of the sodium-potassium- 
chloride-cotransporter (NKCC), which is an electroneutral transporter mediating 
inward movement of ions across membranes, and blockade prevents ion transport 
[11]. There are two isoforms of the NKCC cotransporters, NKCC1 and NKCC2, 
with the renal-specific isoform, NKCC2, being located on the apical surface of the 
thick ascending limb along the loop of Henle and the ubiquitous isoform, NKCC1, 
located throughout the body including in the ear [7, 12]. Both isoforms are inhibited 
by loop diuretics. However, blockade of the NKCC2 cotransporter on the thick 
ascending limb, which is responsible for the reabsorption of up to 25% of filtered 
sodium and chloride, leads to natriuresis of extracellular volume [7]. NKCC2 
blockade at the level of the epithelial cells of the macula densa can contribute to 
fluctuations in glomerular filtration due to imbalances in increased renin secretion as 
well as inhibition of the tubuloglomerular feedback [7–12]. Specifically, this activity 
at the level of the macula densa has opposing forces on glomerular filtration, with 
renin secretion leading to increased angiotensin II activation and decreased filtration 
rates while inhibition of tubuloglomerular feedback preserves filtration rates [13]. In 
addition to the action at the level of the nephron, loop diuretics also have a direct 
impact on systemic hemodynamics. These properties are dose-dependent and are 
responsible for the activation of RAAS, via renin secretion, and vasodilation of renal 
vasculature secondary to inhibition of the NKCC1 [14].

 Impact of Renal Function on Dosing Strategies of Loop 
Diuretics to Treat Volume Overload in Acute Heart Failure

Elevated serum creatinine is a frequently encountered complication in the 
management of AHF and has commonly been used as a surrogate endpoint in many 
of the heart failure trials, with its high association with poor outcomes [15]. High-
dose loop diuretics, which are often necessary for achieving a decongested state, 
have been associated with a higher incidence of elevated serum creatinine and poor 
outcomes, which has led to their judicious use [7, 16–18]. Gottlieb et al. showed that 
the use of intravenous furosemide in a volume overloaded state induces a significant 
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reduction in glomerular filtration rate (GFR) by 25% [19] and this demographic was 
predisposed to developing acute kidney injury (AKI) [20]. However, the association 
between worsening renal function (WRF), defined as an increase of >0.3 mg/dL in 
Cr, and poor outcomes has been linked to baseline CKD, sparing patients with nor-
mal or mildly impaired renal function [15, 17]. More recently, studies have called 
into question the validity of Cr to act as a uniform marker for predicting prognosis, 
given that each patient has a unique response of the GFR to changes in central 
venous pressure [21–24].

Many strategies exist regarding dosing of loop diuretics in an AHF exacerbation. 
The Diuretic Optimization Strategies Evaluation (DOSE) trial, which compared 
high-dosage to low-dosage administration, as well as continuous infusion versus a 
bolus delivery, found that there was no significant difference between approaches of 
delivery or dosage amounts [25]. There was however a non-statistically significant 
trend toward better symptomatic improvement in high- versus low-dosage strategies 
and higher rates of AKI in the continuous administration arm [25]. A subsequent 
study further investigated continuous infusions compared to a bolus approach and 
also observed that continuous infusion was associated with increased rate of AKI 
despite improvements in B-type natriuretic peptide (BNP) and increased urine out-
put [26].

 Incidence and Risk Factors for Acute Kidney Injury in Acute 
Heart Failure

The majority of heart failure patients have some degree of renal impairment and this 
population is predisposed to an increased relative risk of mortality of up to 50% 
compared to patients with normal renal function [27]. More than 40% of patients 
with chronic heart failure have a GFR <60 mL/min/1.73m2, which meets the criteria 
for CKD stage 3 [28]. An analysis of the Acute Decompensated Heart Registry 
(ADHERE) database revealed that at least moderate renal dysfunction was present 
in 63.6% of patients admitted with AHF [29, 30].

Patients with more severe degrees of renal impairment have a further com-
pounded risk of prolonged hospitalization and risk of death in the immediate post- 
discharge period [31]. Additionally, patients with existing CKD who experience a 
severe AKI during hospitalization are at a high risk for progressing to end-stage 
renal disease (ESRD) within 30 days of discharge (49% compared to 1.9% of CKD 
patients without AKI) [32]. Diabetes is another strong risk factors for the develop-
ment of CKD, with 35% of diabetics having developed baseline kidney dysfunc-
tion [33]. Hospitalization places these patients at higher risks for developing AKI 
while inpatient and 30% will experience a subsequent episode of AKI after dis-
charge [34].

AKI during AHF treatment can vary based on numerous factors and its incidence 
ranges from 20% to 70%. It has been associated with poor outcome, including pro-
longed hospitalizations, readmissions and increased mortality [15, 17, 18]. Given 
the poor outcomes associated with reduced GFR, certain risk factors for elevations 
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in Cr have been identified. These include decreased renal blood flow, increased 
renal venous congestion via increased central venous pressure, and increased 
abdominal pressure [22, 35–37].

 Prognostic Impact of Worsening Renal Function in Acute Heart 
Failure and Relationship Between Elevations in Serum 
Creatinine and Volume Overload

Due to its association with poor outcomes, elevated Cr levels have been commonly 
used as an end-point in many AHF trials [15, 27, 38, 39]. However, more recent 
studies call into question the validity of Cr as a surrogate for prognosis and rather 
place a greater emphasis on the individual’s baseline renal function as the key 
determinant of prognosis (Fig. 10.1) [22, 40, 41]. In a post-hoc analysis of the 
Evaluation Study of Congestive Heart Failure and Pulmonary Artery 
Catheterization Effectiveness (ESCAPE), Beta-blocker Evaluation of Survival 
Trial (BEST), and Studies of Left Ventricular Dysfunction (SOLVD) trials, 

Hazards Ratio
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Fig. 10.1 Forrest plots of worsening versus improved renal function, defined as a change in serum 
creatinine >0.3 mg/dL. The graph demonstrates the wide range of hazard ratios, both statistically 
significant and insignificant, which has led to the questioning of serum creatinine’s use as a valid 
surrogate marker for outcomes. (a) Hazard ratios in the setting of elevated serum creatinine. (b) 
Hazard ratios in the setting of decreasing serum creatinine

E. Gracia et al.



143

isolated elevations in Cr failed to carry any prognostic significance [42]. However, 
when elevations in Cr occur alongside spikes in blood urea nitrogen (BUN), 
there was a significantly higher mortality (HR  =  1.59, 95% CI 1.34–1.88, 
p < 0.0001) compared to patients with stable BUN (HR = 0.71, 95% CI 0.49–
0.96, p = 0.042) [43].

In contrast, elevations in Cr in the setting of hemoconcentration, which often 
occurs with more aggressive diuretic regimens, have been shown to lead to a sub-
stantially lower risk of mortality, owing to greater fluid and weight loss, greater 
reduction in right atrial and pulmonary arterial wedge pressures [40]. Similarly, 
when occurring in the setting of aggressive diuresis or during the introduction of 
RAAS blockade, there was a paradoxical association between rising Cr and 
improved outcomes [15]. Thus, Cr may not be a reliable prognosticating tool, and 
may lead to the exclusion of many beneficial AHF therapies (Fig.  10.1a, b, 
Table 10.1) [41].

Table 10.1 Hazard of all-cause mortality with worsening versus improving renal function in 
heart failure

Group Year
Ref 
# Study HR, 95%CI

Worsening renal function
Brisco 
et al.

2016 15 Post-hoc analysis of the DOSE trial with 301 
acute heart failure patients

1.17 (0.77–1.78)

Testani 
et al.

2010 40 Post-hoc analysis of the ESCAPE trial with 
433 heart failure patients with ejection 
fraction <30% and elevated creatinine levels

1.40 (0.78–2.40)

Damman 
et al.

2007 38 Meta-analysis of 18,634 heart failure patients 
with worsening renal function

1.65 (1.42–1.88)

Smith 
et al.

2006 27 Meta-analysis of 80,098 hospitalized and 
non- hospitalized heart failure patients with 
renal impairment

1.56 (1.53–1.60)

Brisco 
et al.

2014 39 Post-hoc analysis of the INTERMACS 
registry with 3363 patients on mechanical 
support for heart failure with renal function 
followed up to 1 year post device implantation

1.63 (1.15–2.13)

Improving renal function
Brisco 
et al.

2016 15 Post-hoc analysis of the DOSE trial with 301 
acute heart failure patients

2.52 (1.57–4.03)

Testani 
et al.

2010 40 Post-hoc analysis of the ESCAPE trial with 
433 heart failure patients with ejection 
fraction <30% and elevated creatinine levels

0.38 (0.18–0.78)

de Silva 
et al.

2006 24 Observational prospective study of 1216 heart 
failure patients

0.80 (0.60–1.00)

Brisco 
et al.

2014 39 Post-hoc analysis of the INTERMACS 
registry with 3363 patients on mechanical 
support for heart failure with renal function 
followed up to 1 year post device implantation

1.64 (1.19–2.26)

Abbreviations: CI confidence interval, Ref reference, DOSE Diuretic Optimization Strategies 
Evaluation, ESCAPE Evaluation Study of Congestive Heart Failure and Pulmonary Artery 
Catheterization Effectiveness; HR hazard ratio, INTERMACS Interagency Registry for 
Mechanically Assisted Circulatory Support
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 Alternative Markers of Renal Function in Heart Failure

Due to the inability of Cr alone to accurately predict renal injury in the setting of 
AHF, several alternative markers of renal injury have been proposed that identify 
renal injury sooner and more reliably. Elevated levels of specific urinary markers 
such as neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule-
 1 (KIM-1), and interleukin-18 (IL-18), have been shown to correlate with renal 
injury and impairment in natriuresis and diuresis in patients with acute HF but did 
not necessarily predict AKI or persistent renal impairment [44]. In the ROSE (Renal 
Optimization Strategies Evaluation) sub-study, urinary levels of NGAL, NAG 
(N-acetyl-β-d-glucosaminidase) and KIM-1 did not track with changes of either Cr 
or cystatin C [45]. Furthermore, WRF and rise in tubular injury biomarkers follow-
ing aggressive diuresis was associated with a paradoxical trend toward improved 
outcomes [45]. Meanwhile, newer renal function biomarkers, such as insulin-like 
growth factor-binding protein 7 (IGFBP7) and tissue inhibitor of metalloproteinase-
 2 (TIMP-2), have demonstrated a higher overall sensitivity and ability to differenti-
ate between AKI and non-AKI conditions including CKD, when compared with 
NGAL or KIM-1, even though in this critical care study population only 17% 
patients have HF (Table 10.2) [46].

 Treatment Strategies When a Rise in Serum Creatinine Is 
Observed During Diuresis in Acute Heart Failure with a Focus 
on Renal Preservation

The pathogenesis of AHF centers around congestion, which ultimately leads to 
organ dysfunction via persistently elevated central venous pressures and hypoper-
fusion of the kidneys [47]. During severely decompensated AHF, markedly reduced 
renal blood flow and extremely elevated renal vascular resistance generates a drop 

Table 10.2 Novel biomarkers for detection of renal injury

Markers of acute kidney injury Function AUC, 95%CI
Insulin-like growth factor-
binding protein 7 (IGFBP7)

Inducer of G1 cell cycle arrest 0.77
(0.71–0.82)

Tissue inhibitor of 
metalloproteinase-2 (TIMP-2)

Inducer of G1 cell cycle arrest 0.75
(0.70–0.80)

Neutrophil gelatinase-
associated lipocalin (NGAL)

Synthesized in renal tubular tissue and 
upregulated during kidney injury

0.66
(0.60–0.71)

Kidney injury 
molecule-1(KIM-1)

Transmembrane protein, upregulated 
during proximal tubular injury

0.66
(0.61–0.72)

Interleukin-18(IL-18) Cytokine and mediator of renal 
ischemia- reperfusion injury

0.65
(0.60–0.71)

The univariate area under the receiver-operating characteristics curve was based on RIFLE I or F 
occurring between 12–36 hours after sample collection
AUC area under the curve, CI confidence interval
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in GFR without a compensatory activation of the RAAS that preserves perfusion to 
vital organs including the brain and heart via an increase in filtration fraction [48].

The current treatment of AHF with diuretics, which acts to reduce arterial 
volumes, predisposes patients with more severe heart failure exacerbations to 
elevations in Cr levels [48]. In order to address the issue of reduced intravascular 
volumes leading to elevations in Cr, several small studies have looked at the com-
bination of hypertonic saline with high-dose loop diuretics to augment deconges-
tion and its effects on mortality and readmissions rates. In a small, single-blinded 
study involving 107 patients with refractory congestive heart failure, the use of 
hypertonic saline along with high-dose loop diuretics was associated with lower 
mortality (45.3% versus 87% in conventional treatment), which was attributed to 
the instantaneous mobilization of fluids into the intravascular space via the 
increased oncotic pressure of hypertonic saline [49]. This combination of hyper-
tonic saline with high-dose loop diuretics lead to an overall reduction in atrial 
natriuretic peptide, B-type natriuretic peptide, and immune-inflammatory markers 
and achieved more rapid weight reduction and reduced hospitalization duration 
and 30-day readmission rates [50–52].

Another potential adjunct may be the use of serelaxin in the prevention of 
WRF. By acting as a vasodilator, serelaxin reduces end-organ damage by improving 
renovascular blood flow during AHF exacerbations, which may work to prevent 
diuretic-induced WRF [53]. Additionally, there is a rationale for the supplementa-
tion of thiamine to a patient on prolonged diuretic use. Loop diuretics, specifically 
furosemide, lead to increased urinary excretion of thiamine [54]. Thiamine supple-
mentation was associated with an improvement in left ventricular ejection fraction, 
which translated into improved cardiac function and urine output [55].

In patients with AHF and WRF, renal adjuvant therapy with the use of low-dose 
dopamine has been used to augment decongestion while preserving renal perfusion 
during diuresis, leading to more electrolyte homeostasis, reduced hospital lengths of 
stay and decreased rates of 30-day readmissions [56, 57]. However, in a large, mul-
ticenter, randomized study looking at a population with CKD, it was shown that the 
addition of low-dose dopamine to diuretic therapy did not lead to enhanced decon-
gestion nor improvement in renal function when compared to isolated diuretic ther-
apy [58].

Inappropriately elevated levels of arginine-vasopressin during AHF lead to 
increased water retention, contributing to both congestive symptoms and electrolyte 
abnormalities. Tolvaptan, a V2 receptor antagonist, blocks the antidiuretic effects of 
this hormone and leads to improved fluid excretion and improved renal function 
[59, 60]. Although useful in achieving additional diuresis, the use of tolvaptan was 
not associated improved long-term mortality benefits nor heart failure-related mor-
bidity [60].

Diabetes is associated with a substantial risk for the development of renal disease 
[33, 61]. Inhibition of the sodium glucose transporter-2 (SGLT-2) promotes fluid 
excretion via blockage of glucose reabsorption in the proximal tubules and promot-
ing glycosuria [62]. In addition to aiding with glucose control and body weight, 
treatment with SGLT-2 inhibitors was associated with a lower risk of hospitalization 
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for heart failure, progression of albuminuria, and loss of kidney function compared 
to placebo groups as well as a significant reduction in death from cardiovascular 
causes, non-fatal myocardial infarctions, and non-fatal strokes (HR 0.86, 95%CI 
0.75–0.97) [63].

An additional method for achieving diuresis in the setting of worsening Cr 
levels is to augment diuresis through the blockade of aldosterone via mineralo-
corticoid receptor antagonists. Via competitive binding of receptors at the 
aldosterone- dependent sodium-potassium exchange site in the distal convoluted 
tubules and collecting ducts, spironolactone increases sodium and free water 
excretion while retaining potassium. However when compared to placebo, 
upfront high-dose spironolactone (100 mg daily for 96 hours) for patients with 
acute HF was well tolerated but did not improve change in NT-proBNP levels, 
clinical congestion score, dyspnea assessment, net urine output, or net weight 
change [64].

 Treatment Pearls for the Case Vignette

Loop diuretics remain the cornerstone of therapy for the management of AHF, with 
their appropriate use, as in the case vignette, leading to resolution of symptoms as 
well as achieving clinical and subclinical decongestion. Commonly, AHF patients 
develop elevations in Cr as a consequence of diuretic use, which has led to cautious 
use of this vital therapy. Numerous studies have shown however that the poor out-
comes associated with WRF are actually attributable to baseline kidney dysfunc-
tion, with higher incidences and poor outcomes associated with more severe 
CKD. Given this fact, the use of Cr as a marker of prognosis in AHF may not be 
accurate without taking into account the overall clinical picture, specifically whether 
or not WRF is taking place in the setting of appropriate decongestion. Therefore, we 
are confident Mr. Y is ready for discharge.
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11Loop Diuretic Resistance in a Patient 
with Acute Heart Failure

Zachary L. Cox and Jeffrey M. Testani

Case Vignette
Mrs. X is a 69 year old woman who has been admitted with acute heart fail-
ure. A diagnosis of an idiopathic dilated cardiomyopathy was made 2 years 
earlier. Currently, left ventricular ejection fraction on transthoracic echocar-
diography is 32% and maintenance therapy includes furosemide 40 mg twice 
daily, ramipril 2.5 mg twice daily, carvedilol 6.25 mg twice daily and spirono-
lactone 25  mg daily. Her blood pressure is 137/84  mmHg and her HR is 
74 bpm. Her exam reveals good signs of perfusion but her jugular venous 
pressure is to the angle of the jaw and she has pitting edema to her thighs. 
Laboratory analysis reveals a serum creatinine of 1.6 mg/dl which is up from 
her baseline of 1.4 mg/dl. Because of signs and symptoms of volume over-
load, Mrs. X is treated with intravenous boluses of furosemide. The furose-
mide dose has been progressively increased from 40 mg twice daily on the 
first day of the admission to 120 mg twice daily on the third day. However, net 
weight loss is only 1 kg, despite persistent clinical signs of volume overload. 
Urine output has decreased from 1750 mL during the first 24 h to 800 mL 
during the last 24 h.
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 Brief Discussion of the Case

Mrs. X clearly has diuretic resistance as she is hypervolemic and her rate of diuresis 
is not satisfactory despite intravenous (IV) diuretic administration six-fold higher 
than her oral home diuretic regimen (assuming oral bioavailability of 50% for furo-
semide). Pre-Nephron diuretic resistance is less likely as she is hemodynamically 
stable. Her renal dysfunction is not severe enough to cause this degree of diuretic 
refractoriness. The dose-response curve for loop diuretics can be dynamic during 
the treatment of acute HF and are shifted far to the right in HF. Therefore, loop of 
Henle diuretic resistance should be the initial treatment target. Her IV loop diuretic 
regimen should be increased to 200–240 mg IV at least every 8 h to ensure the loop 
diuretic concentration in the nephron exceed the current diuretic threshold. While 
Post-Loop of Henle diuretic resistance is the primary mechanism of diuretic resis-
tance, use of combination nephron blockade with thiazides to target distal tubule 
resistance has been associated with a higher risk of electrolyte abnormalities, kid-
ney dysfunction, and mortality in observational studies. Therefore, we advocate 
maximizing loop diuretics as the first strategy before pursuit of combination neph-
ron blockade aimed at post-Loop of Henle diuretic resistance. If diuretic efficacy is 
not restored with the increased loop diuretic regimen, a thiazide such as metolazone 
5–20  mg orally daily should be added. Kidney function, serum sodium, serum 
potassium, and other electrolytes should be monitored at least daily. If the decon-
gestive goals are still not met, an individualized care plan with a HF specialist is 
required and may include hemodynamic guided medical therapy and/or additional 
diuretic adjuvants such as high dose potassium sparing diuretics, proximal tubular 
diuretics such as acetazolamide, or agents such as dopamine continuous infusion.

 Defining Diuretic Resistance in Acute Heart Failure

Symptoms of hypervolemia are present in the majority of acute heart failure (AHF) 
hospitalizations [1, 2]. Intravenous (IV) loop diuretics are the cornerstone of decon-
gestive therapy in AHF, utilized in 80–90% of hospitalizations [2, 3]. Defining 
diuretic resistance requires subjective analysis of multiple components: (1) pres-
ence and magnitude of hypervolemia; (2) adequacy of the diuretic regimen; and (3) 
rate of net negative urine and sodium balance. The difficulty in defining diuretic 
resistance lies in the interdependent and difficult to measure nature of these 
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components. Despite the consensus that diuretic resistance is highly prevalent in 
AHF, no current definition exists. Qualitatively, diuretic resistance is an unsatisfac-
tory rate of diuresis/natriuresis despite an adequate diuretic regimen.

Diuretic resistance, by definition, does not consider the presence and magnitude 
of hypervolemia. Yet, euvolemia must be excluded as the reason for decreased 
diuresis, since the diuretic response will wane as euvolemia is approached, even if 
all other parameters remain constant. Measurements of hypervolemia are numerous, 
each with intrinsic limitations. Limitations of the physical exam include the reliance 
on the synthesis of multiple exam findings with low sensitivity and specificity for 
volume assessment [4, 5]. Physical examination performed by specialists only dis-
plays a sensitivity of 58% for hypervolemia when compared to a hemodynamically 
measured standard [6, 7]. Increases in serum bicarbonate, serum creatinine, and 
blood urea nitrogen (BUN) have diverse, non-volume mediated etiologies including 
medication effects, hemodynamic changes, and disease progression [8–11]. Because 
of the limited specificity for volume status [12–14], worsening renal function 
(WRF) alone is an unreliable marker of euvolemia. Patient-reported dyspnea was 
not associated with decongestion or euvolemia in the Diuretic Optimization 
Strategies Evaluation trial in Acute Heart Failure (DOSE-AHF) or the Cardiorenal 
Rescue Study in Acute Decompensated Heart Failure (CARRESS-HF) populations 
[15, 16]. Hemodynamic assessment of intravascular volume is the gold standard of 
euvolemia, although the invasive nature limits its widespread use. Ensuring 
euvolemia has not been achieved by the best possible methods is an important con-
sideration in defining diuretic resistance.

Diuretic resistance is only contemplated when the loop diuretic regimen is inten-
sive enough that it should yield diuresis, yet the decongestive rate is unsatisfactory. 
Did you consider the 120 mg of IV furosemide twice daily in the case vignette as 
adequate? Previous definitions of high-dose loop diuretics have included a total 
daily dose and weight-based threshold [17–19], but these are insufficient alone 
because they exclude the diuretic response. If the diuretic dose in the case vignette 
resulted in 8000 mL urine per day, diuretic resistance would not be present. Diuretic 
efficiency integrates the urine output in context of the loop diuretic dose, expressed 
as fluid output, weight change, or sodium output per mg of furosemide equivalents 
[20]. The absence of a set diuretic efficiency threshold is the greatest limitation in 
the assessment of diuretic resistance. Additionally, diuretic efficiency does not 
account for other concomitant diuretics. Despite these limitations, diuretic effi-
ciency has significant prognostic implications [20]. An adequate diuretic regimen 
will often be subjective considering the dose, frequency, utilization of other con-
comitant diuretics, and historical response to diuretics among other factors.

Decongestion rate can be easily assessed during diuresis using weight change 
and the net difference in volume input and urine output. Yet, these measurements are 
imprecise in clinical practice due to inaccurate measurements and other influential 
physiologic factors. Weight change and net urine output have a weak correlation in 
AHF clinical trials with rigorous measurement [r = −0.381 in the Acute Study of 
Clinical Effectiveness of Nesiritide in Decompensated Heart Failure (ASCEND-HF) 
and r = 0.55 in DOSE-AHF), highlighting the inaccurate measurement even in the 

11 Loop Diuretic Resistance in a Patient with Acute Heart Failure



156

best of circumstances [16, 21, 22]. Just as the onset of AHF symptoms is often asso-
ciated with minimal to no weight gain [23, 24], weight loss is an equally poor pre-
dictor of euvolemia and decongestive rate [16, 21]. Net urine output without 
consideration of diuretic dose and frequency or fluid intake is a misleading metric 
for diuretic resistance. Osmoregulation is often preserved in AHF and thus fluid 
intake dictates urine output. Most AHF patients ingesting 3 L of water will make 
approximately 3  L of urine to preserve osmolality. Despite dietary orders to the 
contrary, fluid intake is poorly regulated during AHF hospitalization and signifi-
cantly influences urine output. Finally, the composition of the urine, not just the 
quantity, must be considered. Urine output measures the urine volume but neglects 
the primary driver of congestive symptoms, sodium. The urinary sodium concentra-
tion has wide interpatient variability [25], with 40% of patients excreting <50 mmol 
sodium within 6 h after an IV loop diuretic dose [26]. While sodium output is a 
better measure of decongestive rate, it has the same practical limitations as a 24 h 
urine collection [27, 28].

A quantitative definition of diuretic resistance that will apply to all patients in all 
circumstances cannot be designed. Spot urinary sodium measurements are a prom-
ising approach to measuring diuretic response. By collecting a spot urine sample 
1–2 h after the administration of an IV loop diuretic dose, the total sodium excretion 
over the 6 h working duration of the loop diuretic and the day can be calculated by 
the following equation:

 

Na output mmol eGFR BSA Cr CrSerum Urine( ) = ´( )´( )
´ ´

/ . /

min .

1 73

60 2 5 hh Na mlUrine´( )/1000  

Na = sodium; eGFR = estimated glomerular filtration rate, BSA = body surface 
area, CrSerum = serum creatinine; CrUrine = urine creatinine; h = hours; NaUrine = uri-
nary sodium concentration

Predicted sodium output using this equation has a strong correlation with the 
measured sodium output (r = 0.91, p < 0.0001), facilitating early discernment of 
natriuretic resistance to a diuretic dose [26]. Spot urine sodium is limited as a com-
plete diuretic resistance metric because it does not incorporate diuretic dose. Unlike 
diuretic efficacy which lacks a threshold value, a predicted sodium output <50–
70 mmol/L predicts a positive sodium balance with twice daily IV loop diuretic and 
is associated with worse heart failure outcomes [26, 29, 30]. By identifying patients 
with natriuretic resistance within 1–2 h, clinicians can make rapid diuretic titrations 
to overcome diuretic resistance.

 Prognostic Impact of Diuretic Resistance in Acute Heart Failure

The prognostic impact of diuretic resistance varies with the definition of diuretic 
resistance employed and retains the defining metric’s limitations. At the most 
extreme, diuretic resistance requiring mechanical volume removal denotes a 
poor prognosis [31]. In the absence of randomized trials comparing therapies for 
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diuretic resistance, it is unknown whether it is the presence of diuretic resistance 
itself or the resultant decongestive therapies that confer prognostic value. Loop 
diuretics increase neurohumoral activation regardless of the volume state, dose, 
or diuretic response [32, 33]. Initial literature evaluating prognosis focused on 
the diuretic dose, with an assumption of diuretic resistance. An almost linear 
association between increasing mortality and increasing IV furosemide daily 
doses occurred in a multivariate analysis of the ESCAPE [34]. Subsequent analy-
ses adjusted for other covariates to investigate whether high loop diuretic doses 
were simply a surrogate for severity of illness or a driver of poor outcomes. After 
applying propensity score matching to balance for illness severity, an analysis of 
the Acute Heart Failure Global Survey of Standard Treatment (ALARM-HF) reg-
istry found that the association between IV diuretic dose and mortality was no 
longer present [19]. The DOSE-AHF trial randomized patients to a high or low 
dose loop diuretic strategy, allowing insight into the relative impact of the benefi-
cial (decongestive) effects of higher diuretic dose and the potential harmful 
effects (neurohumoral activation) [35]. The DOSE trial found no effect on 60-day 
death or rehospitalization between those randomized to high or low dose IV 
diuretics, although the prevalence of diuretic resistance was unknown [36]. 
Further analyses of the DOSE-AHF trial found a benefit in 60-day outcomes in 
patients randomized to a high-dose loop diuretic strategy, after adjusting for 
cumulative dose, but this effect was eliminated after adjusting for the resulting 
net urine output [35]. Change in renin-angiotensin- aldosterone system (RAAS) 
biomarkers during diuresis did not differ between the high and low dose groups 
and were not associated with 60-day outcomes in the DOSE-AHF trial [33]. The 
potential for dose-related harm from loop diuretics cannot be excluded, although 
the decongestive benefits of high dose loop diuretics appear to offset potential 
adverse effects.

Diuretic efficiency, as a proxy of diuretic resistance, has been employed to sepa-
rate the prognostic effect of decongestive therapy intensity from resistance itself. 
Using diuretic efficiency above and below the median value, patients in the ESCAPE 
with low diuretic efficiency had increased mortality (HR 3.57; 95% CI 1.46–8.73; 
p = 0.005), with those exhibiting low diuretic efficiency on high loop diuretic doses 
having the worst prognosis [20]. Consequently, diuretic resistance is known to con-
fer a worse prognosis when: (1) high dose loop diuretics are required with sustained 
low diuretic efficiency or (2) resistance prohibits achievement of euvolemia with 
medical therapy.

 Mechanisms of Loop Diuretic Resistance and Mechanism- 
Based Therapies to Restore Diuretic Efficacy in Acute Heart 
Failure

Thus far, diuretic resistance has been discussed as a maladaptive process, but 
there are beneficial adaptations to diuretics. A discussion of the frequently used 
term diuretic braking is illustrative in distinguishing maladaptive diuretic 
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resistance and beneficial adaptation to diuretics. Diuretic braking describes the 
tachyphylaxis to the same diuretic regimen, but is not an actual mechanism [37]. 
For example, a patient with a glomerular filtration rate (GFR) of 120 mL/min fil-
ters ~1400 g salt a day. If the initial diuretic response excreting 20% of filtered 
sodium persisted, a continuous loop diuretic infusion would excrete 280 g of salt 
and 50 L of urine daily. In response to the immediate natriuresis, renal autoregula-
tion and diuretic braking preserve the GFR and provides a safety net allowing 
loop diuretic therapy. Thus diuretic braking is not only beneficial in these circum-
stances, but is the primary mechanism by which loop diuretics do not have an 
unacceptably small therapeutic window. Diuretic braking fails to distinguish 
between mechanisms of beneficial renal adaptation and maladaptive diuretic 
resistance. In classifying maladaptive diuretic resistance, a more descriptive 
nomenclature that describes the mechanism should be employed. Maladaptive 
diuretic resistance limiting decongestive goals, which may be mechanistically the 
same as beneficial diuretic braking, can be broadly categorized as pre-nephron 
diuretic resistance and intra-nephron diuretic resistance (Fig. 11.1). Intra-nephron 
diuretic resistance can further be divided into pre-loop of Henle diuretic resis-
tance, loop of Henle diuretic resistance, and post-loop of Henle diuretic resistance 
(Fig. 11.1).

Fig. 11.1 Mechanisms of diuretic resistance
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 Pre-nephron Diuretic Resistance

Historical literature focusing on pre-nephron and pre-loop of Henle diuretic resis-
tance was performed in healthy subjects or cohorts with hypertension or chronic 
kidney disease [38–44]. The application of these findings to the AHF patient on 
modern medical therapies is uncertain. Cardiorenal hemodynamics represent a 
potential mechanism of pre-nephron diuretic resistance. Poor cardiac output to the 
kidney was initially believed to be the predominant driver of cardiorenal syndrome 
and diuretic resistance, but multiple recent analyses have since illustrated that car-
diac output is not the primary driver on a population level [13, 14, 45]. Venous 
congestion, often approximated by elevated right atrial pressure or high intra- 
abdominal pressure, has been proposed to contribute to diuretic resistance through 
a reduction in the arterial to venous pressure gradient at the glomerulus. An analysis 
of the ESCAPE found no difference in baseline right atrial pressure, pulmonary 
arterial wedge pressure, or cardiac output between patients experiencing high or 
low diuretic efficiency [20]. Vasodilators such as nesiritide, ularitide, serelaxin, and 
milrinone failed to augment diuresis by metrics of urine output, IV loop diuretic 
duration of use, or weight loss in patients with AHF [46–50]. Dopamine at 2 μg/kg/
min did not increase urine output compared to placebo in a trial of AHF patients 
undergoing decongestion with IV loop diuretics [48]. Dopamine trended toward 
increasing urine volume in those with a baseline systolic blood pressure less than 
114 mmHg [48]. Higher diastolic blood pressure predicted greater urine output in 
the ASCEND-HF trial, although possibly driven by confounding by indication [46]. 
To the contrary, RAAS antagonism, even in the setting of a blood pressure reduc-
tion, may actually improve the natriuretic response to a loop diuretic [51, 52]. 
Activation of the RAAS varies greatly during decongestion with both diuretics and 
mechanical volume removal and has unclear associations with diuretic resistance 
[33, 53]. It remains unclear which patients with lower mean arterial pressures and 
diuretic resistance should have a temporary cessation in medications that lower 
blood pressure with initiation of dopamine at 2 μg/kg/min versus those in whom 
RAAS antagonists should be continued or uptitrated.

Hypoalbuminemia was considered as a pre-nephron diuretic resistance 
mechanism because all loop diuretics are >90% bound to albumin [54–56]. 
Hypothesized mechanisms include a reduced intravascular volume available 
for diuresis and decreased delivery of loop diuretics to the nephron [57]. The 
majority of literature evaluating the benefit of IV albumin replacement with IV 
furosemide was performed in nephrotic syndrome or cirrhosis utilizing IV furo-
semide doses of only 40 mg [41, 58, 59]. A small, retrospective study of patients 
with a serum albumin <3 g/dL hospitalized for AHF found no difference in net 
urine output nor diuretic doses needed for diuresis compared to patients with 
normal serum albumin concentrations [60]. Analysis of the DOSE-AHF and the 
Renal Optimization Strategies Evaluation in Acute Heart Failure (ROSE-HF) tri-
als found no association between baseline serum albumin concentrations and 
weight loss (p = 0.43), diuretic efficiency (p = 0.53), or freedom from congestion 
(p = 0.30) at 72 h [61].
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The relationship between sodium and heart failure outcomes is complex [62]. 
The traditional paradigm teaches that high sodium intake is a driver of pre-nephron 
diuretic resistance [38, 63]. However, several investigations in AHF populations 
indicate that a higher sodium intake might be beneficial if a greater net sodium 
removal is achieved [64]. Hypertonic saline administered with high-dose loop 
diuretics produced greater urinary sodium excretion, urine volume, and faster 
achievement of euvolemia than high-dose loop diuretics alone among heart failure 
patients failing oral combinations of loop and thiazide diuretics [65–67]. However, 
the quality of data supporting this approach is limited, and it cannot be recom-
mended at this time [68]. Likewise, there is insufficient evidence to recommend any 
specific dietary sodium limitation for patients with AHF undergoing diuresis [64]. 
Lastly, non-steroidal anti-inflammatory drugs inhibit renal prostaglandin synthesis 
leading to a decreased renal blood flow and impaired natriuresis [69, 70].

 Pre-loop of Henle Diuretic Resistance

Initially believed to be significant contributors to diuretic resistance from impaired 
drug delivery to the site of action, renal function and albuminuria are less influential 
mechanisms of diuretic resistance compared to tubular handling of sodium. In the 
novel “The House of God”, we see renally-based diuretic adjustments taught with 
“age + BUN = Lasix dose” [71], which contemporary medical pocket resources 
continue [72]. Proposed diuretic resistance mechanisms of renal dysfunction are 
listed in Fig. 11.1. Renal dysfunction is a mechanism of pre-loop of Henle diuretic 
resistance in chronic kidney disease populations, but is less relevant in the contem-
porary heart failure patient prescribed an adequate diuretic dose. Estimated glo-
merular filtration rate (eGFR) poorly correlates with net fluid output (r2  =  0.0; 
p = 0.35) and diuretic efficiency (r2 = 0.02; p < 0.001) in the ESCAPE [20]. BUN 
was significantly associated with low diuretic efficiency (OR 1.19 per 10  g/dL 
increase in BUN; p = 0.005) in a multivariate model incorporating eGFR, which 
could be a result of increased neurohumoral activation and/or competition with loop 
diuretic entry into the nephron. Similarly, elevated BUN but not reduced eGFR 
predicted urine output in the ASCEND-HF trial [46]. When evaluating the relative 
importance of diuretic delivery and renal tubular response, eGFR did not predict 6 h 
net fluid or net sodium output [73]. Patients with a low eGFR had decreased diuretic 
delivery to the kidney, with eGFR (r = 0.58; p = 0.001) and urea clearance (r = 0.75; 
p = 0.001) showing strong correlation with urinary diuretic concentration. However, 
patients with lower eGFR compensated for decreased diuretic concentrations by 
producing greater fractional excretion of sodium at 6  h. Renal function in heart 
failure has no impact on the individual nephron’s filtrate, but does influence total 
natriuresis, although at a less significant degree than loop of Henle and post-loop of 
Henle diuretic resistance. In summary, renal dysfunction is much less of an impor-
tant mediator of diuretic resistance in AHF than traditional teaching implies.

Albuminuria might contribute to diuretic resistance by binding loop diuretics in 
the urine as they do in the serum, decreasing the quantity of free drug able to bind 
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to the Na+/K+/2Cl− symporter [72]. Literature supporting this hypothesis was per-
formed in animal models of nephrotic syndrome [74–76], raising questions of its 
relevance in AHF. Patients with AHF and either normal albuminuria (45%), micro-
albuminura (42%), or macroalbuminuria (13%) exhibit very weak correlation 
between diuretic efficiency and urinary albumin concentrations [77]. Recent analy-
ses in humans with nephrotic syndrome also refute albuminuria as a primary mecha-
nism of diuretic resistance, making it implausible that albuminuria is a significant 
mechanism of diuretic resistance in AHF patients [78].

 Loop of Henle Diuretic Resistance

Loop of Henle diuretic resistance mechanisms are listed in Fig. 11.1. Diuretic resis-
tance from inadequate dose or frequency could be considered pseudo-diuretic resis-
tance, failing the adequate diuretic regimen portion of the diuretic resistance 
definition. However, 40 mg of furosemide in a normal volunteer will elicit a maxi-
mal natriuretic response, providing a low bar for an adequate dose. The loop diuret-
ic’s dose-response curve exhibits a sigmoidal pattern along a logarithmic 
relationship, with a threshold and a ceiling dose. The diuretic dose and infusion rate 
primarily determine the concentration in the lumen of the loop of Henle relative to 
the diuretic threshold. This relationship determines (1) the peak rate of diuresis and 
(2) the duration of diuresis as time above the threshold (Fig. 11.2a). A dose exceed-
ing the ceiling can still cause a greater diuretic response by maintaining a concentra-
tion above the threshold for a longer time (Fig.  11.2b). The ceiling and 
non-maladaptive adaptation shield against diuretic concentration-related harm, with 
the exception of potential ototoxicity at infusion rates >4 mg/min or furosemide 
equivalent bolus doses >500 mg [79, 80]. The scenario depicted in Fig. 11.2b can be 
advantageous if achieved with low diuretic doses. Diuretic thresholds and therefore 
the dose needed for diuresis display interpatient and intra-patient variability. When 
evaluating for loop of Henle diuretic resistance, the natriuretic response to the dose 
should first be considered. A low or moderate IV bolus dose of loop diuretic that 
produces less than 500 mL of urine or a spot urine sodium concentration <70 mmol/L 
at 2 h may result from the situation pictured in Fig. 11.2c. The primary limitation in 
this scenario is the time above the renal threshold and the dose should be increased 
to attempt a profile depicted in Fig. 11.2d.

Diuretic dose and frequency are interdependent in loop of Henle diuretic resis-
tance and both must be considered. If a 240 mg furosemide bolus produces 1500 mL 
of urine over 6 h, euvolemia would doubtfully be achieved if this dose was given 
once daily despite overcoming the dose-mediated diuretic resistance. Because the 
half-life of IV loop diuretics is short (~1–2 h), urinary concentrations fall below the 
diuretic threshold quickly with a duration of action that rarely exceeds 6 h [55, 56]. 
Typical twice daily dosing may provide diuretic concentration below the diuretic 
threshold for the majority of the day, allowing compensatory sodium reabsorbtion 
[37, 81]. Continuous infusions of loop diuretics that maintain the diuretic concen-
tration above the diuretic threshold should be advantageous [82]. The DOSE-AHF 
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Fig. 11.2 Loop diuretic pharmacokinetics. (a) The loop diuretic plasma concentration (y-axis) is 
plotted over time (x-axis) when given as an intravenous bolus. The Renal Threshold (red dotted line) 
is the diuretic concentration that must be exceeded to cause diuresis. The Renal Ceiling (blue dotted 
line) is the diuretic concentration above which no further increases in diuretic response are gained. 
The two boxes encasing the moment the diuretic concentration crosses the Renal Ceiling and Renal 
Threshold illustrates the sigmoidal dose-response relationship between the diuretic concentration 
(x-axis) and the natriuretic response (y-axis), with the blue dot representing the current loop diuretic 
concentration on this curve. (b) The loop diuretic plasma concentration (y-axis) is plotted over time 
(x-axis) when given as an intravenous bolus. The shaded area illustrates the area of the curve 
between the Renal Threshold and Renal Ceiling. While no further diuretic action is gained when a 
dose produces a diuretic concentration exceeding the Renal Ceiling, the total volume of diuresis can 
be increased as a function of maintaining a loop diuretic plasma concentration above the Renal 
Threshold for a greater time. (c) The loop diuretic plasma concentration (y-axis) is plotted over time 
(x-axis) when given as an intravenous bolus. The shaded area illustrates the area of the curve above 
the Renal Threshold. In this scenario, the diuretic response is minimal because of the limited time 
spent above the Renal Threshold. (d) The loop diuretic plasma concentration (y-axis) is plotted over 
time (x-axis) when given as an intravenous bolus. The shaded area illustrates the area of the curve 
above the Renal Threshold. By increasing the loop diuretic dose from Fig. 11.2c, the time above the 
Renal Threshold was increasing, causing a greater diuretic response
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trial hypothesized that continuous infusion dosing would be superior to dosing 
every 12 h [36, 82]. However, no difference was found in symptom improvement, 
urine output, or weight loss, although the population studied had an unknown preva-
lence of diuretic resistance. It is unknown why the pharmacokinetic advantage of 
continuous infusions has not translated into clinical benefits. In patients exhibiting 
diuretic resistance but with adequate natriuretic response to an IV bolus dose, con-
sideration can be given to the use of IV loop diuretics at greater frequencies to 
overcome frequency-mediated diuretic resistance, although data proving this theo-
retical approach is lacking. The major difference between this strategy and the null 
findings in the DOSE-AHF trial is that more frequent dosing also represents an 
uptitration of the total diuretic dose given in addition to increased frequency 
(Fig. 11.3).

 Post-loop of Henle Diuretic Resistance

The few contemporary studies in AHF patients indicate that the majority of diuretic 
resistance is primarily mediated by post-loop of Henle diuretic resistance. Compared 
to a pre-diuretic baseline, a median dose of IV furosemide 160 mg (40–270 mg) 
increased the amount of sodium estimated to be leaving the loop of Henle by 
12.6 ± 10.8% (p < 0.001) [83]. Yet, the fractional excretion of sodium only increased 
4.8  ±  3.3%, indicating 66% (25–85%) of the sodium leaving the loop of Henle 
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underwent distal tubular reabsorption. After controlling for loop of Henle diuretic 
resistance by using urine diuretic concentration, the increase in sodium leaving the 
loop of Henle only accounted for 6.4% of the increase in net fractional excretion of 
sodium. These findings were substantiated in a study administering IV bumetanide 
to 50 AHF patients which reported that in the majority (71%) diuretic response was 
related to intra-renal diuretic resistance via renal tubular changes [73]. Continuous 
loop diuretic exposure results in rapid distal tubular hypertrophy and hyperfunction 
in animal models [84–86]. Thus, a focus of restoring diuretic efficacy should be on 
blocking reabsorption in the distal tubules.

Fig. 11.3 Clinical decision process for addressing loop diuretic resistance

Diuretic Resistance Clinically Identified in Hemodynamically Stable Hypervolemic Patient

Exclude Causes of Pseudo-Diuretic Resistance:
• Urinary tract obstruction
• Inaccurate urine output or weight measurements
• Total body euvolemia with lymphedema or hypoalbuminemia
• Review mediation list for interacting medications

Yes

Yes

Increase IV Loop Dose
200% up to 300-500mg

of Furosemide Equivalents

Continue Current Loop IV
Dose

Frequency
of Administration:

Less than Every 6-8 Hours?

No

No

Continue Current Loop IV
Dose Every 6-8 hours

Increase Frequency to Every
6-8 Hours

Response to last IV Loop diuretic dose:
Low urine output ( < 500ml wtihin 2 hours)

or
Spot urine sodium less than 70mmol/L
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 Combination Blockage of the Nephron in Diuretic Resistance

When approaching diuretic resistance, clinicians should first ensure an adequate 
loop diuretic dose and frequency are prescribed before considering therapeutic 
strategies targeting post-loop of Henle diuretic resistance (Fig. 11.3). Combination 
nephron blockade with metolazone has been associated with increased risk of elec-
trolyte abnormalities, worsening renal function, and mortality compared to high- 
dose loop diuretics, indicating loop diuretics should be maximized as an initial 
strategy [87].

 Thiazide(-like) Diuretics

Thiazide (and thiazide-like) medications are the most commonly utilized medica-
tions to overcome loop diuretic resistance [88–90]. Thiazides should be the first 

Yes

Continue Current Loop IV
Dose Every 6-8 hours

and Thiazide

Add a Thiazide medication
at doses above and monitor

electrolytes at least daily

Individualized Care Plan Required:

• Consult Heart Failure Specialist or nephrologist

• Consider Hemodynamic-guided Care for assessment of
 inotropic or dopamine therapy as warranted
• Consider adding Spironolactone ≥ 100mg/day

• Consider adding Acetazolamide ≥ 500mg/day
• Consider ultrafiltration

No

Receiving Thiazide or Thiazide-Like Medication:
–Metolazone 5-20mg Daily

–HCTZ 50-200 mg Daily

–Or equivalent thiazide like diuretic

–IV Chlorothiazide 500-1000mg with each loop dose

Fig. 11.3 (continued)
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option to add to loop diuretics, as they inhibit sodium reabsorption in the distal con-
voluted tubules where the majority of remaining sodium reabsorption occurs after 
the loop of Henle. Despite experience spanning 50 years, common misconceptions 
regarding combining thiazides and loop diuretics persist [89]. Metolazone is often 
referred to as superior to other thiazide agents, but no solid evidence supports the 
use of metolazone over other thiazides, even in patients with low eGFR [89, 91–93]. 
Administration of thiazides 30 min prior to loop diuretics is not evidence- based, as 
most studies administered both simultaneously [89]. Furthermore, the erratic and 
delayed absorption profile of metolazone makes this practice irrelevant clinically 
and unnecessarily increases complexity [94, 95]. IV chlorothiazide has only been 
compared to oral thiazides in small retrospective studies limiting definitive conclu-
sions on efficacy differences [96]. Any thiazide at equipotent dose [97] in daily or 
divided doses is appropriate to add to loop diuretic therapy. Careful monitoring 
for hyponatremia, hypokalemia, and volume status is warranted with combination 
diuretic therapy to avoid adverse events [89].

 Mineralocorticoid Receptor Antagonists

Mineralocorticoid receptor antagonists at diuretic doses are employed with loop 
diuretics in cirrhotic ascites as the primary combination nephron blockade strategy 
[98, 99]. In AHF, non-diuretic doses (<50 mg/day) of mineralocorticoid receptor 
antagonists reduce morbidity and mortality [100], but investigations into larger, 
diuretic doses have been limited until the Aldosterone Targeted Neurohormonal 
Combined With Natriuresis Therapy—Heart Failure (ATHENA-HF) trial [101, 
102]. The ATHENA-HF trial compared spironolactone 100 mg/day to placebo or 
continued non-diuretic dose spironolactone in patients with hypervolemic AHF 
treated with IV loop diuretics [103]. No difference in the primary endpoint of natri-
uretic peptide change or secondary outcomes such as net urine output, weight 
change, or titration of IV loop diuretic doses were found [103]. However, 
ATHENA-HF did not study a population with diuretic resistance and may have 
utilized insufficient spironolactone doses to achieve therapeutic concentrations of 
canrenone (active metabolite). Serum potassium levels were no different between 
spironolactone and placebo, supporting this possibility. Until future studies of 
diuretic doses of mineralocorticoid receptor antagonists in patients with diuretic 
resistance are conducted, this class should not be employed over thiazides in com-
bination nephron blockade. Similarly, amiloride cannot be recommended over thia-
zides in combination nephron blockage because of the reduced capacity for sodium 
reabsorption in the collecting ducts relative to the distal convoluted tubules.

 Vasopressin Antagonists

Vasopressin-2 receptor antagonists have been extensively investigated in AHF, with 
recent investigations focusing on the diuretic prowess [104]. Three trials comparing 
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tolvaptan to placebo in patients with hypervolemic AHF without diuretic resistance 
treated with only modest IV loop diuretics found increases in weight loss and urine 
output [105–107]. However, clinical endpoints such as improvement in dyspnea 
were not improved, possibly because sodium-free water excretion will have less 
impact on filling pressures than sodium-rich fluid excretion. Tolvaptan, which acts 
in the collecting duct, cannot be recommended over thiazides in combination neph-
ron blockage at this time given the limited study in loop diuretic resistance.

 Diuretics in the Proximal Tubules of the Nephron

Medications acting in the proximal convoluted tubules such as acetazolamide have 
shown promise in preliminary investigation of combination nephron blockade and 
are undergoing further investigation in the Acetazolamide in Decompensated heart 
failure with Volume Overload (ADVOR) trial [108, 109]. Acetazolamide may be a 
promising diuretic to add when diuretic resistance persists despite combination 
nephron blockade with loop diuretics and thiazides but there is no conclusive evi-
dence up to date.

In conclusion, diuretic resistance is problematic to universally define but preva-
lent in AHF. The mechanisms driving diuretic resistance are diverse and the subse-
quent strategies should be specific to the mechanism. Optimization of loop diuretic 
regimens should be the primary strategy followed by combination nephron block-
age with thiazides. Several additional strategies are promising but require further 
investigation before they can be recommended.

 Treatment Pearls for the Case Vignette

In the case vignette, a first step would be to increase the IV furosemide dose to 
200–240 mg IV bolus to overcome potential loop of Henle diuretic resistance given 
the low urinary output of the patient with 120 mg. In addition, it is reasonable to 
increase frequency of furosemide bolus dosing up to every 6 or 8 h in an attempt to 
overcome post-diuretic sodium retention.

Combination nephron blockage should be considered if the diuretic response is not 
restored on furosemide 240 mg IV every 6 to 8 h. Medical options then include thiazide 
diuretics, which block sodium reabsorption in the distal convoluted tubules and have 
the most empirical evidence in support. Alternatives such as mineralocorticoid receptor 
antagonists, epithelial sodium channel antagonists such as amiloride, vasopressin 
antagonists and proximal-working diuretics might be employed in individual cases.

Z. L. Cox and J. M. Testani
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12Diuretic Therapy Complicated 
by Hyponatremia

Frederik H. Verbrugge

Chapter Key Points
• Incidence and risk factors for worsening renal function and electrolyte dis-

turbances in acute heart failure
• Prognostic impact of worsening renal function in acute heart failure, and 

relationship between worsening renal function and volume overload
• Treatment strategies when a rise in serum creatinine is observed during decon-

gestive treatment in acute heart failure with a focus on renal preservation

Case Vignette
Mr. Y is a 62 year-old white man who presents at the emergency department with 
shortness of breath and swollen legs. His past medical history is notable for hyper-
tension, diabetes and an ischemic cardiomyopathy for which he received coro-
nary artery bypass grafting 8  years ago. His left ventricular ejection fraction 
measured on transthoracic echocardiography 6 months before the current presen-
tation was 43%. Maintenance therapy includes aspirin, atorvastatin, bisoprolol 
5 mg daily, lisinopril 10 mg daily and furosemide 40 mg daily. Laboratory results 
at presentation show a serum creatinine level of 1.52 mg/dL. Mr. Y is admitted to 
the hospital with a tentative diagnosis of acute heart failure and treated with an 
intravenous bolus of furosemide 80 mg on 2 consecutive days. On the morning of 
the second day, net fluid loss is 792 mL. Mr. Y indicates that he is feeling better, 
but on clinical examination bilateral pitting edema and orthopnea are still present. 
The serum creatinine has risen to 1.93 mg/dL, serum sodium is 132 mmol/L, 
serum potassium 3.1 mmol/L, and serum chloride is 94 mmol/L.
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 Brief Discussion of the Case

The case vignette describes a typical male patient with diabetes and hypertension 
who has developed an ischemic cardiomyopathy, presumably due to multi-vessel 
coronary artery disease given his remote history of coronary artery bypass grafting. 
His most recent left ventricular ejection fraction (LVEF) is just above 40%, the 
threshold below which he would meet the definition of heart failure with reduced 
ejection fraction (HFrEF) and qualify for most evidence-based treatments according 
to current guidelines [1, 2]. The European Society of Cardiology guidelines have 
now defined heart failure with mid-range ejection fraction (LVEF 40–49%) to stim-
ulate more research in such patients [2]. Some data suggest that pharmacological 
HFrEF treatments are beneficial in mid-range ejection fraction patients as well [3, 
4]. Moreover, the patient from this case vignette might have HFrEF with (partly) 
recovered LVEF, strengthening the rationale for classic pharmacological HFrEF 
therapies.

Overall, this patient seems well treated with aspirin and a statin for established 
coronary artery disease, as well as an angiotensin-converting enzyme inhibitor 
(ACE-I) and beta blocker for heart failure. The need for maintenance therapy with 
furosemide indicates that he should have been considered symptomatic, even before 
the current presentation with acute heart failure (AHF). One could therefore argue 
whether a mineralocorticoid receptor agonist (MRA) is indicated. The Eplerenone 
in Mild Patients Hospitalization and Survival Study in Heart Failure (EMPHASIS-HF) 
trial has demonstrated that eplerenone reduces mortality as well as heart failure 
hospitalizations in mildly symptomatic HFrEF patients with LVEF <35% [5]. 
Although the Treatment of Preserved Cardiac Function Heart Failure with an 
Aldosterone Antagonist (TOPCAT) trial with spironolactone was negative for the 
same end-point in patients with LVEF >45%, patients towards the lower end of the 
LVEF spectrum tended to have better outcomes with spironolactone and the trial 
was positive in patients with elevated natriuretic peptide levels [3, 6]. In the absence 
of significant hyp0erkalemia (>5 mmol/L), I would recommend introduction of an 
MRA at low dose with close follow-up of serum potassium levels. Yet, the current 
setting of AHF with worsening renal function (WRF) is a reason to delay that 
decision.

Further, both ACE-I and beta blocker therapy in the case vignette are approxi-
mately 50% below target doses indicated by the guidelines [1, 2]. Up-titration of 
neurohumoral blocker therapy to target dose in HFrEF is associated with better 
prognosis and should be pursued in the absence of contraindications [7]. Currently, 
there is insufficient evidence to recommend switching from an ACE-I to the angio-
tensin receptor neprilysin inhibitor sacubitril/valsartan in patients with mid-range 
LVEF, as only HFrEF patients with LVEF <40% were included in the Prospective 
Comparison of ARNI with ACEI to Determine Impact on Global Mortality and 
Morbidity in Heart Failure (PARADIGM-HF) trial [8]. Nonetheless, it should be 
noted that high serum creatinine levels and hyp0erkalemia occurred less frequent in 
the sacubitril/valsartan group, making it an important consideration in HFrEF 
patients with borderline renal function. The Prospective Comparison of ARNI with 
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ARB Global Outcomes in HF With Preserved Ejection Fraction (PARAGON-HF) 
trial will provide more insight whether this also apply in patients with preserved 
LVEF [9].

The patient in this case vignette now comes in with a typical presentation of AHF 
and clear signs of volume overload, the most frequent reason for hospital admission 
in heart failure [10]. A thorough history-taking to identify reasons for worsening 
heart failure should be the first priority. Compliance with sodium restriction, unex-
pected fluid/electrolyte loss (i.e., diarrhoea, vomiting, or excessive perspiration) and 
introduction or dose increases of nephrotoxic medications are also important to 
assess, especially in patients with WRF and electrolyte disorders like the one 
described in the case vignette. Intravenous loop diuretics for are considered stan-
dard of care to treat volume overload in AHF. In the Acute Decompensated Heart 
Failure Registry (ADHERE), 88% of patients received them for a mean duration of 
3 days, in 63% as the sole therapy administered [11]. As loop diuretic use in AHF is 
largely based on empirical evidence, the optimal agent, dose, administration sched-
ule and route remains unclear. Doubling the patients’ oral maintenance dose resem-
bles the approach evaluated in the Diuretic Optimization Strategies Evaluation 
(DOSE) trial, with no meaningful differences observed between continuous versus 
intermittent bolus administration [12]. Importantly, as the threshold for loop diuretic 
efficacy increases at low glomerular filtration rate (GFR), it is important to increase 
the dose in patients with chronic kidney disease [13]. When calculating the esti-
mated GFR of the patient in this case vignette at baseline (48  mL/min/1.73  m2 
according to the Chronic Kidney Disease Epidemiology Collaboration formula), 
80 mg of furosemide seems a reasonable dose to start.

Despite subjective improvement in the condition of the patient, persistent con-
gestion is observed, together with a rise in serum creatinine >0.3  mg/dL, often 
labelled as WRF in cardio-renal literature. This constellation puts the patient at high 
risk for both subsequent mortality and (early) readmissions [14]. Accumulating evi-
dence suggests that response to loop diuretic therapy itself is an independent predic-
tor of outcome in AHF [15, 16]. In this case vignette, a cumulative furosemide dose 
of 160 mg is administered over a 48 h interval, yielding a net negative fluid balance 
of 792 mL, corresponding to 198 mL per 40 mg furosemide, which indicates sub-
stantial diuretic resistance. Finally, low serum levels of sodium, chloride, and potas-
sium have all been associated with worse outcomes in AHF, indicating that the 
patient from the case vignette is at very high risk for adverse outcomes [17–19]. In 
this chapter, the epidemiology and pathophysiology of WRF and electrolyte distur-
bances in AHF are discussed and a management approach is suggested.

 Worsening Renal Function

 Incidence

An increase in serum creatinine is frequently observed during decongestive treat-
ment with intravenous diuretics in AHF. Depending on the exact cut-off chosen, its 
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incidence is 15–60% [20]. In a study of 1002 patients presenting with AHF treated 
with intravenous loop diuretics, it was found that a >0.3 mg/dL increase in serum 
creatinine yields the best trade-off between sensitivity and specificity to predict in- 
hospital mortality and prolonged hospital stay >10 days [20]. Based on these find-
ings, WRF defined as a >0.3 mg/dL rise in serum creatinine has often been used as 
an outcome parameter in cardiorenal literature. Its incidence is approximately 
30–35% [20, 21].

 Prognostic Importance

On a population level, WRF in AHF is associated with a 75% increased relative risk 
for all-cause mortality [22]. However, this is partly due to WRF being reflective of 
underlying chronic kidney disease. Indeed, WRF occurs more frequently in patients 
with a lower underlying GFR [21]. Furthermore, baseline and persistent renal 
impairment are much stronger predictors of adverse outcome in AHF than incident 
WRF itself [22, 23]. Moreover, a decreasing versus stable serum creatinine during 
decongestion in AHF is also associated with worse prognosis [24]. This indicates 
that the acute change in serum creatinine is probably not causally related to mortal-
ity, but rather a marker of risk. Further supporting this observation is that in specific 
situations such as after starting an ACE-I, WRF is not associated with worse out-
come [25].

 Worsening Renal Function and Decongestion Success

It has been demonstrated clearly that if WRF occurs in the setting of diuretic resis-
tance and persistent congestion, prognosis is exceedingly poor [14]. In contrast, 
when accompanied by hemoconcentration as a marker of successful decongestion, 
it might even be associated with better outcome [26]. Therefore, WRF on its own 
should not be a reason to withdraw decongestive therapies when volume overload is 
still present. Instead, focusing on diuretic response and how to improve it in case of 
diuretic resistance should be the main focus to guide treatment [16].

 Avoiding Harmful Worsening Renal Function

As explained above, WRF in the context of successful decongestion and hemocon-
centration is actually a good prognostic sign that should not be avoided at all cost. 
Yet, structural nephron damage with loss of glomeruli leading to persistent renal 
impairment must be prevented [23]. It is reassuring that markers of tubular injury 
increase only modestly during decongestive treatment in AHF and in general are 
poor predictors of persistent renal impairment [27, 28]. This reflects that most cases 
are probably caused by transient hemodynamic changes. Indeed, arterial hypoten-
sion is a major contributor to WRF in AHF [29, 30]. Arterial blood pressure is a 
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direct determinant of the glomerular capillary hydrostatic pressure that drives glo-
merular filtration [31]. Although the nephron has intrinsic autoregulation systems to 
stabilize renal blood flow and GFR in the face of an ever changing arterial blood 
pressure, these mechanisms are exhausted when mean arterial pressure falls below 
~60 mmHg [32]. Therefore, it seems prudent to avoid hypotensive episodes, espe-
cially when prolonged, during decongestive treatment in AHF.  Alternatively, 
abdominal congestion with increased intra-abdominal pressure is another poten-
tially reversible cause of WRF [33, 34]. A higher intra-abdominal pressure trans-
lates into higher renal interstitial pressure that directly opposes GFR [35]. When 
meaningful ascites is present, lowering the intra-abdominal pressure by paracente-
sis might be considered to improve the GFR [34].

 Common Electrolyte Disturbances During Decongestive 
Treatment

 Hyponatremia and Hypochloremia

 Epidemiology
Hyponatremia frequently poses a therapeutic challenge in AHF. In a sub-analysis 
from the Organized Program to Initiate Lifesaving Treatment in Hospitalized 
Patients with Heart Failure (OPTIMIZE-HF) registry, including 47,647 patients 
with AHF, hyponatremia was present in approximately 20% upon admission [17]. 
In addition, the incidence of hospital-acquired hyponatremia during decongestive 
treatment for AHF is 15–25% [36, 37]. The pathophysiology of hyponatremia is 
complex and treating physicians should differentiate between depletion versus dilu-
tion hyponatremia [38]. The former is caused by ubiquitous use of powerful sodium- 
wasting diuretics, often with concomitant potassium and magnesium losses, and 
simply treated by repletion with saline. However, administration of isotonic saline 
in dilution hyponatremia may further depress serum sodium concentration, as the 
problem is impaired water excretion rather than sodium deficiency.

 Prognostic Impact
Hyponatremia is an established risk marker in AHF [39–41]. However, studies 
examining specifically the prognostic impact of hyponatremia correction have 
yielded conflicting results [42, 43]. Recent evidence suggests that hypochloremia 
may be an even stronger predictor of adverse outcomes in AHF [18]. Interestingly, 
after correction for serum chloride levels, the presence of hyponatremia seems no 
longer predictive of worse prognosis. The exact reasons for this observation remain 
unclear, but it has been found that hypochloremia is an important factor in loop 
diuretic resistance [44].

 General Approach
When encountering a patient with AHF and hyponatremia (or hypochloremia), it is 
important to identify its cause and provide specific treatment (Fig. 12.1) [38]. First, 
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Fig. 12.1 Approach to hyponatremia in heart failure
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the possibility of pseudohyponatremia or the presence of normal serum osmolality 
should be considered. Pseudohyponatremia may be due to hyperglycemia or the 
administration of contrast agents and is associated with favorable outcome irrespec-
tive of its treatment. Next, diuretic agents that impair free water excretion such as 
thiazide-type diuretics, amiloride and MRA are a frequent cause of hyponatremia 
and withholding them until correction of hyponatremia should be considered. As 
low potassium and magnesium levels lead to sodium shifting from the extracellular 
towards the intracellular compartment, aiming for high to normal serum levels may 
help to prevent/ameliorate hyponatremia. If hyponatremia is still present despite 
these general precautions, plasma dilution should be differentiated from sodium 
depletion.

 Sodium Depletion Versus Plasma Dilution
The presence of clinical signs reflecting hypovolemia and/or intensive diuretic regi-
ments may suggest sodium depletion. If in doubt, one might consider a fluid chal-
lenge with 1 L of isotonic saline over 24 h, measuring the effect on serum sodium 
levels. However, this should be avoided in case of clear fluid overload and/or severe 
hyponatremia (serum sodium <125  mmol/L). Indeed, signs of volume overload 
indicate a component of dilutional hyponatremia, in which case an improvement is 
unlikely and the risk of further deteriorating congestion substantial. Alternatively, 
one could measure urine osmolality, which should be adequately suppressed 
(<100 mOsm/L) in patients with sodium depletion, but not in patients with dilution 
hyponatremia. If urine osmolality is >150 mOsm/L, isotonic solutions should cer-
tainly be avoided as administration would result in further worsening of hyponatre-
mia. Finally, very low urinary sodium and/or chloride concentrations (≤50 mmol/L) 
are a relatively strong argument for electrolyte depletion in AHF [45].

 Treatment of Dilution Hyponatremia
Loop diuretics Loop diuretics facilitate water excretion by impairing the urinary 
concentration capacity of the kidneys [38]. Therefore, they lead to the production of 
hypotonic urine and, in the absence of diuretic resistance, are unfrequently associ-
ated with hyponatremia. As loop diuretics are cheap and readily available, they 
remain the first-line therapy to treat volume overload in AHF with dilution 
hyponatremia.

Acetazolamide Acetazolamide is an old and largely forgotten diuretic targeting the 
proximal tubules in the nephron. It exerts its diuretic effect through inhibition of 
carbonic anhydrase, resulting in urinary sodium bicarbonate wasting [32]. By inhib-
iting sodium reabsorption proximal in the tubular system, it leads to a higher flux of 
tubular fluid throughout more distal parts of the nephron. As the dilution capacity of 
the kidneys directly depends on this flux through the distal nephron, acetazolamide 
improves free water excretion, making it a particularly attractive diuretic to use in 
combination with loop diuretics in case of dilution hyponatremia [38].
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Hypertonic saline The addition of hypertonic saline to improve loop diuretic effi-
cacy in AHF is a controversial issue. Although counterintuitive from a pathophysi-
ological point of view, some small studies have suggested more efficient decongestion 
and better renal preservation when loop diuretics are combined with hypertonic 
saline (Table 12.1) [46–51]. Importantly, decreases in plasma renin activity, inflam-
matory markers and even natriuretic peptide levels have been demonstrated with 
hypertonic saline administration in AHF patients who receive loop diuretics [52, 
53]. Still, it remains difficult to draw any firm conclusions as these improvements 
with sodium loading might be confounded by the use of high doses of loop diuretics 
that might have induced these alterations. Patients with hyponatremia might benefit 
more from the addition of hypertonic saline to loop diuretics, as serum sodium lev-
els are more easily corrected.

Table 12.1 Studies on hypertonic saline in patients with acute decompensated heart failure

Author 
(Journal, Year)

Number 
of 
patients Treatment Outcome

Paterna et al. 
(Eur J Heart 
Fail, 2000) 
[46]

60 IV furosemide 500–
1000 mg with versus 
without 150 mL 1.4–4.6% 
hypertonic saline BID

Increase in diuresis, natriuresis and 
serum sodium levels; decrease in 
serum creatinine; and shorter 
hospitalization time with hypertonic 
saline

Licata et al. 
(Am Heart J, 
2003) [47]

107 IV furosemide 500–
1000 mg with versus 
without 150 mL 1.4–4.6% 
hypertonic saline BID

Increase in diuresis, natriuresis and 
serum sodium levels; decrease in 
serum creatinine; and improved 
survival with hypertonic saline

Paterna et al. 
(J Am Coll 
Cardiol, 
2005) [52]

94 IV furosemide 500–
1000 mg with versus 
without 150 mL 1.4–4.6% 
hypertonic saline BID

Increase in diuresis and natriuresis; 
decrease in BNP levels; shorter 
hospitalization time; and lower 
30-day readmission rate with 
hypertonic saline

Parrinello 
et al. (J Card 
Fail, 2011) 
[48]

133 IV furosemide 250 mg plus 
150 mL 3% hypertonic 
saline BID versus IV 
furosemide 250 mg BID 
plus low sodium diet 
(<80 mmol)

Increase in diuresis, natriuresis and 
serum sodium levels; improved 
renal function; and faster reduction 
of echo-PCWP with hypertonic 
saline

Paterna et al. 
(Am J Med 
Sci, 2011) 
[49]

1771 IV furosemide 250 mg plus 
150 mL 3% hypertonic 
saline BID versus IV 
furosemide 250 mg BID 
plus low sodium diet 
(<80 mmol)

Increase in diuresis, natriuresis and 
serum sodium levels; decrease in 
serum creatinine; shorter 
hospitalization time; lower 
readmission rate; and improved 
survival with hypertonic saline

Issa et al. (Int 
J Cardiol, 
2013) [50]

34 100 mL 7.5% hypertonic 
saline BID versus placebo 
during 3 days

Improved in glomerular and tubular 
biomarkers with hypertonic saline

Okuhara et al. 
(J Card Fail, 
2014) [51]

44 500 mL 1.7% hypertonic 
saline versus glucose 5% 
with 40 mg furosemide

Improved GFR and better diuresis 
with hypertonic saline
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Arginine-vasopressin antagonists Arginine-vasopressin antagonists are the only 
medication class that directly promotes free water excretion by its mechanism of action, 
which is prevention of aquaporin-2 channel availability in the collecting ducts of the 
nephron that is needed for water reabsorption [54, 55]. Three oral V2-receptor antago-
nists (tolvaptan, satavaptan and lixivaptan) have been tested in AHF and are efficacious 
in reversing hyponatremia in this context [56–59]. Similar data are available for 
conivaptan, an intravenous agent which antagonizes both the V2- and V1a-receptor 
[55, 60, 61]. In Table 12.2, a summary is presented of currently available evidence on 
arginine-vasopressin antagonists in patients with AHF and hyponatremia. Importantly 
the Efficacy of Vasopressin Antagonism in Heart Failure Outcome Study with Tolvaptan 
(EVEREST), including 4133 patients with AHF but without hyponatremia as an inclu-
sion criterion, compared tolvaptan with placebo and was powered for clinical end-point 
analysis [62]. The overall trial did not show a significant reduction in all-cause mortal-
ity or readmission rates, but interestingly a sub-analysis in patients presenting with 
pronounced hyponatremia (<130 mmol/L) did suggest improved survival free from 
cardiovascular death or readmission [57, 62]. Yet, this promising finding warrants fur-
ther study in an adequately powered randomized clinical trial.

 Hypernatremia

Hypernatremia is rather infrequent during decongestive treatment in AHF. Its inci-
dence has been less systematically studied when compared to hyponatremia, but is 

Table 12.2 Studies on AVP antagonists in patients with acute decompensated heart failure and 
hyponatremia

Author (Journal, 
Year)

Number of 
patients Treatment Outcome

Gheorghiade et al. 
(Circulation, 
2003) [58]

71/254 
(subgroup 
analysis)

Tolvaptan 30 mg, 
45 mg or 60 mg 
versus placebo

Normalization of serum sodium 
after 24 h, greater decrease in body 
weight and edema, increased urine 
output with tolvaptan

Gheorghiade et al. 
(JAMA, 2004) [59]

51/319 
(subgroup 
analysis)

Tolvaptan 30 mg, 
60 mg or 90 mg 
versus placebo

Normalization of serum sodium with 
tolvaptan

Ghali et al. (J Clin 
Endocrinol Metab, 
2006) [60]

19/74 
(subgroup 
analysis)

Conivaptan 
40 mg or 80 mg 
versus placebo

Normalization of serum sodium with 
conivaptan

Zeltser et al. (Am J 
Nephrol, 2007) [61]

28/84 
(subgroup 
analysis)

Conivaptan 
40 mg or 80 mg 
versus placebo

Increase in serum sodium 
concentration with conivaptan

Konstam et al. 
(JAMA, 2007) [62]

1157/4133 
(subgroup 
analysis)

Tolvaptan 30 mg 
versus placebo

No effect on mortality or 
rehospitalisation, significant increase 
in serum sodium with tolvaptan

Aronson et al. 
(Eur J Heart Fail, 
2011) [56]

90/118 
(subgroup 
analysis)

Satavaptan 25 mg 
or 50 mg versus 
placebo

Increase in serum sodium 
concentration with satavaptan
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probably <5% [63]. Similar to hyponatremia, hypernatremia in AHF is associated 
with higher in-hospital mortality, prolonged hospitalization and increased health-
care costs [63, 64]. Its most common cause is likely over-diuresis with excessive 
free water loss in patients unable to drink because of illness or frailty. Such cases 
are easily managed by decreasing the dose of diuretics and offering more free 
water, either through oral or intravenous administration. It is important to acknowl-
edge that loop diuretics induce the production of hypotonic urine [65]. Therefore, 
they generally remove more water that sodium. Frequent use of these agents in 
combination with iso- or hypertonic fluids (most often in mechanically ventilated 
patients in the intensive care unit) might occasionally cause the situation of hyper-
volemic hypernatremia. In HFrEF patients, aldosterone breakthrough further exac-
erbates this problem [66, 67]. Thiazide-type diuretics, MRA and amiloride, used 
alone or in combination, are the preferred agents to add in such cases because they 
increase the urinary sodium concentration directly, thereby limiting free water 
excretion [38].

 Potassium Derangements

Hypokalemia and hyperkalemia are common electrolyte abnormalities in chronic 
heart failure, both associated with worse survival [68]. Due to the ubiquitous use of 
potassium-losing loop and thiazide-type diuretics, potassium losses are exacerbated 
during decongestive treatment for AHF, often necessitating the need for oral and/or 
intravenous repletion therapy. It is important to acknowledge that concomitant mag-
nesium losses may cause refractory hypokalemia and predispose to cardiac arrhyth-
mias, so clinicians should have a low threshold to provide magnesium supplements 
in AHF patients who develop hypokalaemia [69]. Moreover, both hypokalemia and 
hypomagnesemia may contribute to hyponatremia by shifting sodium into the intra-
cellular compartment [38]. In contrast, hyperkalemia in AHF occurs almost exclu-
sively in patients with advanced chronic kidney disease and low GFR. The treatment 
of hyperkalemia is similar, irrespectively the presence of AHF. However, its most 
important implication is a contraindication for the use of MRA and/or (uptitration 
of) renin-angiotensin system inhibitors. Whether this is an absolute or relative con-
traindication depends on the severity of hyp0erkalemia and the reversibility of kid-
ney dysfunction. Interestingly, new agents like zirconium cyclosilicate and patiromer 
that impair potassium absorption in the gut offer the prospect of preventing the 
problem of hyp0erkalemia and still allow these important evidence-based treat-
ments in heart failure [70, 71].

 Treatment Pearls for the Case Vignette

The patient from the case vignette demonstrates clear signs of persistent volume 
overload (i.e., the combination of edema and orthopnea) despite adequately dosed 
bolus therapy with loop diuretics. Notwithstanding the presence of WRF, this should 
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be a strong incentive to pursue further decongestion with diuretic therapy as out-
comes are abysmal when volume overload persists. Reasons for the poor loop 
diuretic response should be considered. Hypotension is a major contributor to WRF 
as well as diuretic resistance and should be avoided. If necessary, neurohumoral 
blocker therapy with lisinopril and/or bisoprolol could temporarily be decreased or 
even withheld. If renal perfusion is severely compromised due to low cardiac out-
put, this should be addressed with sodium nitroprusside, inotropes, or even mechan-
ical assist devices, depending on the arterial blood pressure and severity of 
cardiogenic shock. I would have a low threshold for paracentesis when meaningful 
ascites is present in a patient like the one described by the case vignette, as elevated 
intra-abdominal pressure is another potentially reversible cause of WRF.

With the estimated GFR down to 36  mL/min/1.73  m2, my recommendation 
would be to increase the dose of subsequent furosemide bolus therapy to 120 mg. In 
addition, more frequent administrations at 6 h intervals are indicated to avoid post- 
diuretic sodium retention. Alternatively, loop diuretic therapy could be administered 
through continuous infusion, but this strategy is associated with more pronounced 
neurohumoral activation that could potentially aggravate hyponatremia [72]. 
Besides, I would consider compression stockings to recruit peripheral oedema more 
easily and albumin administration if serum levels are below 3.0 g/dL, which may 
impair furosemide delivery at its site of action in the nepron [13].

My final recommendation would be to add an intravenous bolus of acetazol-
amide 500 mg OD to the current diuretic regimen. Sequential nephron blockade 
with thiazide-type diuretics or high-dose MRA would be an alternative to break 
diuretic resistance, yet expected to exacerbate hyponatremia as free water excretion 
by the kidneys is impaired with these agents [38]. In contrast, acetazolamide 
increases free water excretion, making it an attractive agent when dilution hypona-
tremia is present in AHF. As urinary potassium and magnesium losses are exacer-
bated by combination diuretic therapy and may contribute to hyponatremia by 
shifting sodium to the intracellular compartment, I would provide intravenous and/
or oral repletion therapy. If worsening hyponatremia would occur despite this treat-
ment approach, administration of hypertonic saline or vasopressin antagonists 
would be among my considerations. Importantly, after successful decongestion, 
optimizing therapies for chronic heart failure as described above is important to 
prevent recurrence or worsening of hyponatremia.
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13A Patient with Abdominal Congestion
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Abbreviations

AHF acute heart failure
CHF Chronic Heart Failure
NP natriuretic peptides
WRF worsening of renal function

Case Vignette
Mrs. X is a 82 y/o woman with an idiopathic dilated cardiomyopathy, as well 
as moderately severe mitral and tricuspid valve regurgitation, who has been 
admitted for decompensated heart failure three times during the previous year 
despite adherence to low salt intake, a multi-disciplinary HF care program. 
Upon a scheduled outpatient evaluation 2 weeks after her latest admission, 
she complains from general malaise, a loss of appetite and exercise intoler-
ance. Despite poor food intake, she has gained 5 kg of body weight since 
discharge. Current medications, which could not be further optimized due to 
symptomatic hypotension, include Ramipril 5 mg daily, carvedilol 3.125 TID, 
spironolactone 50 mg daily, and bumetanide 1 mg daily. Blood pressure is 
86/54 mmHg in the upright position. Serum albumin is 2.6 g/dL and the serum 
creatinine has risen from 1.56 mg/dL at hospital discharge to 1.98 mg/dL now. 
Abdominal ultrasound confirms the clinical suspicion of ascites.
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 Brief Discussion of the Case

Mrs. X has had several ADHF hospitalizations in the previous year, putting her at 
great risk for a recurrent episode. Her underlying cardiac substrate (heart failure 
with also tricuspid valve regurgitation) makes her vulnerable to abdominal 
congestion, as in these cases a high right atrial pressure is often present. The 
presenting symptoms are indicative of abdominal congestion (loss of appetite). 
Given the increase in body weight despite poor oral intake, the presence of volume 
excess (volume overload) can be assumed. It is clear that the maintenance regimen 
of oral loop diuretics are insufficient to maintain a decongested state. At presentation 
her MAP is borderline low (65 mmHg) and laboratory values indicate WRF. In this 
case, we would proceed with administering loop diuretics intravenously, as oral 
uptake is expected to be diminished. An intravenous dose of 2.5 mg bumetanide IV 
(2.5 times the ambulatory dose) seems appropriate. The dose can be divided in to 
two separate dosages (e.g. 8 AM and 12 AM) in order to avoid post-dosing kidney 
sodium avidity. In the absence of hyperkalemia and frank hypotension 
(MAP  <  65  mmHg), we would consider continuing the ACE-inhibitor or beta-
blocker. Given the borderline low MAP, additional therapy with vasodilators to 
enhance abdominal venous capacitance is not possible. However, this might be use-
ful in the patient with a higher blood pressure (especially if SVR is high). Given the 
older age of the patient, a Foley-catheter would probably be necessary in order to 
correctly measure output and natriuretic response to the diuretic regimen. The 
placement of a Foley-catheter allows to measure IAP. If IAP would be elevated, we 
would consider performing a paracentesis of the ascites fluid, with appropriate labo-
ratory evaluation of the aspiration fluid. The ultimate goal of therapy will be to 
completely decongest the patient before discharge. Depending on the physical eval-
uation (presence of persisting congestion?) and natriuretic response to the diuretic 
regimen, higher doses of loop diuretics or a combinational diuretic regimen might 
be necessary. If despite these therapies congestion and volume overloads persists, 
bail-out with ultrafiltration might be necessary. Ultrafiltration has also been shown 
to reduce IAP in patients with an elevated IAP. Before discharge efforts should be 
made to optimize maintenance therapy with neurohormonal blockers.

Chapter Key Points
• Abdominal congestion with elevated IAP is present in up to 60% of patients 

with ADHF
• Both right sided abdominal congestion (elevated CVP) and an elevated 

IAP are strongly associated with WRF
• Decongestive therapy can reduce venous congestion and can reduce IAP
• If IAP remains high, despite decongestive therapy, ascites paracentesis or 

ultrafiltration can be employed to reduced IAP, which is associated with an 
improvement in renal function
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 Introduction

Despite growing knowledge on acute heart failure, congestion remains a frequent 
and primary reason for patients presenting with acute decompensated heart fail-
ure (ADHF) [1]. Congestion is defined as signs and symptoms of extravascular 
fluid accumulation, instigated by increased cardiac filling pressures. This extra-
vascular fluid accumulation can manifest in distinct anatomic locations, includ-
ing the pleural space, alveolar space, interstitium of the skin or bowel wall and 
the abdominal cavity. The abdominal cavity consist of walls with both an inflex-
ible character (e.g. bones) and with a flexible character (abdominal wall or dia-
phragm). At accumulations of low intra-abdominal volumes, the abdominal wall 
exhibits a high compliance, allowing some distention of the abdominal wall 
without a simultaneous increase in intra-abdominal pressure (IAP) [2]. However, 
once a critical volume has accumulated in the abdominal cavity, the abdominal 
wall compliance drops, resulting in a progressive increase of IAP. This chapter 
focusses on the importance of intra-abdominal congestion in worsening of renal 
function (WRF).

 Incidence and Prognosis of Elevated Intra-abdominal Pressure 
in Acute Heart Failure

An increase in IAP has extensively been studied in critically ill patients and has 
been associated with organ dysfunction potentially leading to intra-abdominal 
catastrophes. Definitions on the normal and abnormal range of IAP have been 
defined during the World Congress on Abdominal Compartment Syndrome, by a 
group of experts in the field of critical care medicine [3]. The normal range of IAP 
has been defined as a pressure equal to atmospheric pressure. An elevated IAP is 
defined as ≥8 mmHg, with a pressure ≥12 mmHg being defined as intra-abdominal 
hypertension (IAH). The presence of an elevated IAP or IAH is an independent 
predictor of adverse outcome, even after correcting for important critical care medi-
cine covariates inclusive of pH, lactate levels, base deficit and hourly urine output 
[4]. Furthermore, the term abdominal compartment syndrome is reserved for a high 
risk patient group with an IAP above 20 mmHg, which simultaneously results in 
new-onset organ dysfunction. The prevalence of IAH (IAP ≥ 12 mmHg) has been 
determined by several prospective observational studies on both medical and surgi-
cal intensive care units, which has been found to range between 32% and 54% [5]. 
Limited data is available on the prevalence of elevated IAP in patients with 
ADHF. One prospective single-center evaluation in patients with heart failure with 
reduced ejection fraction hospitalized for ADHF at a specialized heart failure inten-
sive care unit documented (N  =  40) that 60% of patients had an elevated IAP 
(≥8 mmHg) [6]. In that cohort the mean IAP was 8 ± 4 mmHg, and most patients 
did not have significant ascites. Also IAP dropped in most patients after deconges-
tive therapy. All patients had a severely decreased left ventricular ejection fraction 
(19  ±  9%) and exhibited severe functional limitation (New York Heart 
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Association-class ≥III). Surprisingly little data is available on the prevalence of 
ascites in patients with ADHF. Indeed, most ADHF-trials published the last decade, 
do not report on the prevalence of ascites in the enrolled patients. The recent 
SECRET of CHF trial assessing the role of tolvaptan in patients with ADHF, 
reported that 16% of enrolled patients (N = 41/250) had ascites at the time of enrol-
ment [7]. However, no data is available on the correlation between the presence of 
ascites and IAP in ADHF [3]. Importantly, ADHF also presents with increased 
venous congestion further promoting intra-abdominal organ congestion and dys-
function [1]. In a sealed compartment such as the abdominal cavity, a rise in pres-
sure (ΔP) equals a rise in volume (ΔV) multiplied by the compliance (C); thus 
ΔP = C × ΔV. Nevertheless, the swiftness in which intra-abdominal fluid builds-up 
also determines the compliance. For instance, chronic changes in intra-abdominal 
volume, as occur during pregnancy, are often not associated with significant pres-
sure rises as compliance of the abdominal wall gradually increases.

In ADHF the presence of an elevated IAP is associated with a higher serum 
creatinine [6]. Furthermore, a reduction of IAP is strongly associated with 
improvement of renal function [8]. On the other hand, patients manifest with WRF 
during AHDF often manifest with a progressive increase in IAP.

 Assessment of Abdominal Congestion in Heart Failure

The sensitivity of physical examination in detecting an elevated IAP is very low 
(40–60%) and is insufficient for clinical practice [9]. Several techniques have been 
developed the last decades to directly (needle puncture of the abdomen) or indirectly 
measure the abdominal pressure (via a pressure transducing system being placed in 
the bladder, uterine, stomach or colon). However, the bladder technique forms the 
most validated and widely adopted technique, due to its reproducibility, low-cost and 
low technical requirements [2, 3]. During the bladder technique (also called the 
transvesical method), a standard Foley Catheter is used which is connected with a 
pressure transducer placed in-line with the iliac crest at the mid-axillary line (see 
Fig. 13.1). The Foley catheter is flushed with a maximal volume of 50-mL of sterile 
saline via the aspiration port of the Foley catheter, with the drainage tube clammed 
to allow a fluid-filled column to develop into the bladder catheter. A pressure trans-
ducer is then inserted in the aspiration port and the pressure is subsequently mea-
sured. Several important principles should be applied to allow for standardized 
measurement of IAP using the bladder technique: First, IAP is measured at end-
expiration (when the diaphragm is relaxed). Secondly, the patient should relax the 
abdominal wall. Third, the flushing volume should never exceed 50 mL, as higher 
values could lead to bladder distention generating false values of IAP and could lead 
to discomfort. Fourth, IAP should always be measured in a supine position. Fifth, a 
preference should be given to electronic pressure transducers as they convey the 
pressures in units of mmHg, allowing for convenient interpretation of the 
IAP. However, if electronic pressure transducers are not readily available a water 
filled column can be used with recalibration of the value measured in cm H2O to 
mmHg (1 mmHg = 1.36 cm H2O). Taking such precautions into account, one can 
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excellently reproduce IAP-measurements. Indeed, in patients with ADHF, the inter- 
and intra-observer variability of IAP measurements were found to be 5% respec-
tively 4% [6]. During the work-up of the etiology of ascites in ADHF, ascites fluid 
should be sampled. It should exhibit a high Serum-Ascites Albumin Gradient (SAAG 
>1.1 g/dL) with a high ascites albumin content (>2.5 g/dL) in ADHF. Elevated natri-
uretic peptide and the clinical picture of heart failure allows for further differentia-
tion with other pre-hepatic etiologies of high SAAG-ascites (e.g. Budd-Chiari) [10].

 Pathophysiology of Abdominal Congestion Leading to Kidney 
Dysfunction

 Abdominal Venous Congestion

WRF often complicates the trajectory of ADHF within the first couple of days of 
hospitalization and is a strong predictor of adverse outcome [11]. Historically, a 
poor forward flow (low cardiac output) has been considered as the main hemody-
namic infliction in heart failure resulting in a progressive decline of kidney function. 

Monitor

Clamp

Foley
Catheter

Bladder

Intra-
abdominal
Pressure
Measured

Pressure
Transducer
placed at

Mid-Axillary
Line

Fluid
Injected

into Catheter

18 g
Needle

Urine bag

Fig. 13.1 Transvesical method for measuring intra-abdominal pressure. (Adapted from Mullens 
with permission)
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However, growing evidence supports the role of systemic congestion (backward 
failure) in the development of WRF in patients admitted with ADHF. In a prospec-
tive series of 145 heart failure patients with a reduced ejection fraction (left ven-
tricular ejection fraction  =  20  ±  8%) central venous pressure was the cardiac 
hemodynamic variable with the strongest association with WRF during the treat-
ment of ADHF (see Fig. 13.2), hereby outperforming cardiac index [12].

In patients with increased right sided filling pressure, abdominal venous congestion 
will be universally present. This as the venous compartment ensures venous return. 
Therefore, venous pressures in the abdominal compartment should be higher than in the 
right atrium [13]. The abdominal venous compartment consists of both the splanchnic 
veins draining in the portal vein and passing through the liver eventually draining via 

Fig. 13.2 Prevalence of WRF according to categories of admission CVP, CI, SBP and PCWP. CVP 
denotes central venous pressure, CI denotes cardiac index, SBP denotes systolic blood pressure, 
and PCWP denotes pulmonary wedge pressure. (Adapted from Mullens with permission)
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the hepatic veins in the inferior vena cava. Additionally, the retroperitoneal inferior vena 
cava directly drains venous blood originating from the kidneys. In normal physiologic 
circumstances the splanchnic venous system serves as a vehicle for returning venous 
blood to the heart, but also guards the heart against under-filling by maintaining a 
reservoir function [14, 15]. Indeed, some of the volume in the splanchnic veins does not 
contribute to central venous pressure (unstressed volume). However, it can be recruited, 
such as in situations of bleeding, by α-adrenergic mediated venoconstriction. In heart 
failure, several alterations occur at this level, and chronic neurohormonal activation can 
result in chronic sodium and water retention, hereby expanding the splanchnic venous 
reservoir [1]. However, overzealous plasma volume expansion (which is mainly buffered 
in the splanchnic venous system) can result in a lower compliance of the splanchnic 
veins resulting in abdominal venous congestion. Furthermore chronic adrenergic 
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activation might also directly result in venoconstriction as the splanchnic veins are 
highly innervated with α-adrenergic receptors [16]. Therefore, even without an increase 
in plasma volume, abdominal congestion can occur due to splanchnic venoconstriction. 
In the setting of ADHF, a high adrenergic tonus will often lead to vasoconstriction of 
the arterioles of the splanchnic system (often measured as a high systemic vascular 
resistance [SVR]), which results in a passive recoil force in the splanchnic venous, 
further enhancing abdominal venous congestion in addition to direct venoconstriction 
[16]. Interestingly, abdominal venous congestion might be earlier detectable than a rise 
in cardiac filling pressures in the patient on the verge of decompensation [17]. More 
recently, progressive (abdominal) venous congestion has been shown to impede renal 
venous outflow (Fig. 13.3), which is associated with a reduced natriuretic renal response 
in patients with heart failure. Renal venous outflow abnormalities can manifest, even 
before a rise in cardiac filling pressures are noted [17].
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 Extrinsic Kidney and Kidney Outflow Compression

In addition to a poor trans-renal pressure gradient mediated by backward failure 
(high venous outflow pressures) and forward cardiac failure (low kidney perfusion 
pressure), extrinsic kidney compression can result in further WRF in heart failure 
patients [6]. Importantly, the kidney is an encapsulated organ so intra-renal intersti-
tial fluid built-up will further increase the parenchymateous pressures. Indeed, as 
earlier alluded to, an increased IAP is strongly associated with WRF, and reductions 
in IAP are associated with improvement in renal function (measured as a decline in 
plasma creatinine). A high IAP can mechanically obstruct the glomerular filtration 
force [2, 3]. The perfusion pressure of the abdomen is an important determinant of 
the perfusion of the visceral organs. Abdominal perfusion pressure (APP) is calcu-
lated as mean arterial pressure (MAP) minus the obstruction to venous outflow by 
the IAP. Elevated IAP induced kidney function is proposedly mediate by a low renal 
perfusion pressure and low renal filtration gradient (FG). The filtration gradient is 
the mechanical force across the glomerulus and equals the difference between the 
glomerular filtration pressure (GFP) and the proximal tubular pressure (PTP) [2, 3]. 
In the presence of an elevated IAP, PTP may be assumed to be equal to IAP and GFP 
is equated as MAP minus IAP. Therefore, the FG = GFP-PTP or FG = MAP – 2x 
IAP. During decongestive therapy in patients with ADHF, both a reduction in IAP 
and an increase in FG results in an improvement of serum creatinine [8].

 Bowel Wall Congestion – Altered Pharmacology 
and Inflammation

During ADHF increased hydrostatic venous pressures in the abdomen result in net 
more filtration at the level of the microcirculation [1]. This can result in the forma-
tion of bowel wall edema, if lymphatic reabsorption forces are overwhelmed. 
Several observational studies in heart failure patients with reduced ejection fraction 
have shown that patients with high right atrial pressure often manifest with increased 
bowel wall thickness on abdominal ultrasound. It is well recognized that such for-
mation of abdominal congestion is associated with a reduced appetite and a sensa-
tion of abdominal satiety [18, 19]. Furthermore, it is well documented that in the 
presence of abdominal edema the uptake of oral loop diuretics become less predict-
able. This results in a reduced bio-availability of loop diuretics in the circulation and 
potentially leading to incessant congestion. Furthermore, the villi in the bowel wall 
are very sensitive to changes in blood flow due to the countercurrent system in their 
arteriovenous supply. Therefore, a state of low cardiac output and venous conges-
tion often results in villi tip ischemia, which is associated with increased bowel wall 
permeability. This lead to translocation of gram-negative bacteria that normally 
only reside in the bowel lumen. These gram negative bacteria carry lipopolysaccha-
rides (LPS) on their cell walls, which activate the immune system [18, 19]. Hereby 
contributing to the overall state of inflammation often seen in heart failure. 
Interestingly, in patients with cirrhosis, the LPS-induced endotoxicity is strongly 
associated with the development of hepatorenal syndrome [20].
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 Treatment Strategies for Abdominal Congestion in Acute Heart 
Failure

 Relieving Congestion During ADHF

As increased filling pressures (congestion) drive the progression of the disease in 
ADHF and strongly determine symptoms, the goal of therapy should be to com-
pletely relief congestion [21]. Lingering congestion following discharge is one of 
the strongest predictors of adverse outcome following a heart failure hospitaliza-
tion. Furthermore, hemoconcentration (a marker of relieving excessive plasma vol-
ume) is associated with improved outcome in ADHF [22]. As earlier alluded to, 
increased venous filling pressures can occur both if the increased plasma volume 
overshoots the splanchnic venous buffering capacity or due to a reduced compli-
ance of the splanchnic venous system. With the former mechanism often being 
labeled volume overload and the latter mechanism being labeled volume misdistri-
bution. Clearly in clinical practice both these mechanisms (plasma volume expan-
sion and reduced venous capacitance) overlap and contribute to the presence of 
congestion. If the ADHF-patient clearly manifest with signs of volume overload 
(e.g. weight gain, pleural effusion, peripheral edema, ascites, ..), than the goal of 
therapy should be to completely get rid of excessive volume. Loop diuretics remain 
the cornerstone of diuretic therapy in AHF, with almost 90% of patients receiving 
intravenous loop diuretics in the ADHERE database [23]. Furthermore, in 63% of 
patients, loop diuretics are the sole drug therapy being used to combat AHF [23]. 
In the DOSE trial, no difference was seen between continuous versus bolus infu-
sion. However, patients receiving a high dose of furosemide (median dose of 
773 mg vs 358 mg over 72 hours), demonstrated a trend towards faster dyspnea 
relief and a significantly higher net fluid and weight loss [24]. Adjusting the 
employed dose of loop diuretics is often necessary when a low glomerular filtration 
rate is present, with higher doses needed in this setting. Furthermore, recently it 
has been illustrated that early initiation of loop diuretics might be associated with 
better outcome [25]. In the case of severe abdominal congestion loop diuretics 
should be administered intravenous as bowel congestions make oral absorption of 
loop diuretics less predictable. However, a fair proportion of patients do not attain 
decongestion despite therapy with a loop diuretic. In these patients it is less clear 
if further loop diuretic dose uptitration or combinational diuretic therapy should be 
employed. Several additional agents with a diuretic property such as thiazides, 
high dose mineralocorticoid receptor antagonists, acetazolamide or sodium glu-
cose linked transporters can be used. A detailed description of their use spans 
beyond the scope of this chapter.

When volume redistribution is driving congestion, the goal of therapy should be 
to enhance venous capacitance function and lower cardiac filling pressures [26]. To 
achieve this goal a combination of vasodilators and lower doses of intravenous 
diuretics are often employed. Again a detailed discussion spans beyond the scope of 
the chapter but have been published previously.
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 Reducing IAP Specifically

In case of the presence of ascites with an elevated IAP, paracentesis has been shown 
to effectively reduce the volume overload in third space while at the same time 
resulting an improvement in renal function. One small hypothesis generating study 
documented that reduction of ascites true either paracentesis of ultrafiltration 
resulted in a reduction in IAP which was associated with an improvement in renal 
function [8]. These strategies might be important in patients who exhibit a progres-
sive increase in IAP during the ADHF hospitalization, as these patients are extremely 
vulnerable to WRF.  A therapeutic flowchart to the approach of elevated IAP in 
ADHF is reflected in Fig. 13.4.

Patient with
ADHF

If congestion with
high IAP persists

measure IAP

Perform ultrasound

UF bail out

– diuretics to relief
   congestion

Classic
decongestive
therapy

– perform ascites
   drainage
– diuretics to relief
   congestion

IAP> 8

IAP> 8
ascites: +

IAP> 8
ascites: –

IAP< 8

Fig. 13.4 Therapeutic 
flowchart to elevated IAP 
in ADHF
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 Optimal Guideline Recommended Therapies and Sodium 
Restriction

In addition to achieving decongestion, perhaps one of the most effective interventions 
is the optimization of a comprehensive discharge policy. Titration of neurohormonal 
blockers including beta-blockers, ACE-inhibitors, Angiotensin receptor blockers, 
angiotensin receptor/neprilysin inhibitors and mineralocorticoid receptor antagonists 
are essential. Furthermore, initiation of ambulatory rehabilitation, instituting a low 
salt diet with fluid restriction, formulating a stable dose of oral diuretics and close 
discharge follow-up, are also the backbones of this optimal discharge policy [27]. In 
OPTIMIZE-HF presence of beta-blockers and ACE-inhibitors were strongly 
associated with better post-discharge outcome [28]. Importantly, a recent analysis 
indicates that achieving decongestion and up-titrating ACE-inhibition is not 
mutually exclusive but synergistic [29]. Indicating that optimization of medical 
therapy should already be tried during decongestion.
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Case Vignette
Mr. Y is a 42  year-old male with a history of tricuspid valve endocarditis 
diagnosed 7 years ago as a consequence of intravenous drug abuse. At that time, 
he was treated conservatively with antibiotics. Afterwards, he successfully 
attended a rehabilitation program and was followed in the outpatient 
cardiology clinic for moderate tricuspid valve regurgitation for 4 years before 
being lost to follow-up. Today, Mr. Y presents to the emergency department 
with progressive exercise intolerance and anasarca. He stopped taking his 
medications as they made him feel unwell. On physical examination, Mr. Y has 
abdominal distention with shifting dullness to percussion. Echocardiography 
demonstrates severe tricuspid valve regurgitation and a severely dilated 
right ventricle with TAPSE 12 mm. The total bilirubin is 3.4 mg/dL and the 
serum sodium is 130 mEq/L. The INR is 1.8 and serum albumin level is 28 g/
dL. The serum creatinine, which was normal 3 years ago, is now 3.07 mg/dL 
corresponding to an eGFR of 28 mL/min/1.73 m2.

Chapter Key Points
• Incidence and diagnosis of hepatic dysfunction in heart failure
• How to evaluate liver disease in heart failure
• Hepatorenal interactions in heart failure
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 Brief Discussion of the Case

The patient presents with right heart failure related to severe tricuspid 
regurgitation. He has evidence of significant hepatic and renal dysfunction. The 
patient’s presenting MELD score is 31, estimating at 52.6% 3-month mortality. 
The patient should be further evaluated with an abdominal ultrasound and echo-
Doppler study of the portal venous system. Additional contributing or reversible 
causes of cirrhosis, particularly viral hepatitis in the setting of his prior intravenous 
drug abuse, should be investigated and treated if diagnosed. Paracentesis may be 
considered in the presence of ascites to assist in the diagnosis of the underlying 
etiology, rule out spontaneous bacterial peritonitis, and alleviate intraabdominal 
pressure. In this case of significant liver disease, and particularly if there are 
supporting findings of cirrhosis, liver biopsy should be discussed in consultation 
with a hepatology specialist. Nephrology consultation is advised to assist in 
assessing for additional contributing etiologies for the patient’s renal dysfunction 
in addition to the expected cardio-renal and hepato-renal mechanisms; HRS is a 
diagnosis of exclusion.

 Overview of Cardiac, Hepatic, and Renal Interactions

The interactions between the heart and the liver, both directly and indirectly, 
by way of common interactions with the kidneys, are complex and numerous. 
Patients with heart failure, particularly right-sided heart failure, are at risk for 
developing congestive hepatopathy and cardiac cirrhosis [1–3]. Further, in 
patients with severely low cardiac output, as in cardiogenic shock, poor perfusion 
can result in ischemic hepatitis and necrosis [1, 4, 5]. Conversely, patients with 
cirrhosis may develop secondary cardiac manifestations, encompassed in an 
entity known as cirrhotic cardiomyopathy [1, 6, 7]. The pathogenesis of cardiac 
cirrhosis and cirrhotic cardiomyopathy are discussed in detail as the mechanisms 
of these disease entities provide valuable insight into the vast pathological 
interactions between these two organs. That is, cardiac dysfunction may worsen 
hepatic function, and hepatic dysfunction may worsen cardiac function. The 
progressive failure of both the heart and the liver ultimately results in decreased 
renal perfusion and consequent renal failure through both hepato-renal and 
cardio-renal mechanisms.

 Liver Dysfunction in Heart Failure

Primary cardiac dysfunction resulting in decreased cardiac output and congestion 
may both contribute to hepatic dysfunction. This hepatic dysfunction occurs 
commonly, though the prevalence in patients with chronic advanced heart failure 
is not well-known [8]. In a cohort of patients with acute decompensated heart 
failure requiring inotropes, it was reported that approximately half had evidence of 
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cardio- hepatic dysfunction [9]. Typically, acute decreases in cardiac output as with 
cardiogenic shock result in acute liver injury, while chronic congestion may result 
in cirrhosis [1, 10].

 Low Cardiac Output and Ischemic Hepatitis

The liver is a highly vascular and metabolic organ that may receive up to 25% of the 
cardiac output [1]. Therefore, a decrease in cardiac output resulting in hypoperfusion 
can cause significant injury and dysfunction. Severe acute heart failure with 
cardiogenic shock will typically result in more dramatic cases of ischemic hepatitis 
[1, 10]. The pattern of injury is typically hepatocellular rather than cholestatic with 
peak elevations in serum transaminase levels occurring 1–3 days after the onset of 
the insult. If perfusion is improved, levels may normalize in 5–10 days from the 
onset of the insult [11, 12]. Acute kidney injury from hypoperfusion is commonly 
present and can progress to acute tubular necrosis [12].

A variant of ischemic hepatitis, termed “cardiogenic hepatic injury and renal 
impairment” has been described and highlights important hepato-renal interactions 
in heart failure [13, 14]. In this syndrome, patients with advanced heart failure 
developed acute severe hepatic injury and renal insufficiency predominantly 
following acute heart failure in the absence of overt hypotension. While the proposed 
pathogenesis was speculative, several interesting observations were made. Notably, 
the syndrome occurred almost exclusively in patients with chronic heart failure. 
Excess renin-angiotensin-aldosterone system (RAAS) and sympathetic activation, 
hypoxia, cytokine release, and free radical injury were proposed to contribute to the 
pathogenesis.

 Congestive Hepatopathy and Cardiac Cirrhosis

Congestion resulting from heart failure can result in significant liver injury as well. 
The hepatic veins do not have valves and are unable to compartmentalize and modulate 
an increase in central venous pressure [1, 15]. Hepatic blood flow is impaired and 
this insult causes centrilobular necrosis and subsequent connective tissue formation, 
which is the primary mechanism of cardiac cirrhosis [10, 15]. The caudal vector 
of venous pressure elevation from the heart results in proportional systemic venous 
hypertension along with hepatic vein hypertension, creating a unique phenotype of 
cirrhosis in which portal hypertension and esophageal varices are uncommon [16, 
17]. Patients often present with jaundice, ascites, and edema [1, 17].

Clinically, this damage is often associated with right-sided heart failure and 
results in a predominantly cholestatic pattern of liver injury, with the degree of 
injury correlating with the severity of heart failure, elevation in central venous 
pressure, and degree of tricuspid regurgitation [16–19]. Conversely, transaminase 
levels may be normal to only modestly elevated. Albumin levels are often decreased 
due to the impairment in hepatic synthetic function [1, 8].
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 Tricuspid Regurgitation and Liver Dysfunction

The presence of tricuspid regurgitation has been associated with liver function 
abnormalities and in particular, congestive hepatopathy [20, 21]. This is likely 
related to similar mechanisms that give rise to congestive hepatopathy, but with 
additional consequence from the pulsatile pattern of injury due to the regurgitant 
jet [18]. The presence of moderate to severe TR significantly correlates with the 
degree of hepatic fibrosis seen on liver biopsy, and is also associated with a higher 
incidence of renal dysfunction [22].

 Cirrhotic Cardiomyopathy

The term cirrhotic cardiomyopathy has become recognized as a clinical syndrome 
involving systolic and diastolic dysfunction, as well as electrophysiological 
disturbances attributed to primary liver cirrhosis [1, 7, 23–26]. The pathogenesis 
and hemodynamic consequences of cirrhotic cardiomyopathy provide insight 
into how the consequence of liver dysfunction in cardiac cirrhosis may feedback 
and contribute to worsening heart failure and renal function in a bidirectional 
manner.

 Systolic Dysfunction in Cirrhosis

Systolic dysfunction and impaired contractility in cirrhotic cardiomyopathy 
have been attributed to several pathologic molecular mechanisms identified in 
experimental models. Dysfunction in cardiac beta-adrenergic receptors, disruption 
in plasma membrane fluidity, altered flux through membrane calcium channels, 
and increased pathological effects of signaling factors including nitric oxide and 
cytokines have been implicated [1, 23]. While there is marked splanchnic arterial 
vasodilation and decreased systemic vascular resistance in patients with cirrhosis 
that may augment cardiac output, the underlying systolic dysfunction combined 
with this vasodilation yields a net effect of decreased systemic pressure [1, 2, 27–
29]. Vasoconstrictor agents that increase systemic vascular resistance may unmask 
and exacerbate this systolic dysfunction, while vasodilators, such as angiotensin- 
converting enzyme inhibitors (ACE-Is) used to manage heart failure, may further 
decrease systemic perfusion due to more profound vasodilation [1, 23, 30, 31]. 
In cases of increased metabolic stress such as exercise and infection, systolic 
dysfunction may similarly become unmasked [32–34]. Ultimately, decreased 
perfusion of the kidneys through these pathways results in renal injury, as well 
as further salt and water retention giving rise to decompensation with worsened 
ascites and congestion [1, 30, 35–37]. A further increase in ascites may result in 
increased abdominal pressure and may contribute to renal failure by impairing 
renal blood flow [38].
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 Diastolic Dysfunction in Cirrhosis

Diastolic dysfunction is very common in cirrhotic patients with a prevalence of at least 
50% [39]. Myocardial fibrosis, subendothelial edema, and in particularly, left ventricular 
hypertrophy, have been identified as mechanisms contributing to restrictive diastolic 
filling [36, 40, 41]. The presence of diastolic dysfunction correlates with more severe 
decompensation and particularly with the presence of ascites. It is hypothesized that the 
increased central venous pressure from impaired diastolic filling may directly contribute 
to the development of ascites [39]. While the pathogenesis of diastolic dysfunction is 
not well-detailed, it may relate to altered function and ratios of collagen and titins in the 
myocardium [1, 35]. The presence of diastolic dysfunction is predictive of a worsened 
prognosis in cirrhotic patients. In particular, cirrhotic patients with diastolic dysfunction 
who undergo transjugular intrahepatic portosystemic shunt insertion are more likely to 
experience decreased effectiveness and greater complications and mortality, perhaps 
related to the inability to tolerate increased preload [39, 42].

 Electrophysiological Abnormalities in Cirrhosis

Chronotropic incompetence, electromechanical dyssynchrony, and QT interval 
prolongation are the primary electrophysiological disturbances found in patients 
with cirrhotic cardiomyopathy [1, 11, 43, 44]. Similar to the pathogenesis of systolic 
dysfunction in cirrhotic cardiomyopathy, desensitization and downregulation 
of beta-adrenergic receptors likely has an important role in the development of 
chronotropic incompetence [1, 43]. While patients are not usually bradycardic, they 
exhibit an inability to augment cardiac output through heart rate and are likely to also 
require increased beta-agonist doses when inotropic support is needed [45, 46]. As 
a result, beta-blocker administration used to manage patients with heart failure may 
further exacerbate this. The clinical relevance of electromechanical uncoupling and 
QT interval prolongation is not well-understood, but perhaps related to myocardial 
receptor dysfunction and impaired filtering of cardiotoxins, respectively [43, 44].

 Hepato-renal Disease and Heart Failure

Hepato-renal syndrome (HRS) is serious complication resulting in severe renal 
failure in patients with advanced chronic liver disease. Type 1 HRS is characterized 
by the rapid development of renal failure and is defined as a two-fold increase in 
serum creatinine to a level greater than 2.5 mg/dL within 2 weeks [47]. Type II HRS 
involves a slower course and the gradual loss of renal function with characteristic 
ascites refractory to diuretic therapy [47, 48]. Several mechanisms have been 
described involving pathological splanchnic vasodilation and RAAS activation, but 
alterations in hemodynamics and cardiac dysfunction have emerged as contributing 
factors as well [49, 50]. These pathways provide insight into additional mechanisms 
that potentiate hepato-renal disease in heart failure.
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 Pathogenesis of Hepato-renal Syndrome

The development of HRS is primarily due to decreased renal perfusion through 
several mechanisms. A hepato-renal reflex triggered by an increase in hepatic 
sinusoidal pressure or decrease in portal flow results in decreased renal blood flow, 
possibly through increased intrahepatic adenosine accumulation, and contributes 
to fluid retention [51, 52]. Secondly, excess splanchnic vasodilation, related to 
increased effects of nitric oxide and prostaglandins, causes a redistribution of blood 
volume and a decrease in effective circulating volume. This leads to activation of 
the RAAS, which pathologically increases systemic vasoconstriction, including to 
the kidneys. This promotes further fluid retention resulting in congestion and ascites 
[1, 53]. As with cardiac cirrhosis and cirrhotic cardiomyopathy, the development 
of tense ascites increases intraabdominal pressure and consequently impairs renal 
blood flow.

 Altered Hemodynamics and Cardiac Dysfunction in Hepato-renal 
Syndrome

The systemic hemodynamics of patients with HRS have been investigated more 
recently after it was reported that these patients had a significantly lower cardiac 
output and index even prior to developing HRS. These patients had a lower renal 
blood flow, but interestingly were not found to have an elevated pulmonary capillary 
wedge pressure (PCWP) [50, 54]. In a small cohort, following the development 
of HRS, cardiac output and mean arterial pressure declined further with PCWP 
remaining relatively unchanged while systemic vascular resistance did not decrease. 
Stroke volume was also decreased in these patients, likely related to a persistent low 
effective circulating volume [50]. Vasoconstrictor activity was noted to be elevated, 
which may have impaired systolic function due to increased afterload. Excess 
neurohumoral activity may also contribute to myocardial hypertrophy and fibrosis 
resulting in diastolic dysfunction as well [55, 56].

With increased recognition of and insights into the pathogenesis of cirrhotic 
cardiomyopathy, similar mechanisms have been proposed to be important 
contributors to the development of these altered hemodynamics. Of particular 
importance seems to be the unmasking of systolic dysfunction and a reduction in 
cardiac output under physiologic stress, resulting in decreased renal blood flow 
and consequent renal failure [32]. Patients with advanced cirrhosis are known to 
have chronic elevations in proinflammatory cytokines and vasoactive hormones 
that may contribute to myocardial systolic and diastolic dysfunction at baseline, 
in line with the pathogenesis of cirrhotic cardiomyopathy [57, 58]. Under stress, 
these substances are activated further and without appropriate cardiac reserve, 
exacerbation of the pathological vasodilation ensues [57–59]. Myocardial 
dysfunction may worsen as well, further decreasing renal blood flow and causing 
renal failure [57].
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 Hepato-renal Interactions in Heart Failure

In summary, the pathological interactions between the heart and the liver that occur 
in heart failure are complex and bidirectional. Liver dysfunction resulting from 
heart failure in the form of congestive hepatopathy, cardiac cirrhosis, or ischemic 
hepatitis may in turn worsen cardiac function and contribute to renal insufficiency. 
The pathogenesis of the clinical entities of cirrhotic cardiomyopathy and HRS 
provide insight into these mechanisms. Specifically, hepatic dysfunction may result 
in worsened systolic, diastolic, and chronotropic function, thereby reducing forward 
flow and contributing to further liver congestion, ascites, and renal hypoperfusion. 
Additionally, this hepatic dysfunction may produce pathological elevation of 
cytokines and other vasoactive substances that cause pathological RAAS activation 
and renal vasoconstriction. The renal failure that ensues is therefore the consequence 
of both hepato-renal and cardio-renal pathological mechanisms.

 Management of Hepato-renal Disease in Advanced Heart Failure

Therapy for hepato-renal disease largely follows therapy for advanced heart failure 
with the goals of alleviating congestion and promoting systemic flow. However, 
additional caution with titration of conventional therapies is required in cases of 
severe liver dysfunction due to altered pharmacokinetics and potential exacerbation 
of hepato-renal interactions.

 Guideline-Directed Medical Therapy

Titration of medical therapy including beta-blockers and ACE-Is and angiotensin 
receptor blockers (ARBs) to optimal doses can be limited by competing detrimental 
effects including systolic depression, chronotropic blunting, and excessive 
vasodilation resulting in decreased end-organ perfusion. However, due to the 
mortality benefit and potential to improve cardiac dysfunction and hemodynamics 
in chronic disease—and consequently hepato-renal dysfunction—these therapies 
should be initiated in stable patients.

ACE-Is and ARBs may augment cardiac output and promote cardiac reverse 
remodeling. Therapy should be initiated at low doses and titrated slowly due to 
variable prodrug activation, bioavailability, and exacerbation of pathological 
vasodilation [60–64]. ACE-Is including enalapril, ramipril, fosinopril, trandolapril, 
quinapril, benazepril, and moexipril all require transformation by the liver into 
active metabolites and higher doses may be needed [60]. Dose adjustments with 
valsartan and irbesartan are not required, but lower doses of losartan are needed 
due to increased bioavailability [61–64]. A low dose aldosterone antagonist is also 
recommended for mortality benefit and may be particularly helpful in patients with 
ascites [11, 26].
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Beta-blockers may decrease cardiac work, optimize filling and contractility, and 
promote reverse remodeling in heart failure. Except with propranolol, while dose 
adjustments are not typically needed in patients with liver dysfunction, titration 
should be performed slowly as well, monitoring for worsened systolic dysfunction 
and chronotropic incompetence [65–69]. In cirrhotic patients with refractory 
ascites, beta-blockers have been shown to be associated with poor survival, possibly 
related to renal insufficiency due to exacerbation or unmasking of similar systolic 
dysfunction found in cirrhotic patients with overt HRS [57, 70, 71]. In patients 
presenting with HRS, beta-blockade discontinuation is recommended [72].

 Diuretic Therapy

Loop diuretics are a mainstay of therapy for volume and symptom management 
in patients with chronic heart failure and liver disease. Absorption may be limited 
due to edema in heart failure and cirrhosis [68]. Patients with liver dysfunction 
have also been observed to have a reduced natriuretic response to loop diuretics 
independent of renal function [73, 74]. In renal insufficiency, higher doses may be 
needed to achieve the same diuretic effect [75]. In cases of HRS, while diuretics 
may be needed after stabilization to relieve congestion, they may contribute to a 
decrease in the effective circulating volume and renal hypoperfusion. In these cases, 
discontinuation of diuretic therapy and administration of albumin is recommended 
[76]. This may increase cardiac output in cirrhotic patients with mild cardiac 
dysfunction, but should be used judiciously under close hemodynamic monitoring 
or avoided in patients with advanced heart failure.

 Inotropes and Vasopressors

Several vasoactive agents have been investigated in the treatment of 
HRS.  Terlipressin, a vasopressin analogue, has historically been acknowledged 
as effective and favored as the treatment of choice in many countries [77, 78]. 
However, likely due to increased afterload, terlipressin reduces cardiac output in 
patients with cirrhosis [11, 79]. Dopamine has been considered and used with some 
studies reporting a possible benefit [13] but disputed in others [80]. Generally, 
monotherapy with dobutamine and dopamine for HRS is no longer recommended. 
However, dopamine in combination with furosemide and albumin have shown 
some promise in the treatment of HRS [81]. Dopamine has been shown to cause 
splanchnic vasoconstriction, thereby opposing the pathological vasodilation, in 
addition to acting as a positive inotrope to improve cardiac contractility [82–84].

Clinical improvement of HRS complicating cirrhotic cardiomyopathy with 
dobutamine administration was recently described in a case report [48]. This 
patient was treated with norepinephrine prior to the dobutamine infusion, but 
objective benefit in systolic function was documented on dobutamine alone with 
strain echocardiography with ejection fraction of 62.3% and global longitudinal 
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strain of 29%. When the dobutamine infusion was discontinued, repeat imaging 
documented an ejection fraction of 51.8% and global longitudinal strain of 18%. 
Norepinephrine is also commonly used in cases of shock and where terlipressin 
is not readily available including the United States. The positive inotropic effects 
of norepinephrine may also be important in augmenting cardiac output to promote 
renal perfusion [76]. For patients with hepato-renal disease complicating heart 
failure without overt HRS, inotropic and vasopressor therapy may considered for 
Profile C heart failure and cardiogenic shock as per the current standard of care.

 Advanced Therapies

Advanced therapies including left ventricular assist device (LVAD) implantation 
and orthotopic heart transplantation (OHT) have shown promise in improving 
hepato- renal dysfunction in patients with advanced heart failure. In patients with 
mild hepatic dysfunction, LVAD therapy often improves liver function tests post- 
implantation [1, 85, 86]. Conversely, the presence of severe liver dysfunction, 
represented through the model for end-stage liver disease (MELD), both prior to and 
post-LVAD implantation is predictive of higher morbidity and mortality [87–90]. 
The improvement in hepato-renal function after LVAD implantation is attributed 
to the improvement in systemic hemodynamics and blood flow. However, liver 
dysfunction may also occur after LVAD implantation. This may be due to several 
perioperative factors, but more prominently related to worsening right heart failure, 
in which decompensation occurs due to the increased preload received by the right 
ventricle after improved left-sided flow [87].

Similarly, liver dysfunction, reflected in MELD scores, is predictive of poor 
clinical outcomes and mortality after OHT [91, 92]. However, hepato-renal function 
can also significantly improve after OHT due to improvement in biventricular 
systolic function and systemic blood flow. Cholestatic parameters were the first 
to improve, followed by transaminase measurements over a longer period of time 
up to 12  months [92, 93]. While patients with severe liver disease and cirrhosis 
were not included, and irreversible hepatic cirrhosis is generally considered a 
contraindication to single-organ OHT due to high postoperative morbidity and 
mortality, select patients with cardiac cirrhosis may be considered [94].

The complete regression of cardiac cirrhosis in a patient 10  years following 
OHT has been reported [91]. Conversely, in cases of cirrhotic cardiomyopathy, liver 
transplantation may lead to improvement and reversal of the cardiomyopathy [11, 
95, 96]. Combined heart and liver transplantation may be considered for patients 
with advanced heart failure and irreversible cirrhosis [97]. The reported rate of 
progressive renal failure requiring renal replacement therapy after liver transplant in 
patients with HRS has been reported at 7% [98, 99], though it is not clear what the 
impact of combined heart and liver transplantation would have in ameliorating this 
in cases of HRS complicating advanced heart failure. Lastly, while combined heart- 
liver- kidney transplantation has been rarely performed for other clinical scenarios, 
the option may be entertained at large experienced transplant centers [97, 100].
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 Future Directions

The presence of myocardial dysfunction in patients with cirrhosis as well as HRS has 
offered insight into the pathogenesis of hepato-renal dysfunction in patients with heart 
failure. These complex interactions must be explored further to improve management 
in this sick population. In particular, the hemodynamic and neurohormonal changes 
involving the liver and kidneys that occur as heart failure progresses to the advanced 
stages must be clarified further with the goal of mitigating clinical hepato-renal 
dysfunction. Agents that improve cardiac function, promote reverse remodeling, 
decrease renal vasoconstriction to promote blood flow, and inhibit pathological 
splanchnic vasodilation are potential goals of therapy. As with all patients with 
advanced heart failure, reconciling this hepato-renal dysfunction with proper selection 
and timing of initiating advanced therapies requires further study as well.

Treatment Pearls for the Case Vignette

Treatment should be directed towards optimizing right ventricular function and 
forward flow to improve systemic perfusion and relieve congestion. Aggressive 
diuretic therapy should be initiated, but will likely need to be combined with 
strategies to optimize cardiac output and end-organ perfusion. When stabilized, 
surgical or percutaneous tricuspid valve repair may be considered and discussed 
with interventional cardiology and cardiac surgery. However, given the degree of 
severe dilation and depression of the right ventricle, advanced therapies, namely 
transplant, may be the only durable option and his candidacy should be evaluated in 
consultation with a multidisciplinary team.
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15Low Output Heart Failure: The Cold 
and Wet Patient

Antonio Christophy and J. Thomas Heywood

Case Vignette
A 57 year old African American gentleman is admitted with increasing dys-
pnea and confusion. He is known with a history of non-ischemic cardiomy-
opathy for 5 years. His most recent ejection fraction is 20%. Past medical 
history is significant for type 2 diabetes and stage III chronic kidney disease. 
One month previously he was admitted for non-focal neurological symp-
toms. Acute stroke was ruled out, but no clear diagnosis was made and the 
possibility of dementia was mentioned. On physical examination his blood 
pressure is 100/80 mmHg with a heart rate of 91 bpm. Jugular venous pres-
sure is 9  cmH2O with a positive abdominojugular reflux. Lungs are clear, 
there is a 1+ parasternal lift and a 2/6 holosystolic murmur at the apex. The 
patient’s extremities reveal edema in both the ankles with coolness from the 
mid-leg to the feet. The neurological exam is again non-focal, with a somno-
lent and disoriented patient. Pertinent laboratory results are a creatinine of 
3.5  mg/dL (previously 1.8  mg/dL) and blood urea nitrogen of 43  mg/
dL. Lactate is mildly elevated at 1.1 mmol/L with normal pH. Liver function 
tests are also abnormal with a total bilirubin of 2.2  mg/dL and aspartate 
transaminase of 62  U/L.  A pulmonary artery catheter is placed with the 
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 Brief Discussion of the Case

Clinical evaluation of a patient, although imperfect and often haphazardly per-
formed in the modern era, should be a cornerstone of heart failure management 
[1]. Nohria and Stevenson have demonstrated that hemodynamic profiling via 
physical examination was able to predict survival in patients with advanced 
heart failure [2]. The four hemodynamic profiles have continued to be used in 
clinical practice (Fig. 15.1). In this hemodynamic profile, congestion is defined 
as a recent history of orthopnea and/or evidence of jugular venous distention, 
rales, hepatojugular reflux, ascites, peripheral edema, leftward radiation of the 
pulmonic heart sounds, or a square wave blood pressure response to Valsalva 
maneuver. Conversely, hypoperfusion is suggested by a narrow proportional 
pulse pressure [(systolic  – diastolic blood pressure)/systolic blood pres-
sure < 25%], pulsus alternans, symptomatic hypotension (without orthostasis), 
cool extremities, and/or impaired mentation. The patient described above fits 
the profile of the cold & wet patient. This profile is prognostically dire with a 
harms ratio of death or urgent transplant of 2.48, even when corrected by multi-
variate analysis [2]. Moreover the presence of cardiorenal syndrome suggests a 
high inpatient mortality of 20% [3].

following findings: right atrial pressure 7 mmHg, pulmonary artery pressure 
42/28 mmHg with a pulmonary arterial wedge pressure of 24 mmHg. The 
thermodilution cardiac output is 2.4 L/min with a cardiac index of 1.1 L/min/
m2. His systemic vascular resistance is calculated at 2600 dynes/s/cm−5. The 
patient is placed on dobutamine 3  μg/kg/min, oral hydralazine and oral 
nitrates. Over the next week, his creatinine falls to 2.3 mg/dL and his mental 
status clears completely. Inotrope weaning is attempted but not successful 
due to worsening urine output and reduced blood pressure. Work-up is begun 
for advanced therapies including left ventricular assist device and/or cardiac 
transplantation. He is discharged on intravenous continuous dobutamine. 
One week after discharge, his serum creatinine is 1.5 mg/dL.

Chapter Key Points
• Relationship between cardiac output and renal function
• How to optimize cardiac output in cardiorenal syndrome
• Use of vasodilators versus inotropes in cardiorenal syndrome
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 The Hemodynamic Model for Heart Failure

Until the advent of the neurohumoral hypothesis, heart failure was seen as a hemody-
namic disorder that should be corrected by the use of inotropes and diuretics [4]. 
Perhaps as a holdover from this hemodynamic paradigm, the etiology for worsening 
renal function in patients with heart failure has generally been assumed to be the result 
of low cardiac output. There are some data to support this view. Physiologic studies in 
patients with advanced heart failure have provided evidence that cardiac output could 
be improved by adding positive inotropic agents or reducing afterload [1, 5, 6]. 
Patients often improve when inotropes are added with improvements of serum creati-
nine observed at the same time. Data exist that with very low cardiac index <1.5 L/
min/m2, renal blood flow is reduced with a consequent worsening of renal function 
[7]. Prolonged hypotension, often associated with reduced cardiac output, has long 
been shown to cause worsening renal function and even acute tubular necrosis [8].

 Blood Pressure or Cardiac Output?

As the evidence for the survival benefits of neurohumoral modulators increased, the 
role of positive inotropic agents have been questioned on several fronts. Use of inotro-
pes, whether used intravenously or oral, is associated with increased mortality [9, 10]. 
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Fig. 15.1 Schematic for assessment of clinical profiles. Congestion was assessed by the presence 
of orthopnea, jugular venous distention, rales, hepatojugular reflux, ascites, peripheral edema, left-
ward radiation of the pulmonic heart sound, or a square-wave blood pressure response to the 
Valsalva maneuver. Compromised perfusion was assessed by the presence of a narrow proportional 
pulse pressure, pulsus alternans, symptomatic hypotension (without orthostasis), cool extremities, 
and/or impaired mentation
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On the other hand, drugs which decrease contractility (e.g. beta blockers) improve 
survival and ventricular function over the long-term [11–13]. Casting more doubt on 
the role of low cardiac output as the cause of cardiorenal syndrome, a pivotal study by 
Mullens et al. in patients with hemodynamic monitoring for advanced heart failure 
has demonstrated that high central venous pressure rather than low cardiac output is 
more frequently associated with worsening renal function [14]. This confirms animal 
data about the detrimental effect of high central venous pressure on renal function [15, 
16]. Finally, the beneficial effect of inotropes may be related more to their improve-
ment in blood pressure rather than a rise in cardiac output [9].

 Treatment Pearls for the Case Vignette

So how should we evaluate the patient from the case vignette in the light of these data? 
Clearly the patient displays an advanced stage of heart failure complicated by cardio-
renal syndrome. The creatinine has more than doubled and there is even mental 
impairment suggesting low cerebral perfusion. Mental alteration is common in shock 
and pre-shock states and patients undergoing cardiac transplantation have reduced 
cerebral blood flow [17, 18]. Cold extremities are also associated with shock and 
thought to be due to low cardiac output or reduced blood pressure. Indeed, cardiac 
index is severely reduced at nearly 1 L/min/m2. Blood pressure, although reduced, is 
not at a level that is commonly thought of as shock (mean arterial pressure <60 mmHg). 
Hence systemic vascular resistance is very high, masking severely depressed cardiac 
function. The latter is amenable to pharmacological treatment (e.g. hydralazine). 
Filling pressures are elevated, but not to the extent to invoke renal congestion as a 
cause of cardiorenal syndrome. In this case, the presentation of the patient with kidney 
dysfunction seems predominantly related to low cardiac output, which was relieved 
by a combination of drugs to improve contractility and reduce afterload.

In this case, invasive hemodynamics are obtained on admission, which plays a 
key role in identifying the patient’s severe reduction in cardiac index and mark-
edly elevated systemic vascular resistance. This information leads to the initiation 
of an inotrope and oral vasodilators. Later, efforts to wean the inotrope were 
unsuccessful because of a reduction in urine output. The patient is fortunate that 
renal dysfunction is reversible, but it is imperative in these situations to realize 
that this is now advanced stage D heart failure and the clinical improvement is 
temporary [9, 19]. Inotropic therapy has shown to improve cardiac output/index, 
improve peripheral blood flow, renal function, vasodilate and with dopamine at 
higher doses improves blood pressure [6, 19–21]. Although, inotropic agents have 
never been shown to improve mortality, they have had a significant impact on 
quality of life and reduction in hospitalizations for advanced heart failure patients. 
These findings have also shown cost reduction when factoring in readmission 
costs [21]. Unfortunately, yearly mortality approaches 50%, even when inotropes 
are continued. Left ventricular assist devices or cardiac transplantation offers a 
much better prognosis in appropriately selected patients [1, 20, 21]. In many cases 
palliative care may be considered early on.
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 Treatment Pearls from the Case Vignette

This case underscores the need to individualize therapy for the cardiorenal syn-
drome in advanced congestive heart failure. There has been a paradigm shift in 
our conceptualization of worsening renal function away from an absolute need to 
increase cardiac output to a focus on relieving venous congestion. However, 
whereas venous congestion is often the cause of worsening renal function it is 
clearly not always the cause. A simple thought experiment in which the cardiac 
index is reduced from 2  L/min/m2 to 1.5  L/min/m2, 1.0  L/min/m2, and finally 
0.5 L/min/m2 convinces one that there is some very low index above zero where 
renal function would be impaired even if blood pressure could be maintained. 
Data exist that with a cardiac index <1.5 L/min/m2, renal blood flow is signifi-
cantly impaired [7]. Fundamentally when approaching a patient with developing 
cardiorenal syndrome, clinicians must ask themselves: “Why does this patient has 
renal impairment?” The potential answers are venous congestion, low perfusion 
pressure, severely reduced cardiac index, intrinsic renal disease, or obstruction. 
Of course, the situation may arise where multiple elements may play a role. 
Simple bedside evaluation including volume assessment (neck veins, hand-held 
ultrasound, etc.), blood pressure determination, and examination of the extremi-
ties for adequacy of perfusion as a surrogate for cardiac index and/or increased 
systemic vascular resistance can provide clues to the astute clinician where the 
hemodynamic derangement lies and how it may be reversed [2, 22–24]. In critical 
situations when shock is present, there may be no substitute for invasively obtained 
hemodynamics (Table 15.1) [1, 25]. The clinician’s role is to identify these abnor-
malities and to address each derangement. This may be as simple as adjusting a 
diuretic or as complex as emergency mechanical circulatory support. Understanding 
the pathophysiology of the cardiorenal syndrome is key and time is of the essence.

Table 15.1 Management of the cold & wet patient

1.  Recognition – Recognition of the volume overloaded, hypo-perfused patient is key because 
of increased mortality associated with the syndrome. In some patients the syndrome can 
develop over months and, if not recognized, can become severe and untreatable very quickly

  (a)  Volume overload, e.g. elevated neck veins, peripheral edema, pleural effusions
  (b)  Reduced perfusion e.g. reduced blood pressure, reduced pulse pressure, mental 

confusion, cool extremities
2.  Risk Stratification – The cold wet patient exists as a continuum from mild volume 

overload/hypoperfusion to frank shock with critical end organ injury. Risk stratification is 
key to determining the severity of the insult and to begin to formulate a plan for dealing 
with the patient at hand. Each patient presentation is unique and must be assessed in terms 
of their physiology but also their goals for care

  (a)  End organ hypoperfusion
      (i)  Degree of renal dysfunction, acute vs chronic
     (ii)  Presence and degree of elevated liver enzymes
    (iii)  Presence and degree of mental confusion

(continued)

15 Low Output Heart Failure: The Cold and Wet Patient



224

References

 1. H. F. S. of America. HFSA 2010 comprehensive heart failure practice guideline. J Card Fail. 
2010;16(6):e1–2.

 2. Nohria A, et al. Clinical assessment identifies hemodynamic profiles that predict outcomes in 
patients admitted with heart failure. J Am Coll Cardiol. 2003;41(10):1797–804.

 3. Fonarow GC, Adams KF, Abraham WT, Yancy CW, Boscardin WJ, S. G. for the ADHERE 
Scientific Advisory Committee. Risk stratification for in-hospital mortality in acutely decom-
pensated heart failure: classification and regression tree analysis. JAMA. 2005;293(5):572–80.

 4. Packer M. The neurohormonal hypothesis: a theory to explain the mechanism of disease pro-
gression in heart failure. J Am Coll Cardiol. 1992;20(1):248–54.

 5. Ungar A, et al. Renal, but not systemic, hemodynamic effects of dopamine are influenced by 
the severity of congestive heart failure. Crit Care Med. 2004;32(5):1125–9.

 6. Westman L, Järnberg P-O. Effects of dobutamine on haemodynamics and renal function in 
patients after major vascular surgery. Acta Anaesthesiol Scand. 1987;31(3):253–7.

 7. Ljungman S, Laragh JH, Cody RJ.  Role of the kidney in congestive heart failure. Drugs. 
1990;39(4):10–21.

  (b)  Invasive hemodynamics
    (i)  Quantify degree of hemodynamic abnormalities and avenues of improvement
  (c)  Degree of volume overload versus severity of hypoperfusion
    (i)  Integrating physical exam, echocardiography and invasive hemodynamics as 

necessary
3.  Management – Treatment of the cold wet patient depends on recognition, risk assessment 

and presentation. Aggressive and rapid management can be lifesaving but is not 
appropriate for all individuals

  (a)  Mild (normotensive, volume overload, mild end organ dysfunction)
     (i)  Diuretics as needed
    (ii)  Inotropes in selected cases
  (b) Moderate (hypotensive, moderate end organ dysfunction)
       (i)  Invasive hemodynamics usually helpful
      (ii)  Short term inotropes without hemodynamics in selected individuals (palliative 

approach)
     (iii)  Inotropes/afterload reduction based on hemodynamic assessment
     (iv)  Balloon pump, catheter based mechanical support for more severe reduction of 

perfusion
      (v)  Pressor support for hypotension
     (vi)  Diuretics once blood pressure and perfusion improved
    (vii)  Evaluate for advanced therapies
  (c)  Severe (frank shock, acidosis, significant end organ dysfunction)
       (i)  Rapid assessment of patient goals/candidacy for advanced therapies
      (ii)  Emergent pressors/inotropes
     (iii)  Rapid use of high flow catheter support
     (iv)  Urgent ECMO support may be first therapy in extremely critical situation
      (v)  Evaluate for advanced therapies if stabilization occurs, i.e. LVAD and cardiac 

transplant
     (vi)  Palliative care either initially or if resuscitation fails

Table 15.1 (continued)

A. Christophy and J. T. Heywood



225

 8. Dupont M, Mullens W, Finucan M, Taylor DO, Starling RC, Tang WHW. Determinants of 
dynamic changes in serum creatinine in acute decompensated heart failure: the importance of 
blood pressure reduction during treatment. Eur J Heart Fail. 2013;15(4):433–40.

 9. Toma M, Starling RC. Inotropic therapy for end-stage heart failure patients. Curr Treat Options 
Cardiovasc Med. 2010;12(5):409–19.

 10. Gorodeski EZ, Chu EC, Reese JR, Shishehbor MH, Hsich E, Starling RC. Prognosis on chronic 
dobutamine or milrinone infusions for stage D heart failure. Circ Heart Fail. 2009;2(4):320–4.

 11. Packer M, et al. Effect of carvedilol on the morbidity of patients with severe chronic heart 
failure: results of the carvedilol prospective randomized cumulative survival (COPERNICUS) 
study. Circulation. 2002;106(17):2194–9.

 12. Hjalmarson Å, et  al. Effects of controlled-release metoprolol on total mortality, hospital-
izations, and well-being in patients with heart failure: the Metoprolol CR/XL Randomized 
Intervention Trial in Congestive Heart Failure (MERIT-HF). JAMA. 2000;283(10):1295–302.

 13. Beta-Blocker Evaluation of Survival Trial Investigators, Eichhorn EJ, Domanski MJ, Krause- 
Steinrauf H, Bristow MR, Lavori PW. A trial of the beta-blocker bucindolol in patients with 
advanced chronic heart failure. N Engl J Med. 2001;344(22):1659–67.

 14. Mullens W, et al. Importance of venous congestion for worsening of renal function in advanced 
decompensated heart failure. J Am Coll Cardiol. 2009;53(7):589–96.

 15. Firth JD, Raine AEG, Ledingham JGG. Raised venous pressure: a direct cause of renal sodium 
retention in oedema? Lancet. 1988;331(8593):1033–6.

 16. Winton FR. The influence of venous pressure on the isolated mammalian kidney. J Physiol. 
1931;72(1):49–61.

 17. Califf RM, Bengtson JR. Cardiogenic shock. N Engl J Med. 1994;330(24):1724–30.
 18. Gruhn N, et al. Cerebral blood flow in patients with chronic heart failure before and after heart 

transplantation. Stroke. 2001;32(11):2530–3.
 19. Leier CV, Binkley PE. Parenteral inotropic support for advanced congestive heart failure. Prog 

Cardiovasc Dis. 1998;41(3):207–24.
 20. Leier CVMD, Heban PTMD, Huss PRN, Bush CAMD, Lewis RPMD. Comparative systemic 

and regional hemodynamic effects of dopamine and dobutamine in patients with cardiomyop-
athic heart failure. Circulation. 1978;58(3):466–75.

 21. Upadya S, et al. Home continuous positive inotropic infusion as a bridge to cardiac transplan-
tation in patients with end-stage heart failure. J Heart Lung Transplant. 2004;23(4):466–72.

 22. Kimura BJ. Point-of-care cardiac ultrasound techniques in the physical examination: better at 
the bedside. Heart. 2017;103(13):987–94.

 23. Simon MA, Schnatz RG, Romeo JD, Pacella JJ.  Bedside ultrasound assessment of jugu-
lar venous compliance as a potential point-of-care method to predict acute decompen-
sated heart failure 30-day readmission. J Am Heart Assoc Cardiovasc Cerebrovasc Dis. 
2018;7(15):e008184.

 24. Garibyan VN, Amundson SA, Shaw DJ, Phan JN, Showalter BK, Kimura BJ. Lung ultrasound 
findings detected during inpatient echocardiography are common and associated with short- 
and long-term mortality. J Ultrasound Med. 2018;37(7):1641–8.

 25. Meersch M, et al. Prevention of cardiac surgery-associated AKI by implementing the KDIGO 
guidelines in high risk patients identified by biomarkers: the PrevAKI randomized controlled 
trial. Intensive Care Med. 2017;43(11):1551–61.

15 Low Output Heart Failure: The Cold and Wet Patient



227© Springer Nature Switzerland AG 2020
W. H. W. Tang et al. (eds.), Cardiorenal Syndrome in Heart Failure, 
https://doi.org/10.1007/978-3-030-21033-5_16

A. Xanthopoulos 
Department of Cardiovascular Medicine, Heart and Vascular Institute, Kaufman Center  
for Heart Failure, Cleveland Clinic, Cleveland, OH, USA 

Department of Cardiology, University General Hospital of Larissa, Larissa, Greece 

F. Triposkiadis 
Department of Cardiology, University General Hospital of Larissa, Larissa, Greece 

R. C. Starling (*) 
Department of Cardiovascular Medicine, Heart and Vascular Institute, Kaufman Center  
for Heart Failure, Cleveland Clinic, Cleveland, OH, USA
e-mail: starlir@ccf.org

16Cardiorenal Syndrome in a Patient 
with Mechanical Circulatory Support

Andrew Xanthopoulos, Filippos Triposkiadis, 
and Randall C. Starling

Case Vignette
Mr. Y is a 62 y/o man with an ischaemic cardiomyopathy, who is admitted at the 
intensive care unit with cardiogenic shock. Four months ago, he suffered an 
anterior myocardial infarction while being at work at his office. An urgent pri-
mary percutaneous coronary intervention with placement of a drug-eluting stent 
was performed for a proximal left anterior descendens occlusion, but only TIMI 
1 flow was obtained. After a prolonged hospitalization of 52 days, Mr. Y was 
able to leave the hospital. His medications included aspirin, ticagrelor 90 mg 
twice daily, pantoprazole, atorvastatin, lisinopril 5 mg daily, carvedilol 3.125 mg 
twice daily and furosemide 80 mg twice daily. On admission, blood pressure is 
85/46 mmHg. Right heart catheterization demonstrates a central venous pres-
sure of 15 mmHg and a pulmonary capillary wedge pressure of 34 mmHg. The 
cardiac index is 1.4 L/min/m2. The serum creatinine is 2.63 mg/dL. Right ven-
tricular function is normal on echocardiography. A decision is made to implant 
a left ventricular assist device (HeartMate III). The implantation is uneventful. 
After 6 days the serum creatinine has dropped to 1.43 mg/dL.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-21033-5_16&domain=pdf
mailto:starlir@ccf.org


228

 Brief Discussion of the Case

The patient in the case vignette presents with cardiogenic shock: low blood pres-
sure, low cardiac index, high central venous pressure (CVP) and high pulmonary 
arterial wedge pressure (PAWP). As a consequence he demonstrates renal failure 
(serum creatinine 2.63  mg/dL). Cardiovascular disorders and diseases are often 
associated with kidney disease and vice versa. The underlying mechanisms are 
complex and most likely multifactorial. In this regard, renal dysfunction is common 
in patients with heart failure, especially in those in the advanced stages of the dis-
ease. Among mechanical circulatory support (MCS) devices employed in this set-
ting, left ventricular assist devices (LVADs), used either as a bridge to transplantation 
(BTT) or as destination therapy (DT) reduce morbidity and mortality, as well as 
improve functional state in advanced heart failure. The implantation of LVADs is 
accompanied by short-term improvements in renal function, whereas data on long- 
term outcomes is inconclusive. Indeed, patients with baseline severe renal dysfunc-
tion should not be excluded from LVAD implantation, as this functional impairment 
may be reversible. Conversely, acute kidney injury (AKI) is not uncommon after 
LVAD implantation and it is followed by high mortality rates. The etiology for the 
development of AKI in LVAD patients is multifactorial and includes pre-renal, 
intrarenal, and post-renal mechanisms. Whether the different types of MCS devices 
(pulsatile vs non-pulsatile) have a clinically significant different pathophysiologic 
effect on renal function has not yet been delineated. The emerging role of percuta-
neous MCS devices (intra-aortic balloon pump, TandemHeart system, Cardiobridge 
support device, and Impella) on the preservation or restauration of renal function 
deserves further investigation.

 Introduction

Heart failure is a clinical syndrome associated with several comorbidities such as 
anemia, sleep apnea, chronic obstructive pulmonary disease, liver and renal dys-
function. Conversely, each of the above-mentioned comorbidities is associated with 
higher incidence of heart failure. This bidirectional association is complex, as it is 
affected by several confounding factors such as age, hypertension, atherosclerosis, 
and diabetes. Inflammation links heart failure with comorbidities and the comor-
bidities themselves make this interplay even more diverse [1]. The heart and the 
kidneys are two organs with significant contribution to cardiovascular homeostasis 

Chapter Key Points
• Importance of renal function in the decision-making about mechanical cir-

culatory support
• Improvement of renal function under mechanical circulatory support
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[2]. Although under normal conditions each change (increase or decrease) of atrial 
pressure or decrease of renal perfusion triggers essential homeostatic mechanisms, 
in situations where cardiac or renal disease exist, homeostatic mechanisms are mal-
functioning [2]. Interestingly, chronic kidney disease (CKD), similar to heart fail-
ure, is characterized by several coexistent morbidities such as cardiovascular, 
hematologic, musculoskeletal, and neurologic disorders [2].

The increasing number of advanced heart failure patients not responding to con-
ventional pharmacological and device therapies necessitates the use of specific, 
advanced heart failure therapies. Those include the mechanical circulatory support 
(MCS) devices and heart transplantation [3]. Among MCS devices, left ventricular 
assist devices (LVADs), used either as BTT or DT exhibit favorable results regard-
ing patients’ morbidity, mortality, functional state, and quality of life [4–7]. The 
efficacy of the continuous flow axial HeartMate II as a BTT or DT [8, 9] is well 
established with the major limitation being an increased incidence of thrombosis 
events (device thrombosis and stroke) [10]. The risk of these complications is 
reduced with the introduction of the fully magnetically levitated circulatory pump 
(HeartMate III) [11, 12]. Meanwhile, the expansion of MCS devices’ use in the 
advanced heart failure population opens new areas of research such as the effects of 
MCS on renal function, the importance of renal function in the decision-making 
about MCS and the impact of renal function with different types of MCS. Those 
topics are discussed in this chapter. Indeed, renal dysfunction is a known risk factor 
that must be carefully evaluated before MCS.

 Renal Function Pre-implantation of a Left Ventricular Assist 
Device

 Pathophysiology or Renal Function in Advanced Heart Failure

The heart and kidneys closely interact. Under normal conditions, the renal blood 
flow corresponds to 20% of the cardiac output and it is regulated by intra-abdominal 
pressure, renal vascular resistance and the difference between renal arterial and 
venous pressure [13]. An important homeostatic mechanism of the kidney is called 
autoregulation. The goal of this mechanism is to keep the glomerular filtration rate 
(GFR) inside a narrow range by adjusting the resistance of the afferent arterioles in 
response to renal arterial pressure and flow fluctuations through the nephron [13]. In 
situations where the renal blood flow drops, a number of protective mechanisms are 
triggered such as redistribution of blood flow for the preservation of renal perfusion 
and glomerulotubular feedback [13].

Renal impairment is a common finding in heart failure patients and is associated 
with worse prognosis [14–16]. The pathophysiological mechanisms include 
advanced age, hypertension, diabetes, and eventually atherosclerosis, which may 
affect both the heart and kidneys. Abnormal hemodynamic parameters such as 
reduced cardiac output and specifically increased CVP have also been implicated in 
the pathogenesis of renal dysfunction in heart failure [17–19]. Intrinsic renal disease 
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and inflammation may reduce the ability of the kidneys to respond to heart failure- 
induced hemodynamic alterations leading to renal failure [16]. The use of high 
doses of diuretics, commonly employed in advanced heart failure patients, is associ-
ated with impaired glomerular filling, decreased drug filtration and delivery into the 
intra-tubular filtrate and finally acute renal dysfunction with diuretic resistance [16, 
20–24]. Finally, factors such as the activated renin-angiotensin-aldosterone system 
(RAAS) and sympathetic nervous system (SNS), release of adenosine and arginine-
vasopressin, endothelial dysfunction, and anaemia contribute to the development of 
CKD in heart failure patients [19, 25].

 The Role of Renal Function in the Decision-Making About Left 
Ventricular Assist Device Implantation

In-hospital worsening renal function (WRF) often occurs in acute heart failure and 
has been considered a predictor of adverse outcomes [25–28]. However, there is 
increasing evidence that transient WRF, especially when it is combined with effec-
tive decongestion with diuretics, is not necessarily accompanied by adverse out-
comes [29, 30]. The results, however, regarding the response of renal dysfunction to 
MCS are conflicting. Khot et  al., found that the use of pulsatile flow LVADs 
(Thoratec HeartMate or Novacor left ventricular assist system) may significantly 
improve renal function in cardiogenic shock and severe renal failure (defined as 
creatinine values ≥3 mg/dL) and that survival following MCS in cardiogenic shock 
is not affected by the presence or absence of CKD [31]. These findings led the inves-
tigators to the conclusion that the presence of severe renal dysfunction in cardio-
genic shock is not a contraindication for the use of MCS as a BTT. On the contrary, 
another study has highlighted the importance of early LVAD implantation in patients 
presenting with cardiogenic shock, before significant renal functional deterioration 
occurs [32].The researchers examined 82 patients who underwent LVAD implanta-
tion (Nipro, Jarvik2000, HeartMate II, EvaHeart, DuraHeart and HeartWare) and 
categorized them based on their INTERMACS levels into two groups (group 1: 
INTERMACS level 1 vs. group 2: INTERMACS levels 2, 3). The most common 
cause of early mortality was pre-operative multi-organ failure and pre-operative 
renal dysfunction (creatinine cut-off ≥1.96 mg/dL) was found to be an independent 
predictor of early (perioperative) mortality.

Sandner et al. investigated in a retrospective manner, 86 advanced heart failure 
patients who underwent continuous flow LVAD implantation and concluded that 
although LVAD use is associated with better survival, patients exhibiting a pre- 
implantation GFR <60 mL/min/1.73 m2 manifested significantly higher mortality 
rates [33]. Hence, the authors highlight the need for careful selection of LVAD 
candidates. Similarly, Butler et al. found that patients with pre-implantation severe 
kidney dysfunction (defined as creatinine clearance <47  mL/min) exhibited the 
worst outcomes after pulsatile flow LVAD implantation (Novacor LVADs) in com-
parison to patients with better renal function [34]. However, they highlighted the 
beneficial effects of LVAD use irrespective from patients’ renal function on 
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outcomes, which were even observed in the group that showed a pre-implantation 
creatinine clearance ≤50 mL/min. The authors also claimed that even though severe 
CKD should be considered as a relative contraindication to LVAD implantation (due 
to subsequent high mortality rates), these patients should not be precluded from 
LVAD implantation and future research should identify the pre-operative risk fac-
tors that will determine whether patients will or will not benefit from MCS [34].

Kirklin et al. examined the effect of renal dysfunction in patients with coexisting 
heart failure and renal failure undergoing continuous flow LVAD implantation from 
the INTERMACS registry [35]. The investigators classified the patients in three 
groups, based on their pre-procedural renal function: (a) severe CKD (renal replace-
ment therapy and/or an estimated GFR <30 mL/min/1.73 m2); (b) moderate CKD 
(estimated eGFR 30–59 mL/min/1.73 m2 or blood urea nitrogen >60 mg/dL); and c) 
mild or no renal dysfunction (estimated GFR ≥60 mL/min/1.73 m2 and blood urea 
nitrogen <60 mg/dL). Patients with severe CKD exhibited the worst short-term sur-
vival after 3 months. The main causes of death included cardiac failure (31%), a 
central nervous system event (17%), multisystem organ failure (11%), and infection 
(11%). The investigators suggested that a careful selection of LVAD candidates 
should be implemented and proposed the use of temporary MCS devices in patients 
with severe renal failure, before implantation of an LVAD. Lastly, Singh et al. exam-
ined the effect of pre-MCS renal impairment on renal function outcomes after heart 
transplantation [36]. The researchers observed an improvement of renal function 
(i.e., creatinine clearance) after the implementation of MCS (biventricular assist 
devices and LVADs) and stated that renal outcomes after heart transplantation were 
probably associated mainly with the optimal GFR during MCS support. In general, 
although irreversible renal dysfunction and treatment with renal replacement ther-
apy are considered an absolute contraindication to LVAD implantation as DT, 
advanced heart failure patients with recent-onset renal dysfunction should not be 
excluded from LVAD treatment when a nephrology consultant anticipates improve-
ment post LVAD and acceptable residual renal reserve [6, 37].

 Renal Function After Implantation of a Left Ventricular Assist 
Device

 Short and Long-Term Outcomes

In most heart failure patients, there is a short-term improvement of renal function 
following LVAD implantation [38]. However, the evidence on long-term outcomes 
is inconclusive [37] (Table  16.1). The beneficial underlying pathophysiological 
mechanisms of LVAD use for patients’ renal function include hemodynamic and 
non-hemodynamic parameters such as the augmentation of renal blood flow, 
decrease in RAAS and SNS activation, and finally the reduction of inactivation of 
nitric oxide (NO) [38, 39]. Predicting renal function changes after LVAD implanta-
tion may guide critical clinical decisions. For example, a patient with refractory 
renal failure after LVAD implantation as a BTT may be a candidate not only for 
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heart, but also for renal transplantation [40]. Moreover, right ventricular failure is a 
common complication of LVAD implantation and severe right ventricular failure 
post-LVAD implantation is associated with peri-operative mortality, altered drug 
metabolism and diuretic resistance. Thus, several risk scores for the prediction of 
right ventricular failure after LVAD insertion have been developed [41].

Hasin et al., in a retrospective study of 83 consecutive patients who underwent 
continuous flow LVAD implantation, monitored the estimated GFR on admission 
and during follow-up (after 1, 3, and 6 months) and reported a significant improve-
ment of renal function [40]. Furthermore, the authors reported that an increase in 
estimated GFR (from 40 ± 12 to 55 ± 18 mL/min/1.73 m2) with optimal medical 
treatment before surgery was found to be a positive prognostic marker of improved 
renal function after LVAD implantation. Gupta et al. retrospectively reviewed 53 
consecutive patients who received a HeartWare centrifugal continuous flow LVAD 
implantation [42]. They reported a significant decrease of creatinine values com-
pared to baseline at 3 months post-implantation (p < 0.001).

Brisco et al. examined 3363 patients with MCS from the INTERMACS registry 
and reported a post-MCS early (during the first month) significant improvement of 
the estimated GFR (median improvement, 49%; p < 0.001) [43] compared to base-
line values. However, this improvement after the first month, continued as a descend-
ing trajectory for up to 1 year of follow-up (median improvement, 7%; p < 0.001). 
Moreover, the investigators highlighted the adverse survival in patients who demon-
strated substantial early or late changes in renal function (whether improvements or 
worsening). Russell et al. examined 309 advanced heart failure patients undergoing 
LVAD implantation as a BTT and analysed the effects of HeartMate II on renal and 
hepatic function [44]. The population enrolled in the study was divided into two 
groups based upon the pre-implantation renal (creatinine and blood urea nitrogen) 
and hepatic (aspartate transaminase, alanine transaminase, and total bilirubin) labo-
ratory values. A significant improvement with time (up to 6 months) was observed 
in the group with abnormal values at baseline, whereas laboratory values remained 
unchanged in those with normal values at baseline. Another interesting study inves-
tigated the long-term effects of continuous flow LVAD devices on hepatic and renal 
function of advanced heart failure patients [45]. Regarding the entire cohort, the 
authors reported a significant decrease of serum creatinine at 1-month post- 
implantation (p < 0.0001) followed by a gradual increase over 1 year (p = 0.0038 
from 1 to 6 months and p = 0.05 from 6 to 12 months). On the contrary, serum bili-
rubin demonstrated a descending trajectory throughout the study. Creatinine values 
at 1 year were significantly lower compared to the pre-procedure values (p = 0.0003). 
Regarding the high-risk cohort (defined as serum creatinine >1.9 mg/dL or serum 
bilirubin >1.5 mg/dL), the researchers observed a significant drop in creatinine at 
the end of 1-month follow-up (p  <  0.0005) followed by a further decrease until 
6 months (p = 0.01) and a stable course until the end of the study (1 year). Similarly 
to the entire cohort, the 1-year creatinine levels were significantly lower compared 
to the baseline values (p = 0.0005). The long-term effects of continuous flow LVADs 
on renal and hepatic function were also the scope of the study by Yoshioka et al. 
[46]. Regarding the subgroup of patients with pre-procedural estimated GFR 
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<60 mL/min/1.73 m2, the initial estimated GFR increase 1-month post-implantation 
(p < 0.05 versus pre-operative values) was followed by a gradual estimated GFR 
decrease resulting in values comparable to baseline after 3 years. On the contrary, 
hepatic function (transaminases, bilirubin, MELD-IX score) remained normal in 
LVAD patients during the 3 years of follow-up. Raichlin et al., in a series of 165 
consecutive heart failure patients who received HeartMate II LVADs, reported that 
patients with baseline estimated GFR >40 mL/min/1.73 m2 (n = 135) exhibited a 
significant estimated GFR increase during the first month after implantation and 
subsequently a gradual decrease, resulting in 1-year follow-up values similar to 
those manifested before the operation, whereas patients with baseline estimated 
GFR ≤40 ml/min/1.73 m2 (n = 30) demonstrated significant renal function improve-
ment at 1 and 3 months, followed by stable estimated GFR values, albeit higher 
compared to the pre-procedural ones, until 1 year post-implantation [47]. Taken all 
together, although the use of LVADs is accompanied by favourable short-term 
improvements in renal function, there is uncertainty about the long-terms impact.

 Acute Kidney Injury and Left Ventricular Assist Devices

A number of criteria have been proposed for the definition of acute kidney injury 
(AKI) [48]. According to the most recent Kidney Disease: Improving Global 
Outcomes (KDIGO) criteria, AKI is defined as any of the following: (a) Increase in 
serum creatinine by ≥0.3  mg/dL (≥26.5 μmol/l) within 48  h; or (b) Increase in 
serum creatinine to ≥1.5 times its baseline, which is known or presumed to have 
occurred within the prior 7 days; or (c) Urine volume < 0.5 mL/kg/h for 6 h [49]. 
Interestingly, WRF is usually defined as a serum creatinine increase of ≥0.3 mg/dL 
compared to the admission value [30]. A recent study defined WRF as a change in 
serum creatinine ≥0.3 mg/dL during the first 5 days after admission [50].

Several pre-operative factors (serum creatinine >1.5 mg/dL, impaired right ven-
tricular function, high CVP, older age, higher LVAD score, INTERMACS score 1 or 
2, low albumin and total protein, low left ventricular end-diastolic diameters, kidney 
size <10  cm, use of angiotensin-converting enzyme inhibitors or angiotensin II 
receptor blockers), intra-operative factors (longer cardiopulmonary bypass time, 
number of blood transfusions, bleeding >1 L), and post-operative factors (need for 
reoperation within 48 h, intra-aortic balloon pump, liver dysfunction, sepsis) have 
been associated with the development of AKI post-operatively [51, 52]. The aetiol-
ogy for the development of AKI in LVAD patients is multifactorial and includes 
pre-renal (hypovolemia, heart failure exacerbation, cardiogenic shock, sepsis, renal 
arterial disease and drugs such as non-steroidal anti-inflammatory drugs or 
angiotensin- converting enzyme inhibitors), intrinsic renal (hemolysis, sepsis) and 
post-renal causes (tumors, stones, hematoma) [53]. However, a recent study has 
challenged the traditional perspective which perceives AKI in advanced heart fail-
ure patients as the result of reduced renal perfusion [54]. The authors examined 575 
heart failure patients from the Evaluation Study of Congestive Heart Failure and 
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Pulmonary Artery Catheterization Effectiveness (ESCAPE) and investigated the 
association between their cardiac index and estimated GFR. They found an inverse 
correlation between the cardiac index and the estimated GFR (r = −0.12; p = 0.02) 
and no association between the cardiac index and the blood urea nitrogen or the 
blood urea nitrogen to creatinine ratio. Therefore, the authors concluded that 
impaired cardiac output is not the leading cause of renal dysfunction in patients with 
advanced heart failure.

Acute kidney injury is a frequent finding in advanced heart failure patients after 
LVAD implantation. The incidence of AKI post-LVAD implantation ranges from 
7% to 56%, and it is accompanied by high short- and long-term mortality rates rang-
ing from 57% to 93% [55]. The large variation in AKI incidence may be due to 
different definitions used for AKI, the baseline severity of heart failure (INTERMACS 
level), and the incidence and severity of pre-implantation CKD [50]. Alba et  al. 
observed a significantly lower short-term survival rate at 15, 30, 90 and 130 days 
post-implantation (p < 0.01) in the group of patients who manifested AKI as defined 
by the RIFLE criteria [56] after LVAD implantation [57]. Another interesting study 
revealed the close inverse association between AKI (defined as renal failure requir-
ing renal replacement therapy) and the 6-month survival for patients treated with an 
MCS as a BTT (p < 0.01) [58]. Regarding long-term outcomes, Topkara et al. fol-
lowed retrospectively 201 patients who received LVADs, between 1996 and 2004, 
and reported that those who needed continuous veno-venous haemodialysis due to 
severe AKI manifested significantly worse survival rates at 1, 3, 5 and 7 years com-
pared to those who did not (p < 0.001) [59]. Genovese et al. retrospectively analysed 
the early adverse outcomes and their association with 1-year mortality, in a series of 
163 advanced heart failure patients who underwent MCS device implantation 
(LVADs or biventricular assist devices) between 1996 and 2008 and concluded that 
AKI (defined as abnormal kidney function requiring renal replacement therapy in 
patients who did not require this procedure before implant or a rise in serum creati-
nine >3 times normal baseline values or > 5 mg/dL) was the only significant and 
independent predictor of increased 1-year mortality. In particular, patients exhibit-
ing AKI early after MCS device implantation manifested a three-fold increased risk 
of death during the first year after the procedure [60]. Similarly, Aik et al. examined 
the relationship between risk factors and adverse outcomes in 157 patients who 
received MCS. The investigators reported that AKI (defined as a ≥ 50% increase in 
serum creatinine over the first 7 post-procedure days) was a significant predictor of 
30-day and 365-day mortality. An interesting study examined the natural history of 
heart failure patients who developed severe renal failure after continuous flow 
LVAD implantation requiring renal replacement therapy either by continuous veno-
venous hemofiltration dialysis (CVVHD) or hemodialysis, or both [61]. The inves-
tigators observed that patients who recovered from the operation and showed 
clinical improvement (New York Heart Association functional class I), managed to 
wean from the renal replacement therapy successfully. In conclusion, AKI not infre-
quently occurs after LVAD implantation and it is an independent risk factor of 
adverse short- and long-term prognosis.
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 Different Types of Mechanical Circulatory Support and Renal 
Function

The impact of different types of MCS devices on renal function is a conundrum 
(Table 16.2). For example, Welp et  al. examined prospectively the impact of the 
LVAD type (pulsatile vs. non-pulsatile) on the plasma renin activity (PRA) and 
aldosterone levels in 20 advanced heart failure patients undergoing LVAD implanta-
tion [62]. The investigators found that the levels of PRA decreased to near normal 
values after 21 days of support both in pulsatile (EXCOR LVAD) and non-pulsatile 
(INCOR LVAD) devices. Interestingly, these levels remained stable until the end of 
the study (day 70). However, the group on pulsatile LVAD exhibited significantly 
lower PRA compared to the non-pulsatile group after 21 days of support, and this 
difference remained unchanged until the end of the study. Similar results were 
found concerning aldosterone levels. In particular, although aldosterone levels sig-
nificantly dropped after the initial 3 weeks on both types of MCS and remained at 
near normal levels until day 70, the levels of aldosterone in the pulsatile group was 
significantly lower compared with the non-pulsatile group after 21 days of LVAD 
support and this difference didn’t change until the end of the study. Apart from 
RAAS activation, several other pathophysiological mechanisms have been impli-
cated in the development of renal impairment as the result of chronic non-pulsatile 
MCS exposure, including smooth muscle cell hypertrophy of renal cortex arteries 
and kidney peri-arteritis [43, 63, 64]. Nevertheless, it has been reported that even 
though the pulsatility is low in heart failure patients receiving continuous flow 
LVADs, the baroreflex sensitivity is preserved [65]. The study by Brisco et al. found 
no difference regarding the estimated GFR trajectory (significant early improve-
ment followed by a late decline) post-implantation between continuous and pulsa-
tile flow LVAD recipients [43]. Another study compared the renal outcomes of 
patients receiving continuous versus pulsatile flow LVADs as a BTT [66]. Both 
groups manifested a significant improvement of renal function (defined by esti-
mated GFR) 1, 4, and 12 weeks post-LVAD implantation. Interestingly, no signifi-
cant difference was observed as far as post-implantation renal function adverse 
outcomes between continuous and pulsatile LVADs. Yoshioka et  al. showed that 
perioperative mortality in patients undergoing LVAD implantation depends more on 
the preoperative GFR than the type of LVAD device used (Nipro LVAD vs. other 
types of LVADs) [32]. Nadziakiewicz and colleagues compared the effects of con-
tinuous (HeartMate II or HeartWare) versus pulsatile (Polvad MEV) LVADs on 
renal function the first 30 days after implantation [67] and found no significant dif-
ferences between the two groups [67]. A study examined retrospectively 58 
advanced heart failure patients divided into three groups based on the LVAD type 
that they had received (centrifugal, axial, and pulsatile) [68]. The authors reported a 
significant improvement of renal function compared to baseline at month 1 and 3 
after the LVAD implantation and concluded that centrifugal, axial and pulsatile 
LVADs provide adequate support on end-organ function in advanced heart failure 
patients. On the contrary, Slaughter et al. enrolled, in a randomized manner, 134 and 
66 patients who underwent continuous and pulsatile flow LVADs implantation, 
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respectively [69] and reported a significantly lower rate of renal failure (defined as 
abnormal kidney function requiring renal replacement therapy in patients who did 
not require this procedure prior to implant) in advanced heart failure patients receiv-
ing continuous flow LVADs in comparison to those who had received pulsatile flow 
LVADs (p < 0.001). Notably, this study demonstrated no significant difference with 
respect to adverse hemorrhagic events (hemorrhagic stroke, bleeding requiring 
packed red blood cells, bleeding requiring surgery). Lastly, Jacobs et al. reported an 
improvement of renal function 3 months after full (continuous flow LVAD) or par-
tial (Synergy micropump) mechanical support devices implantation [70]. A signifi-
cant renal improvement was observed in the group of patients with pre-operative 
impaired renal function (defined as an estimated GFR <60 mL/min/1.73 m2). This 
study underscores the beneficial effects of the Synergy micropump, a miniaturized 
LVAD used mostly as partial support in patients with renal dysfunction, 3 months 
after implantation. In conclusion the results of the above-mentioned studies are 
inconsistent. However, the evidence derived from the randomized HeartMate II ver-
sus HeartMate XVE trial indicates an advantage with continuous flow versus pulsa-
tile flow LVADs with respect to adverse renal events.

 Percutaneous Mechanical Circulatory Support and Renal 
Function

The emerging role of percutaneous MCS devices and their effects on renal function 
is also of great interest [71]. Among them, the most widely used are the intra-aortic 
balloon pump (IABP), TandemHeart system, Cardiobridge support device, extra-
corporeal membrane oxygenation (ECMO) and Impella [71]. The intra-aortic bal-
loon pump is typically inserted through the femoral artery and is positioned in the 
descending aorta proximal to the renal arteries and distal to the left subclavian 
artery. By inflating at diastole and deflating before systole, the IABP increases car-
diac output. Moreover, it increases renal blood flow as demonstrated by Doppler 
ultrasound tracings in high-risk patients with low left ventricular ejection fraction 
(<25%) [72]. Impella is a continuous-flow blood pump, positioned in the left ven-
tricle across the aortic valve, which unloads the left ventricle by ejecting blood to 
the ascending aorta. Despite the theoretical advantages of Impella placement regard-
ing cardiac output augmentation and renal perfusion increase, the effects of Impella 
use on renal function in relatively small case series are inconclusive [73, 74]. The 
TandemHeart system is a continuous flow extracorporeal system that produces a left 
atrial to femoral arterial bypass by circulating the oxygenated blood coming from 
the left atrium – via a transseptal cannula positioned in the femoral vein – to the 
femoral artery or abdominal aorta [71]. In this way, the system increases the cardiac 
index, blood pressure and urine output. Interestingly, small studies that examined 
the effects of the TandemHeart system as temporary circulatory support pump 
showed positive results on renal function [75] The system has been used in high-risk 
percutaneous coronary intervention patients, in patients with cardiogenic shock, 
and in those with severe heart failure due to myocarditis. It is contraindicated in 
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patients with advanced right ventricular failure, aortic insufficiency, ventricular sep-
tal defect, and peripheral vascular disease [76]. Lastly, the Cardiobridge support 
device is a continuous pump, percutaneously inserted in the descending aorta, which 
produces a pressure gradient, decreases afterload and therefore increases organ per-
fusion [71]. A study in small series of patients has demonstrated the beneficial 
effects on renal function (increased estimated GFR and decreased serum creatinine) 
of the Cardiobridge support device use in patients undergoing a high-risk percutane-
ous coronary intervention [77].

ECMO is a temporary percutaneous MCS system indicated for patients with 
cardiorespiratory failure. The outcomes with ECMO use seem to be favorable with 
respect to mortality, although definitive evidence is still lacking [78–81]. A number 
of pathophysiological mechanisms linking ECMO use and AKI have been pro-
posed, including progression of pre-existing multisystemic disease, systemic 
inflammatory response, alterations in renal macro/microvasculature, nephrotoxic 
agents (i.e. antibiotics), hemolysis and oxidative stress, altered renal autoregulation 
and ischaemia-reperfusion injury [78, 82]. The role of percutaneous MCS on renal 
function is promising. However, additional randomized studies are needed.

 Treatment Pearls for the Case Vignette

Based on the above-mentioned literature, the decision to implant an LVAD in a 
patient with cardiogenic shock and impaired renal function like in the case vignette, 
is reasonable [31]. In general, the short-term outcomes of LVAD implantation in 
advanced heart failure patients with renal dysfunction are beneficial [38]. Hence, not 
surprisingly the serum creatinine declined from 2.63 to 1.43 mg/dL, just 6 days after 
successful implantation of the LVAD. Furthermore, all current LVADs are continu-
ous-flow devices, which in theory is important as the percentage of renal failure 
events has been demonstrated to be significantly lower in continuous versus pulsatile 
flow devices [69]. The implantation of the third-generation centrifugal continuous 
flow LVAD (HeartMate III), based on the Multi-center Study of MagLev Technology 
in Patients Undergoing MCS Therapy With HeartMate 3 (MOMENTUM 3) findings 
is associated with lower reoperation for pump malfunction, driven mainly by the 
lower rates of suspected or confirmed pump thrombosis, when compared to the axial 
continuous flow LVADs (HeartMate II) [11, 12]. Pump thrombosis is associated with 
haemolysis and haemoglobinuria is a potential nephrotoxin. Indeed, AKI is frequent 
in case of LVAD malfunction. Renal outcomes as reported with the HeartMate III 
appear comparable to the HeartMate II, but it should be noted that the inclusion and 
exclusion criteria based on renal function were stringent. Future avoidance of mor-
bidity related to AKI and cardiorenal physiology will require solid evidence demon-
strating the advantages of short-term percutaneous support devices that may optimize 
renal function prior to implantation of a durable LVAD, which requires cardiopulmo-
nary bypass. The potential for resolution of right heart failure and normalization of 
the CVP after LVAD is another important factor to consider when determining the 
timing for LVAD surgery and the patient’s risk.
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17Patient with Severe Right Heart Failure 
and Preserved Left Ventricular Ejection 
Function

Anaïs Caillard, Benjamin G. Chousterman, 
and Alexandre Mebazaa

Case Vignette
Mrs. X is a 62 year old woman who was diagnosed with heart failure with 
preserved ejection fraction several years ago. The diagnosis of pulmonary 
venous hypertension was confirmed on right heart catheterization. Now, Mrs. 
X presents at the emergency department because of dyspnea with minimal 
exercise. She has gained 10 kg in body weight and demonstrates impressive 
bilateral edema in both legs. Transthoracic echocardiography shows markedly 
impaired right heart function with severe tricuspid valve regurgitation (4/4). 
Serum creatinine levels have increased from 1.52  mg/dL 6  months ago to 
2.56 mg/dL at the current presentation.
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 Brief Discussion of the Case

This a typical case of worsening of renal function during an episode of decompen-
sated right-sided heart failure (HF) in a patient with a long history of HF with pre-
served ejection fraction (HFpEF). In the case vignette, Mrs. X is a 62  year old 
women suffering HFpEF diagnosed with pulmonary venous hypertension several 
years ago. She is at risk of chronic kidney disease due to both nephron- angiosclerosis 
and venous congestion. She now presents with global edema and signs of decom-
pensated HF.  Global overload may have led to increased tricuspid regurgitation 
(TR) which in turn aggravates right ventricular (RV) function with elevated right 
atrial pressure. This venous hypertension aggravated a chronic kidney disease via an 
episode of acute kidney injury (elevation of serum creatinine with over 50%). This 
is a severe condition that needs to be aggressively taken care of to prevent dramatic 
aggravation of renal function.

 Incidence of Renal Dysfunction in Patients with Primary Right- 
Sided Heart Failure

The definitions and subsequent types of HF have been addressed recently by con-
sensus. The definition of “worsening renal function” in heart failure is however not 
consensual. Therefore, it is difficult to draw clear estimations of the incidence of 
renal dysfunction after chronic or acute right-sided HF due to the heterogeneity of 
clinical definitions used. HFpEF is defined as HF with left ventricular (LV) diastolic 
dysfunction that may be associated with contractile dysfunction despite the preser-
vation of global ejection fraction (EF). It is estimated that 4–48% of the HFpEF 
patients present with RV dysfunction [1, 2]. The prevalence of RV dysfunction in 
HFpEF varies widely depending on the study design, definition used, and popula-
tion characteristics (Fig. 17.1).

It is important to distinguish RV dysfunction from right heart failure. Right heart 
failure involves hemodynamic decompensation. Right heart failure presents with 
various associated clinical signs such as hypoxemia, signs of systemic congestion 
(jugular venous distension, hepatojugular reflux, peripheral edema, pericardial effu-
sion, congestive hepatosplenomegaly, ascites or anasarca) and more specific signs 
of RV dysfunction such as those associated with tricuspid regurgitation (third heart 
sound, systemic murmur of tricuspid regurgitation, hepatic pulse, etc.) [3]. Signs of 
low cardiac output state (hypotension, tachycardia, cool extremities or oliguria) 
could be present. No specific biomarker of right heart failure has been described yet. 
Nevertheless, non-specific biochemical markers such as lactate, natriuretic peptides 
[brain natriuretic peptide (BNP) or N-terminal of the prohormone of BNP 
(NT-proBNP)], cardiac troponin I or T, but also liver biochemistry or markers of 
renal function (especially creatinine) [3] could guide the diagnosis and help to eval-
uate prognosis [4] in primary right heart failure such as for instance in the case of 
pulmonary arterial hypertension [5].
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A comprehensive definition of right ventricular dysfunction remains elusive. 
Right ventricular dysfunction is used to characterize RV alteration mainly by imag-
ing. It is based on the monitoring of RV function and is therefore not based on a 
clinical syndrome. Diagnosis of RV dysfunction could involve echocardiographic 
or cardiac magnetic resonance imaging analyses with various cut-off values [6]. 
Finally, a gold standard method to quantify RV dysfunction considers the RV–pul-
monary artery coupling and involves invasive pressure measurements and acquisi-
tion of volume loops ideally associated with the hemodynamic tracings. Heterogenic 
cohorts and multiplication of diagnosis methods including echocardiographic crite-
ria such as reduced RV fractional area change (FAC), tricuspid annular plane sys-
tolic excursion (TAPSE) and tricuspid annular systolic velocity (RV S′) or cardiac 
magnetic resonance imaging analyses contribute to the complexity of the estimation 
of RV dysfunction prevalence [7]. A recent meta-analysis found a RV dysfunction 
prevalence of 18%, 21% or 28% using RV FAC, RV S′ and TAPSE, respectively. 
TAPSE or RV FAC values are associated with mortality [6].

In parallel, renal dysfunction encompasses several definitions, most of them 
coming from criteria used for the diagnosis and classification of chronic kidney 
dysfunction (CKD), worsening of renal function (WRF) or acute kidney injury 
(AKI). The definition of CKD involves an isolated measurement of the serum creati-
nine level or/and an estimated glomerular filtration rate (eGFR). Cohorts analyzing 
CKD by eGFR analysis below 60 mL/min/1.73 m2 in HFpEF found an incidence of 

Fig. 17.1 Definition and incidence of renal and right ventricular complications in heart failure 
with preserved ejection fraction (HFpEF). Blue: chronic features; purple: acute features. CKD, 
chronic kidney disease defined as an estimated glomerular filtration rate < 60 mL/min/1.73 m2; 
CMR, cardiac magnetic resonance imaging; LV, left ventricular; WRF, worsening of renal function 
defined as an increase in serum creatinine or decrease in diuresis
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between 26% and 49% [8] which is similar to the rate observed in case of heart 
failure with reduced ejection fraction (HFrEF) [9]. CKD is also associated with all- 
cause mortality in patients with HF [OR (95%CI) = 2.34 (2.20–2.50), P < 0.001] 
[10]. WRF or AKI definitions are based on the increase in serum creatinine or 
decreased diuresis. Various renal dysfunction score exist including the Acute Kidney 
Injury (AKIN) classification, the Risk, Injury, Failure, Loss of kidney function, and 
End-stage kidney disease (RIFLE) classification or the Kidney Disease Improving 
Global Outcomes (KDIGO) scores (Table 17.1) and share the same pitfall: the eval-
uation of the basal creatinine value. WRF and AKI are dynamic and adaptive enti-
ties that rely on relative increase of creatinine (or absolute decrease of urine output). 
Using the abovementioned scores, the incidence of RV dysfunction varies between 
6.4% and 15% in HFpEF [10, 12]. As seen for CKD criteria, there is a relationship 
between RV dysfunction and outcome when using WRF or AKI criteria [10, 13]. 
Even mild WRF (increase of serum creatinine levels >0.3 mg/dL) is associated with 
a sensitivity of 81% and specificity of 62% for death [13]. The usefulness of other 
markers of renal dysfunction such as blood urea nitrogen (BUN) [14], Cystatin C, 
neutrophil gelatinase-associated lipocalin (NGAL), proenkephaline, liver-type fatty 
acid-binding protein (L-type FABP), or kidney injury molecule 1 (KIM-1) [15] 
needs to be further investigated [16].

 Pathophysiology of Kidney Dysfunction in Right-Sided Heart 
Failure

The pathophysiology of kidney dysfunction in right-sided HF remains incompletely 
understood. It is necessary to differentiate two mechanisms involved in kidney dys-
function: one chronic mechanism, secondary to HFpEF (and associated with the 
underlying cause of HFpEF (diabetes, hypertension, etc.) versus another acute 
mechanism related to decreased blood flow (reduced cardiac output) and vascular 
congestion (elevated central venous pressure) (Fig. 17.2).

 Renal Dysfunction Secondary to HFpEF

Compared to HFrEF secondary to direct cardiomyocyte injury (ischemic, infec-
tious or toxic mechanisms for example) with an alteration of calcium 

Table 17.1 Kidney Disease Improving Global Outcomes (KDIGO) score [11]

Stage 1 Serum creatinine: 1.5–1.9 fold increase from baseline within 1–7 days or 
≥26.5 μmol/L increase within 48 h
Urine output: <0.5 mL∙kg−1/h for 6–12 h

Stage 2 Serum creatinine: 2.0–2.9 fold increase from baseline
Urine output: <0.5 mL∙kg−1/h for ≥12 h

Stage 3 Serum creatinine: ≥3.0 fold increase from baseline or increase >354 μmol/L  
or initiation of renal replacement therapy
Urine output: <0.3 mL∙kg−1/h for ≥24 h or anuria ≥12 h
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homeostasis and myocardial contraction, HFpEF is secondary to a set of condi-
tions that cause systemic alterations, inflammation and endothelial dysfunction 
that eventually lead to pathological remodeling of the myocardium [8]. In this 
context, three pathways could be proposed to link chronic cardiac dysfunction 
and chronic renal dysfunction: (1) cardiac dysfunction leading to renal dysfunc-
tion (cardiorenal syndrome type 2), (2) renal dysfunction leading to cardiac dys-
function (cardiorenal syndrome type 4) and (3) common systemic mechanisms 
secondary to patients’ comorbidities leading to renal and cardiac changes (car-
diorenal syndrome type 5).

HF induces CKD. Indeed, in 2013, Paulus et al. proposed a pathophysiological 
model to describe the relationship between HFpEF and CKD through systemic 
mechanisms such as inflammation, endothelial dysfunction, oxidative stress and 
microvascular disorders. Systemic disorders are mainly due to patient’s comor-
bidities [hypertension, diabetes, obesity, chronic obstructive pulmonary disease 
(COPD), etc.] by altering the protein kinase G pathway involved in cardiac remod-
eling (hypertrophy and relaxation mechanisms) [17]. The kidney proteome ana-
lyzed in an established model of HF in rats, shows an increase in various family 
proteins such as proteins involved in endothelial function [Von Willebrand factor 
(vWF), caveolin 1–3, T-kininogen 2], proinflammatory extracellular matrix 

Fig. 17.2 Chronic and acute physiologic mechanisms leading to renal dysfunction in heart failure 
with preserved ejection fraction (HFpEF). Blue: chronic features; purple: acute features. AKI, 
acute kidney injury; CI, cardiac index; CKD, chronic kidney disease; COPD, chronic obstructive 
pulmonary disease; GFR, glomerular filtration rate; RBF, renal blood flow; RAAS, renin- 
angiotensin- aldosterone system; RV, right ventricular; WRF, worsening renal function
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activation [Microfibril-associated protein-4 (MFAP-4), collagen-VI, galectin-3, 
Four and a half LIM domains protein-1 (FHL-1), calponin] or glomerular filtra-
tion membrane integrity [Chloride Intracellular Channel-5 (CLIC-5), Zonula 
Occludens-1 (ZO-1)] [18]. Inversely, CKD is also associated with endothelial, 
microvascular and inflammatory dysfunctions. Nevertheless, specific mechanisms 
of CKD appear to be involved such as microalbuminuria, vitamin D deficiency or 
lack of erythropoietin. Those are all inducers of endothelial dysfunction, oxida-
tive stress or inflammation [8]. Moreover, activation of the sympathetic nervous 
system in CKD has also been implicated in the development of cardiac failure [8]. 
In chronic state, distinction between causes and consequences of CKD in patients 
with HFpEF is not easy. In the context of combined renal and cardiac failure (car-
diorenal syndrome type 5), Galectin-3 is a marker of interest that is currently 
emerging. Initially identified as a marker of cardiac fibrosis, it has been shown in 
animal models to be involved in the development of renal fibrosis [19] and to 
promote hypertensive nephropathy. Hypertensive nephropathy develops to a lesser 
extent after pharmacological inhibition of Galectin-3 [20]. More studies are nec-
essary to confirm these observations.

 Acute Kidney Injury Principally Related to Vascular Congestion

In acutely decompensated HFpEF, renal failure is related to decreased cardiac 
output, but also to venous congestion [21]. Damman et al. analyzed the relation-
ship between venous congestion measured by right heart catheterization and renal 
dysfunction in a cohort of 51 patients with HF secondary to pulmonary hyperten-
sion. They compared the evolution of right atrial pressure (RAP), cardiac index 
(CI) and GFR as well as renal blood flow (RBF), measured by 125I-Iothalamate 
and 131IHippuran clearances. In multivariate analysis, RBF and RAP were inde-
pendently associated with GFR suggesting that if RBF was the main factor deter-
mining GFR, venous congestion itself, characterized by increased RAP was also 
an independent determinant of GFR [22]. Other studies in larger cohorts of vari-
ous types of HF have shown similar results with increased CVP consistently asso-
ciated with impaired renal function and independently related to all-cause 
mortality [23, 24]. Association between an increased in BNP levels and renal 
dysfunction was observed in a large cohort of patients with chronic HF. The vas-
cular congestion mechanism with elevated CVP has been shown to induce WRF 
both in HFrEF and HFpEF. The relationship between GFR and venous congestion 
is not simple. To understand this complex relationship, it must be remembered 
that the kidney is an encapsulated organ. Increase of central venous pressure will 
lead to increase of venous volume then interstitial edema that in turn increases 
hydrostatic pressure in Bowman’s capsule and decreases GFR [23]. Elevated cen-
tral venous pressure potentially causes a reduction of RBF and activation of the 
renin-angiotensin-aldosterone system (RAAS) and the sympathetic nervous sys-
tem that cause kidney damage and subsequently decreased GFR [16]. Knowing 
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this cascade of events enables to introduce specific treatment such as active deple-
tion but also inhibitors of RAAS, or sympathetic nervous system inhibitors such 
as beta blockers.

 Management of Patients with Primary Right-Sided Heart 
Failure (with Severe Tricuspid Regurgitation) and Kidney 
Dysfunction

 Determining the Volume and Cardiac Function Status

Different hemodynamic profiles are associated with WRF during decompensated 
HF: congestion and/or decreased RBF. One of the hurdles for choosing the adequate 
treatment is the evaluation of intravascular volume in these patients with right heart 
failure preload-dependency but also with important risk of fluid overload. Fluid 
overload causes cardiac contraction failure, worsening of tricuspid regurgitation, an 
increase in ventricular interdependency, a LV dysfunction, and finally an impair-
ment of cardiac output. It seems appropriate to advise monitoring to guide fluid 
loading or depletion tests [3]. Hemodynamic monitoring such as measurement of 
CVP and/or cardiac output could be recommended in order to evaluate tolerance 
and efficiency of therapy. Decongestion strategies based on monitoring of total 
blood volume and plasma volume measurements at admission by using iodine- 131- 
albumin dilution technique are associated with lower 30-day rates of readmission 
and 30-day and 365-day mortality but longer lengths of stay than control subjects 
[25]. The Evaluation Study of Congestive Heart Failure and Pulmonary Artery 
Catheterization Effectiveness (ESCAPE) [26] study compared a pulmonary artery 
catheter (PAC)-guide therapy to usual care to determine if PAC monitoring is safe 
and improves clinical outcomes. PAC use did not significantly affect prognosis dur-
ing the first 6 months without increase in mortality related to PAC use. Monitoring 
and optimization of the intravascular volume status seems interesting but should not 
be done at the expense of patient safety. Less invasive methods such as CVP mea-
surements, measurements of natriuretic peptides and troponins, as well as echocar-
diography seem interesting in the first steps of treatment.

 Active Decongestion

As previously described, congestion causes both aggravation of HF and renal func-
tion. Intravenous diuretics are the first-line therapy to treat volume overload in patients 
with signs of venous congestion. Intravenous loop diuretics (through intermittent 
bolus or continuous infusion) are recommended for all patients admitted with signs or 
symptoms of fluid overload to improve symptoms [3]. The Registry Focused on Very 
Early Presentation and Treatment in Emergency Department of Acute Heart Failure 
(REALITY-AHF), a prospective, multicenter, observational cohort study, has 
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suggested an association between early treatment with intravenous loop diuretics and 
lower in-hospital mortality in patients with acute HF [27]. A post- hoc analysis of the 
4953 patients of the Acute Heart Failure Global Survey of Standard Treatment 
(ALARM-HF) cohort found no association between diuretic dosing and short-term 
mortality [28]. Nevertheless, loop diuretics may be associated with increased morbid-
ity [29] and may lead to deterioration of renal function [30]. Chronic infusion of loop 
diuretics into animals induces increased activity of the thiazide-sensitive Na+/Cl−-
cotransporter (NCC), demonstrated to be an aldosterone- induced protein [30]. 
Extraction of excess fluid through ultrafiltration has been proposed as an alternative 
method. Some studies tried to compare the safety and efficacy of ultrafiltration and 
conventional intravenous diuretic therapy for patients with acute HF and volume over-
load [31]. A meta-analysis has shown that the weight loss and fluid loss at 48 h was 
greater in patients who received ultrafiltration compared to diuretics, but the occur-
rence of WRF (defined as increase in serum creatinine >0.3 mg/dL at 48 h), was simi-
lar in the two groups. Actually, no clear recommendation exists regarding the use of 
ultrafiltration [31]. Moreover, other drugs are currently under investigation to design 
the optimal diuretic agent or combination of drugs to improve decongestion in acute 
HF with volume overload. For example, tolvaptan, an oral vasopressin-2 receptor 
antagonist, added to conventional therapy with loop diuretics achieved more diuresis 
and relieved dyspnea symptoms in acute HF patients with renal dysfunction [32]. 
Nevertheless no effect on long-term mortality or HF-related morbidity was observed 
[33]. Moreover, the Acetazolamide in Decompensated heart failure with Volume 
OveRload (ADVOR) trial investigates the carbonic anhydrase inhibitor acetazolamide 
combined with loop diuretic therapy in acute HF with volume overload [34].

 Optimization of Arterial Pressure and Cardiac Output

WRF may be secondary to reduced cardiac output and low arterial pressure. 
Norepinephrine is primarily indicated to restore hemodynamic stability in RV fail-
ure [3]. Restoring blood pressure and cardiac blood flow is necessary to improve 
cerebral, coronary, kidney and other organ perfusion. In ventilated dog models, nor-
epinephrine infusion decreases biventricular filling pressures and increases stroke 
volume without major increase of the pulmonary vascular resistance [35].

Monitoring cardiac output could justify the introduction of inotropes if low. 
Dobutamine improves cardiac contractility and output but may reduces blood pressure 
through its vasodilatory effect. Association of norepinephrine could therefore be neces-
sary. Levosimendan was shown to have an inotropic effect without worsening of myo-
cardial diastolic dysfunction, nor increase of myocardial oxygen consumption. 
Levosimendan has vasodilator effects in different organs such as the myocardium, 
lungs, liver and renal medulla and has anti-inflammatory and anti- apoptotic effects 
[36]. Compared to dobutamine in a specific group of patients with biventricular failure, 
levosimendan was shown to offer more beneficial effects on TAPSE, 24-h urine output 
and serum creatinine levels [37]. Levosimendan may also decrease pulmonary arterial 
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pressure in acute conditions [38]. Lastly, phosphodiesterase III inhibitors have positive 
inotropic effects on the RV without increase of the pulmonary vascular resistance.

Mechanic circulatory support like extracorporeal membrane oxygenation 
(ECMO) could be proposed to support the RV in certain specific clinical situations 
such as refractory acute pulmonary embolism. Cardiac pump assistance devices 
need to be evaluated further for this indication.

 Manage Causes of Acute Decompensation of HF

Identification and treatment of triggers of decompensation is necessary to resolve 
decompensated HF. Sepsis, arrhythmias, RV infarction, valvular disorders, drugs or 
pulmonary embolism should be sought after and treated. Pulmonary hypertension 
secondary to cardiac or pulmonary disease may also increase RV failure and con-
gestive signs. Alveolar hypoxia, hypercapnia, hypothermia and acidosis promote 
pulmonary artery vasoconstriction and increase RV overload. Oxygen therapy with 
or without non-invasive ventilation to decrease hypercapnia and optimize arterial 
oxygen saturation > 90% could be proposed [3]. Positive pressure ventilation may 
increase RV overload but decreases LV preload. However, in the case of decompen-
sated HF, it is associated with increased myocardial performance and reduction of 
pulmonary hypertension.

Increase of tricuspid regurgitation is a common cause of decompensation in 
chronic HF with right ventricular failure. In a retrospectively study of 5223 patients, 
it was associated with poor prognosis, independently from age, biventricular sys-
tolic function, RV size, and dilation of the inferior vena cava [39]. These data were 
confirmed by another study suggesting a beneficial effect of more aggressive 
approaches toward tricuspid repair or replacement [40].

 Prevention of Renal Dysfunction in Primary Right Sided Heart 
Failure

Prevention of renal dysfunction in primary right-sided HF overlaps with the treat-
ment of chronic HF. Current guidelines for patients with chronic HF recommend the 
use of beta blockers, angiotensin-converting enzyme (ACE) inhibitors, mineralo-
corticoid receptor antagonists (MRA) and diuretics [4]. Most of these treatments, 
such as ACE inhibitors and MRA, may induce a decline in GFR. However, this 
reduction in GFR is usually small and should not lead to treatment discontinuation 
[4]. In a recent meta-analysis, RAAS inhibitors were shown to induce renal dys-
function in both HFrEF and HFpEF during the acute phase [41]. However, in con-
trast to patients with HFrEF where the mortality increase with WRF is small, HFpEF 
patients with RAAS inhibitor–induced WRF have an increased mortality risk, with-
out experiencing improved outcomes with RAAS inhibition. More studies are nec-
essary but the most important conclusion should be that careful assessment of eGFR 
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during RAAS inhibitor treatment is essential [42]. This also stays true when RAAS 
inhibitors are prescribed to patients with HFpEF [41].

Prevention of WRF necessitates monitoring of both cardiac and renal function. 
In the long term, renal function can adequately be monitored using eGFR based on 
serum creatinine levels. Unfortunately, in the acute situation, reliable tools to evalu-
ate kidney function are lacking and none has proved to be specific of congestion 
causing WRF. New biomarker strategies based on the pathophysiology of venous 
congestion or biomarkers of renal injury have been investigated. A recent analysis 
of 146 patients from the Metabolic Road to Diastolic Heart Failure: Diastolic Heart 
Failure (MEDIA-DHF) study showed a correlation between mid- regional pro-atrial 
natriuretic peptide (MR-proANP) (marker of cardiac congestion) and soluble 
CD146 (expressed by endothelial cells and a potent marker of venous congestion) 
with echocardiographic features of venous congestion (enlarged inferior vena cava, 
dilated left and right atria, RV dilation) [43]. Interestingly, in this study, no correla-
tion was observed with BNP. This confirms the interest of using both markers of 
heart dilation and venous congestion in the management of patient with chronic 
right ventricular failure (Fig. 17.3).

Fig. 17.3 Management of right heart failure. BNP, B-type natriuretic peptide; CVP, central 
venous pressure; RRT, renal replacement therapy; VC, vena cava
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 Treatment Pearls for the Case Vignette

On top of invasive hemodynamic monitoring (pulmonary artery catheter or jugular 
central line with measurement of CVP), this patient needs appropriate decongestion 
with diuretics together with a control of blood pressure. Echocardiography will 
guide the treatment, together with serial measurements of troponin (ischemia), BNP 
and if possible MR-proANP or sCD146. Decrease of TR is a main objective.
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Case Vignette
Mrs. X is a 79 year old woman with an ischemic cardiomyopathy who was 
admitted to the hospital 4 days ago with signs and symptoms of volume over-
load. Despite full nephron blockade with intravenous acetazolamide 500 mg 
daily, intravenous furosemide 120  mg twice daily and metazolone 2.5  mg 
daily, net fluid loss is only 250 mL during the past 24 h with clinical signs of 
volume overload still present. The serum creatinine has bumped up from 
1.68 mg/dL around admission to 2.59 mg/dL at the current. Blood pressure is 
98/62 mmHg in the supine position.

Chapter Key Points
• Indications for ultrafiltration in acute heart failure
• Impact of ultrafiltration in acute heart failure on kidney function
• Practical recommendations on how to prescribe ultrafiltration in acute 

heart failure
• Upfront use of ultrafiltration instead of diuretics in acute heart failure

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-21033-5_18&domain=pdf
mailto:bartx006@umn.edu


264

 Brief Discussion of the Case

Cases like this are often encountered in clinical practice. Relief from congestion is 
the primary treatment goal after excluding precipitating factors such as ischemia, 
arrhythmia, and infection. In addition, a low cardiac output could be contributing to 
her clinical picture and it is important to assess the adequacy of tissue perfusion by 
examination and other indirect measures of cardiac output. This patient has persis-
tent signs and symptoms of congestion despite an aggressive diuretic regimen. 
While clinicians depend on signs and symptoms as a surrogate for elevated cardiac 
filling pressures, the predictive value is limited. If there is clinical uncertainty about 
a patient’s cardiac filling pressures or cardiac output, further evaluation would be 
helpful and might include an echocardiogram, lactate levels, mixed venous oxygen 
saturation, non-invasive devices that estimate cardiac output based on pulse contour 
analysis or bioimpedance, or a right heart catheterization. For this patient, the com-
bination of refractory congestion and acute kidney injury places her at increased 
risk of death or rehospitalization. Ultrafiltration is indicated and with proper moni-
toring and “dose” titration of fluid removal rates, can relieve congestion and improve 
kidney function. However, these “salvage” cases where treatment has been esca-
lated over the course of several days without clinical improvement are at higher risk 
for adverse outcomes including renal failure and death. Early treatment with ultra-
filtration within the first 24 h of hospital admission may result in better outcomes 
based on recent clinical trials.

 Introduction

The importance of treating congestion is self-evident and has been covered in previ-
ous chapters. National guidelines recommend diuretics as the first-line therapy. 
However, in the setting of refractory congestion, ultrafiltration is recommended as a 
reasonable alternative. This final chapter will discuss the definitions of congestion 
and refractory congestion; describe the use of diuretics and ultrafiltration in the 
treatment of congestion; and review the importance of case selection.

 Congestion

 Signs and Symptoms

Signs and symptoms of congestion in heart failure are manifestations of ventricular 
diastolic pressures (Fig.  18.1). However, directly measured filling pressures are 
rarely available in the clinical setting and surrogates are used to determine whether 
congestion is present. Jugular venous distention is perhaps the best clinical indicator 
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of elevated ventricular filling pressures. However, clinical estimates of jugular 
venous pressure ≥12 mmHg have relatively poor operating characteristics with a 
sensitivity of 65%, specificity of 64%, and positive and negative predictive values of 
69% and 38%, respectively [2]. Other physical and radiographic signs of congestion 
cannot be reliably used to distinguish patients with from those without elevated 
ventricular filling pressures [2–4].

 Weight Gain

Weight gain has also been used as a surrogate for congestion. A rapid increase in 
weight can precede decompensated heart failure and greatly increases the risk for 
hospitalization in patients with heart failure. However, other factors can influence 
weight and not all weight gain is attributable to decompensated heart failure. In 
addition, a large number of patients who are hospitalized for decompensated heart 
failure have little or no weight gain [5, 6].

Fig. 18.1 Pathophysiology of congestion. Abbreviations: RV right ventricular, RA right atrial, PA 
pulmonary artery, PCWP pulmonary capillary wedge pressure, LA left atrial, LV left ventricular, 
LVDP left ventricular diastolic pressure, JVD jugular venous distension. (From Gheorghiade et al. [1])
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 Clinical Profiles

Clinical profiles of congestion have been used to provide prognostic information 
and to guide therapy. Characterizing heart failure patients based on the clinical indi-
cators of perfusion and congestion as either warm, cold, wet, or dry is relatively 
easy to do using information available in the history and physical examination. 
Patients described as warm and dry after treatment in the hospital have better clini-
cal outcomes than patients with other clinical profiles [2]. While this framework is 
useful in the clinical setting, the clinical indicators of congestion are often inaccu-
rate as described above.

 Fluid Compartments

While increases in left-sided filling pressures can rapidly occur due to shifts in 
blood compartments (this occurs largely between the splanchnic venous beds and 
the effective arterial circulation), this scenario is generally not the primary process 
in patients with refractory congestion who might be considered candidates for ultra-
filtration [7].

 Blood Volume

Heart failure is a sodium avid state that often leads to expansion of total body water 
and total blood volume. For this reason, blood volume analysis using radiolabeled 
Iodine-131 dilution techniques can be used as another surrogate for congestion. 
Physical manifestations of congestion are not associated with total blood volume 
and increased blood volume is significantly associated with elevated left-sided fill-
ing pressures [8]. In one study, 65% of heart failure patients who were euvolemic by 
physical examination were actually hypervolemic when total blood volume was 
measured. In another study only 37% of patients hospitalized with decompensated 
heart failure had an increase in total blood volume [9]. While blood volume analysis 
introduces a more quantitative approach to the assessment of congestion, it is only 
a surrogate for elevated left-sided filling pressures – increases in blood volume only 
explain approximately half the variation in measured wedge pressure [8]. Blood 
volume analysis is rarely used clinically in part because it requires handling radio-
active materials and multiple blood draws to create an accurate dilution curve and 
because its value in directing therapeutic decisions has not yet been demonstrated.

 Persistent Congestion

Relief of congestion is the primary treatment goal for patients with decompensated 
heart failure. Clinicians use a variety of surrogates to diagnose and monitor the 
regression of congestion during therapy such as physical examination, symptoms, 
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radiographs, changes in weight, blood volume analysis, and B-type natriuretic pep-
tide (BNP) levels. As described in the preceding paragraphs, these surrogates for 
elevated ventricular filling pressures are not particularly accurate [1]. Nevertheless, 
persistent congestion, as defined by a treating physician is associated with worse 
clinical outcomes (Table 18.1). Persistent congestion represents a failure to address 
patient symptoms, physical functioning, and quality of life. In addition, persistent 
congestion leads to unrelieved and ongoing neurohormonal activation which can 
ultimately lead to a cascade of pathologic processes including further sodium reten-
tion, renal failure, cardiac chamber dilatation, progressive mitral regurgitation, sub-
endocardial ischemia and arrhythmia [17].

 Diuretics for the Management of Congestion

Diuretics are first-line therapy for patients with heart failure and congestion [13, 
18]. The goal of therapy is to relieve congestion by increasing urine output and 
removing excess intravascular and extravascular fluid [1]. Loop diuretics such as 
furosemide exert their action on the thick ascending portion of the loop of Henle to 
block the sodium-potassium-chloride transporter [19]. This results in an increase in 
urinary excretion of sodium, chloride, calcium, magnesium, and potassium. In 

Table 18.1 Association of persistent congestion with clinical outcomes

Indicators of persistent congestion
Clinical correlates to persistent 
congestion

Lucas 2000 
[10]

Scoring system including orthopnea, jugular 
venous pressure, change in weight, edema, 
and the need for IV diuretics 4–6 weeks 
after hospital discharge for heart failure

Increased mortality 2 years 
following hospital discharge

Wattad 
2015 [11]

Scoring system including jugular venous 
pressure, hepatomegaly, edema, rales, third 
heart sound

Increased mortality, mean follow 
up 15 months

Aoki S  
[12]

Diuretic response expressed as weight 
loss/40 mg furosemide equivalent dose, 
edema, jugular venous distention

Increased cardiac death and 
rehospitalization for worsening 
HF 1 year after hospital discharge

Lala A 
2015 [13]

Orthodema score based on presence of 
orthopnea and degree of edema

Increased rates of death, 
rehospitalization, or emergency 
department visits 60 days after 
hospital discharge

Kociol RD 
2013 [14]

Weight loss, net fluid loss, reduction in NT 
Pro BNP

Increased rates of death, 
rehospitalization, or emergency 
department visits 60 days after 
hospital discharge

Abraham 
2011 [15]

Pulmonary artery pressure measured 
directly by wireless pulmonary artery 
monitoring system

Increased heart failure related 
hospitalizations 6 months after 
randomization

Darawsha 
2016 [16]

Scoring system including jugular venous 
pressure, hepatomegaly, edema, rales, third 
heart sound

Increased mortality, mean follow 
up 14 months
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general, plasma water follows sodium in the nephron resulting in an increase in 
urine production. Diuretics can sometimes be challenging to use because the dose 
response between individuals can be highly variable and electrolytes must be closely 
monitored and replaced. In addition, diuretic resistance is common, often requiring 
increasing doses to achieve similar degrees of urine output [20].

Diuretics produce hypotonic urine and this reduces the effective removal of excess 
total body sodium present in patients with heart failure. As a result, these drugs are 
often ineffective. In one large registry of over 100,000 patients hospitalized with acute 
decompensated heart failure, more than 90% received intravenous (IV) diuretics yet 
nearly half failed to lose any weight after treatment with IV diuretics [21]. In a clinical 
trial of diuretic dosing strategies, clinical decongestion was achieved in less than 20% 
percent of patients regardless of whether patients received high dose or low-dose 
diuretics, intermittent boluses or continuous intravenous infusions [22]. Vasodilators, 
inotropes, and other agents have been added to diuretics in an attempt to preserve 
renal function and improve outcomes yet these efforts have failed [23–27].

 Refractory Congestion

There is no universally accepted definition of refractory congestion. Published 
guidelines are vague about this and refer to “a failure to respond to diuretics” or 
“after all diuretic strategies are unsuccessful”. Investigators have offered a number 
of working definitions for refractory congestion with varying degrees of specificity 
(Table 18.2). Some, but not all describe threshold doses of diuretics that must be 

Table 18.2 Definitions of refractory congestion

Ellison  
2011 [28]

When moderate doses of diuretics fail to achieve the desired volume reduction

Sackner- 
Bernstien 
2003 [29]

A lack of response to 200 mg of furosemide per day

Simpson 
1986 [30]

Persistent edema despite treatment with diuretics, vasodilators, and inotropes

Dormans 
1996 [31]

Failure to lose weight or to develop a negative sodium balance despite bedrest, 
sodium restriction to <80 mmol/day, and high dose furosemide (> 250 mg/day)

Bart  
2012 [32]

Worsening renal function in the setting of IV diuretics with (a) pulmonary 
capillary wedge pressure >22 mm hg and at least 2+ peripheral edema and/or 
pulmonary edema or pleural effusions on chest x-ray; or (b) at least two of the 
following: ≥2+ peripheral edema, jugular venous pressure >10 mm Hg, and 
pulmonary edema or pleural effusions on chest x-ray

ter Maaten 
2015 [33]

(1) persistent congestion despite adequate and escalating doses of diuretic with 
>80 mg furosemide per day and/or (2) amount of sodium excreted as a 
percentage of fltered load less than 0.2% and/or (3) failure to excrete at least 
90 mmol of sodium within 72 h of a 160 mg oral furosemide dose given twice 
daily

Mentz  
2014 [17]

Failure of diuretics to control volume status adequately despite appropriate 
dose escalation
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administered before describing a patient as having refractory congestion. Other 
authors incorporate specific measures of sodium excretion in their definitions. 
However, using diuretic doses or urine sodium response to IV diuretics to define 
refractory congestion is problematic since less than half the variability in urine out-
put following IV diuretics can be explained by the dose or predicted by spot urine 
sodium assessments [34, 35]. The common theme in all the definitions of refractory 
congestion is that there are persistent signs or symptoms of congestion despite ther-
apies that include IV diuretics. The lack of a standardized definition of refractory 
congestion makes it difficult to conduct research and compare findings across pub-
lished trials.

 Ultrafiltration for the Management of Congestion

Ultrafiltration is the mechanical removal of isotonic plasma water directly from 
the circulation. Blood is withdrawn from a vein and flows across a semipermeable 
membrane under pressure to separate isotonic plasma water from blood. The 
plasma water is discarded and the remaining blood is returned to the patient [36]. 
Simplified ultrafiltration devices can be used in a variety of settings without the 
need for central venous access. Low blood flow rates are well tolerated even in 
patients with advanced heart failure and plasma water removal rates can be 
adjusted across a range from 0 to 500 mL/h. In contrast to diuretics which pro-
duces a hypotonic urine, ultrafiltration removes isotonic plasma water which can 
result in greater overall sodium removal – an important objective in treating heart 
failure [37]. Ultrafiltration results in rapid and predictable fluid removal, restores 
responsiveness to diuretics in patients with diuretic resistance, has no direct effect 
on serum electrolytes, and does not directly stimulate the neurohormonal system 
[38–41].

 Direct Comparisons of Diuretics and Ultrafiltration

Randomized controlled trials comparing ultrafiltration to diuretic-based strategies 
have been performed in the modern era of heart failure treatment. These trials con-
tribute to a growing database of experience that suggests that ultrafiltration may be 
superior to diuretic-based strategies in the management of patients who fail to ade-
quately respond to loop diuretics.

 RAPID [42]

The Relief for Acutely Fluid Overloaded Patients with Decompensated Congestive 
Heart Failure (RAPID-CHF) trial was the first randomized controlled trial compar-
ing diuretic-based therapies to ultrafiltration in patients with acute decompensated 
heart failure using a simplified ultrafiltration circuit. This feasibility study 
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randomized 40 patients hospitalized with decompensated heart failure to usual care 
with intravenous diuretics versus a single 8 h course of ultrafiltration performed 
within the first 24 h of hospitalization. There was a trend for improved weight loss 
in the ultrafiltration group at 24 h and significantly greater net fluid loss (4650 mL 
versus 2838 mL, P = 0.001). RAPID-CHF demonstrated that ultrafiltration is well 
tolerated in patients with acute decompensated heart failure and may be an alterna-
tive to diuretic therapy.

 UNLOAD [39]

The Ultrafiltration Versus Intravenous Diuretics for Patients Hospitalized for Acute 
Decompensated Heart Failure (UNLOAD) trial randomized 200 patients hospital-
ized with decompensated heart failure to usual care versus ultrafiltration within the 
first 24 h of hospitalization. Patients in the usual care group received IV diuretics 
at doses equal to or greater than twice their usual outpatient diuretic dose and all 
diuretics were stopped in the ultrafiltration group, while volume reduction therapy 
was managed exclusively using ultrafiltration for the first 48 h after randomization. 
Patients in the ultrafiltration group lost more weight in the first 48 h compared to 
the usual care group (5 kg versus 3.1 kg, P = 0.001). The average diuretic dose in 
the usual care group was 181 mg of furosemide per day and the average plasma 
water removal rate in the ultrafiltration group was 241 mL/h over 12.3 h. There was 
a slight increase in serum creatinine in the ultrafiltration group but this was not 
statistically or clinically significant. There was a significant reduction in the pre-
specified secondary endpoint of heart failure-related hospitalizations at 90  days 
(Fig. 18.2). While promising, this improvement in clinical outcomes came under 
question because there was no formal clinical events committee to adjudicate the 
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endpoints, treatment was not blinded, and more fluid was removed during ultrafil-
tration raising uncertainty about the potential mechanism of benefit.

 ULTRADISCO [43]

The Effects of Ultrafiltration Versus Diuretics on Clinical, Biohumoral and 
Haemodynamic Variables in Patients With Decompensated Heart Failure 
(ULTRADISCO) study randomized 30 patients hospitalized with decompensated 
heart failure and congestion to a continuous IV infusion of furosemide versus ultra-
filtration with a conventional renal replacement device using slow continuous ultra-
filtration techniques. In the usual care group, the initial rate of furosemide infusion 
was 250 mg per 24 h and this dose was adjusted according to changes in creatinine, 
blood pressure, and heart rate. The dose was increased to 500 mg per 24 h if the 
initial dose did not achieve a negative fluid balance of at least 2000 mL per day. The 
ultrafiltration group initiated ultrafiltration with a fluid removal rate between 100–
300  mL/h and this rate was adjusted according to blood pressure. Both groups 
achieved similar degrees of weight loss and fluid loss by the end of treatment. 
However, patients in the ultrafiltration group had significant improvements in car-
diac performance when measured noninvasively using pulse contour analysis sug-
gesting a possible advantage to ultrafiltration versus traditional diuretics.

 Hanna, et al. [44]

This is the only randomized controlled study of ultrafiltration versus usual care in 
which all patients underwent invasive hemodynamic monitoring. Thirty-six patients, 
all with pulmonary arterial wedge pressure ≥24 mmHg were randomized to usual 
care with IV diuretics at the discretion of the treating physician or slow continuous 
ultrafiltration using a standard renal replacement device. The primary endpoint was 
the time required for the pulmonary arterial wedge pressure to fall ≤18 mmHg for 
at least four consecutive hours. Both groups experienced significant decreases in 
central venous pressure and pulmonary arterial wedge pressure and there was a 
trend favoring ultrafiltration for achieving the primary endpoint (22 h versus 34.8 h, 
P = 0.081). Despite more fluid removal in the ultrafiltration group (5213 mL versus 
2167 mL, P = 0.041), there was no significant change in renal function. Length of 
hospital stay was lower in the ultrafiltration group (4.53  days versus 9.61  days, 
P < 0.001).

 CUORE [45]

The Continuous Ultrafiltration for Congestive Heart Failure (CUORE) study ran-
domized 56 patients hospitalized with decompensated heart failure and significant 
congestion to usual care involving IV diuretics (average dose of diuretics at 
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initiation of therapy was 153 mg per day) or ultrafiltration for an average of 19 h 
with a mean plasma water removal of 4254 mL. Interestingly, diuretics were contin-
ued in patients randomized to the ultrafiltration group. There was no significant 
difference in weight loss achieved in the two groups (7.5 kg for ultrafiltration versus 
7.9 kg for usual care, P = 0.75). There was no difference in length of hospital stay. 
However, 6 months after discharge, patients in the usual care group gained more 
weight, required higher doses of diuretics, and had higher creatinine compared to 
the ultrafiltration group. Ultrafiltration patients had fewer heart failure readmissions 
after 12 months of follow-up compared to usual care (hazard ratio 0.14, P = 0.002).

 CARRESS-HF [32]

The Cardiorenal Rescue Study in Acute Decompensated Heart Failure (CARRESS-HF) 
randomized 188 patients with acute kidney injury and persistent congestion after fail-
ing standard treatment with escalating doses of diuretics to a diuretic-based, stepped 
pharmacologic care treatment protocol designed to achieve 3–5 L of urine output per 
day or ultrafiltration (average treatment duration 40 h, target plasma water removal 
rate of 200 mL/h). The primary endpoint was change in weight and change in creati-
nine measured 96 h after randomization. There was no significant difference in weight 
loss and a transient increase in creatinine at 96 h which resolved 30 days after dis-
charge. There were no differences in clinical outcomes at 60 days. Due to a significant 
number of dropouts and crossovers from the ultrafiltration arm of the trial to the 
diuretic-based arm of the trial, an analysis was performed comparing subjects who 
actually received their assigned treatment after randomization. In this per-protocol 
analysis, patients receiving ultrafiltration had significantly greater net fluid loss and 
weight reduction than patients receiving pharmacologic therapy [46] Ultrafiltration 
was associated with higher creatinine and blood urea nitrogen values, lower serum 
sodium concentrations, and increased plasma renin activity; pharmacologic therapy 
was associated with higher serum bicarbonate. However, there were no significant 
differences in 60-day outcomes suggesting that transient increases in serum creatinine 
associated with ultrafiltration are not clinically significant [46].

 AVOID-HF [47]

The Aquapheresis versus Intravenous Diuretics and Hospitalizations for Heart 
Failure (AVOID-HF) trial randomized patients hospitalized for decompensated heart 
failure and congestion to IV diuretics or ultrafiltration within 24 h of hospital admis-
sion. Both treatment strategies included protocols for adjusting the rate of fluid 
removal based on response to therapy and other clinical parameters. The primary 
endpoint was time to heart failure readmission, or treatment with IV diuretics or 
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ultrafiltration during an unscheduled outpatient or emergency room visit. The sample 
size of 810 patients was based on the ability to detect a 37.5% reduction in 90 day 
heart failure events with 90% power (Fig. 18.3). Unfortunately, this study was termi-
nated for nonclinical reasons after enrolling 224 patients. Patients randomized to IV 
diuretics received an average daily dose of 271 mg furosemide during an average of 
100 h. Patients randomized to ultrafiltration had an average rate of plasma water 
removal of 138 mL/h and underwent treatment for an average of 80 h. There was a 
37% reduction in the risk of heart failure events with ultrafiltration versus diuretic 
therapy but this failed to reach statistical significance (hazard ratio 0.663, confidence 
interval 0.402–1.092). There was a non-significant trend favoring ultrafiltration for 
time to heart failure event (62 days versus 34 days, P = 0.106). Patients in the ultra-
filtration group had fewer heart failure and cardiovascular events at 30 days, and no 
significant changes in serum creatinine. There were more serious adverse events felt 
to be related to study therapy in the ultrafiltration group than in the diuretic group 
(14.6% versus 5.4%, P = 0.026) and more adverse events of special interest including 
infection, bleeding, hypotension, and acute coronary syndrome (31% versus 17% 
P = 0.018).

1.00

0.50

0 10 20

P
er

ce
nt

 o
f P

at
ie

nt
s 

F
re

e 
of

 a
 H

F
 E

ve
nt

30 40

Time to HF Event (days)

AUF

p = 0.106

AUF
Baseline 30 Days 60 Days 90 Days

ALD
105
108

80
74

52
49

19
15

50 60 70 80 90

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

ALD
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(p = 0.106) due to the smaller than originally planned sample size. AQ aquapheresis, LD loop 
diuretics. (From Costanzo [47])
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 Treatment Pearls for the Case Vignette

 Importance of Case Selection

Despite the promising results described in some of the randomized trials above, case 
selection clearly plays a key role in determining the outcomes of patients undergoing 
ultrafiltration therapy. Small, uncontrolled case series involving patients with refractory 
heart failure have been associated with very poor outcomes. In one series of 12 patients 
treated with vasopressors and high doses of furosemide for 22 days prior to initiating 
hemofiltration or hemodialysis, the median survival was 24 days [31]. A larger series of 
63 patients with advanced heart failure in the intensive care unit were treated with slow 
continuous ultrafiltration for an average of 3 days. Prior to ultrafiltration therapy, all of 
these patients had oliguria or worsening renal function with persistent congestion and 
the majority were receiving high-dose IV loop diuretics and IV vasoactive drugs. The 
mean pulmonary arterial wedge pressure was 30  mmHg, central venous pressure 
20 mmHg, and cardiac index 1.8 L/min/m2. After ultrafiltration, hemodynamic param-
eters improved, weight loss occurred, and there was a significant negative fluid balance. 
However, there were no improvements in renal function and 30% of patients died during 
the index hospitalization with an additional 10% discharged to hospice care [48].

There is currently no consensus regarding the optimal selection criteria for ultra-
filtration. Factors that need to be considered include the patient’s volume status, the 
patient’s clinical response to diuretics, and the patient’s severity of illness prior to 
consideration of ultrafiltration therapy. When ultrafiltration is used as rescue or sal-
vage therapy, it appears that the underlying disease processes involving the heart 
and the kidneys are so advanced that overall outcomes are poor. The randomized 
trials of ultrafiltration demonstrating more favorable outcomes targeted patients for 
early ultrafiltration therapy usually within the first 24 h of hospitalization.

 Volume Status

Ultrafiltration effectively removes extracellular volume and can only be recom-
mended in patients with volume overload and congestion. However, the clinical 
assessment of volume status and filling pressures is challenging even for experi-
enced clinicians. Common elements include symptoms of congestion such as 
orthopnea; physical exam findings such as edema, jugular venous distention, pul-
monary rales, and the presence of a 3rd heart sound; radiographic evidence of pul-
monary congestion; direct or indirect measures of elevated filling pressures 
including central venous pressure, pulmonary artery pressure, pulmonary arterial 
wedge pressure, and left ventricular diastolic pressure; non-invasive assessments of 
hemodynamic status using ultrasound, pulse contour analysis, bio impedance; wire-
less intravascular or intracardiac pressure measurement, and others.

The CardioMEMS Heart Sensor Allows Monitoring of Pressure to Improve 
Outcomes in NYHA Class III Heart Failure Patients (CHAMPION) trial placed 
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a wireless implantable hemodynamic monitor in eligible ambulatory patients 
with class III heart failure symptoms and then randomized them to usual clini-
cal care with no hemodynamic data available to guide therapy versus an active 
treatment group in which the treating medical team had access to hemody-
namic data to assist in titration of medications to achieve a prespecified pulmo-
nary artery pressure. Patients in the treatment group had a 28% reduction in 
heart failure related hospitalizations in 6  months (rate 0.32 versus 0.44, 
P = 0.0002) [15]. This study demonstrates the potential value in accurate mea-
surements of filling pressures and the importance of clinical decongestion on 
outcomes.

In another study, heart failure medications were titrated to achieve a prespecified 
total blood volume estimated using an iodine 131 labeled albumin indicator dilution 
technique. In this retrospective analysis performed at a single community hospital, 
targeted decongestion based on estimates of total blood volume was associated with 
improved 30 day readmission rates (12.2% versus 27.7%, P < 0.001) and a signifi-
cant reduction in 30 day mortality (2% versus 11.1%, P < 0.001) when compared to 
propensity score-matched controls from a CMS limited data set.

 Response to Diuretics

The above two trials demonstrate improved clinical outcomes by targeting directly 
measured pulmonary artery pressures and total blood volume. However, not every 
patient with elevated filling pressures and/or expanded extracellular volume will 
require or benefit from ultrafiltration therapy. In the CHAMPION trial, ambulatory 
patients with elevated filling pressures were successfully treated in the outpatient 
setting with oral medications, especially diuretics, to optimize filling pressures [15]. 
Therefore, only patients who fail oral medications in the ambulatory setting could 
be considered candidates for ultrafiltration. IV diuretics are often effective in man-
aging the symptoms of congestion in decompensated heart failure – especially in 
patients without previous exposure to diuretics or in those who are taking diuretics 
at lower doses. The threshold at which ultrafiltration therapy is favored over intra-
venous diuretics has yet to be determined and will likely be defined by clinical 
outcomes. In the Diuretic Optimization Strategies Evaluation trial in Acute Heart 
Failure (DOSE-AHF) trial, a threshold of 80 mg of oral furosemide per day was 
used to define eligibility in a randomized clinical trial testing different dosing strate-
gies of furosemide in patients hospitalized with decompensated heart failure. 
Clinical outcomes were poor (42% died, were rehospitalized, or had an emergency 
department visit within the 60-day follow-up period) regardless of the dosing strat-
egy used (high intensity versus low intensity, continuous infusion versus intermit-
tent bolus) [22]. A similar threshold of 80  mg of furosemide was used in the 
UNLOAD [39] and AVOID [47] trials and in these clinical trials there was a trend 
towards improved outcomes in patients undergoing ultrafiltration therapy versus IV 
diuretics.
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 Severity of Illness

Severity of illness is another consideration in selecting candidates for ultrafiltration. 
When ultrafiltration is used as a rescue or salvage procedure in patients with cardiogenic 
shock, often days or weeks after the initial hospitalization, outcomes are poor. [31, 48–
50] Ultrafiltration performed early in the course of therapy in congested patients not 
requiring vasoactive drugs for support appears to result in improved outcomes compared 
to diuretics in randomized trials [39, 43, 45, 47, 51]. Based on the above considerations 
and the results of randomized controlled trials, ultrafiltration may be particularly useful 
in patients hospitalized with decompensated heart failure and significant congestion 
with failed or inadequate response to IV diuretics equal to at least 80 mg of oral furose-
mide per day. The best outcomes following ultrafiltration therapy occur when ultrafiltra-
tion is initiated within 24–48 h of the first dose of intravenous diuretics (Table 18.3). 
Successful ultrafiltration therapy depends on careful and appropriate patient selection. 
Once the decision to perform ultrafiltration has been made, it should be administered by 
clinicians with experience using ultrafiltration. The initial rate of plasma water removal 
should be carefully considered based on blood pressure, creatinine, and degree of left 
versus right ventricular dysfunction. Patients should be closely monitored during ultra-
filtration for clinical response with special attention to heart rate, blood pressure, creati-
nine, urine output and signs of congestion [52].

References

 1. Gheorghiade M, Follath F, Ponikowski P, Barsuk JH, Blair JE, Cleland JG, et al. Assessing 
and grading congestion in acute heart failure: a scientific statement from the acute heart failure 
committee of the heart failure association of the European Society of Cardiology and endorsed 
by the European Society of Intensive Care Medicine. Eur J Heart Fail. 2010;12(5):423–33.

 2. Drazner MH, Hellkamp AS, Leier CV, Shah MR, Miller LW, Russell SD, et al. Value of clini-
cian assessment of hemodynamics in advanced heart failure: the ESCAPE trial. Circ Heart Fail. 
2008;1(3):170–7.

 3. Chakko S, Woska D, Martinez H, de Marchena E, Futterman L, Kessler KM, et al. Clinical, 
radiographic, and hemodynamic correlations in chronic congestive heart failure: conflicting 
results may lead to inappropriate care. Am J Med. 1991;90(3):353–9.

 4. Stevenson LW, Perloff JK. The limited reliability of physical signs for estimating hemodynam-
ics in chronic heart failure. JAMA. 1989;261(6):884–8.

 5. Chaudhry SI, Wang Y, Concato J, Gill TM, Krumholz HM. Patterns of weight change preced-
ing hospitalization for heart failure. Circulation. 2007;116(14):1549–54.

 6. Zile MR, Bennett TD, St John SM, Cho YK, Adamson PB, Aaron MF, et al. Transition from 
chronic compensated to acute decompensated heart failure: pathophysiological insights obtained 
from continuous monitoring of intracardiac pressures. Circulation. 2008;118(14):1433–41.

Table 18.3 Patient selection for ultrafiltration

Hospitalized with decompensated heart failure
Evidence of significant congestion
Failed or inadequate response to IV diuretics equal to at least 80 mg of oral furosemide per 
day
Treatment initiated within 24–48 h of first dose of intravenous diuretics

B. A. Bart



277

 7. Fallick C, Sobotka PA, Dunlap ME. Sympathetically mediated changes in capacitance: redistri-
bution of the venous reservoir as a cause of decompensation. Circ Heart Fail. 2011;4(5):669–75.

 8. Androne AS, Hryniewicz K, Hudaihed A, Mancini D, Lamanca J, Katz SD. Relation of unrec-
ognized hypervolemia in chronic heart failure to clinical status, hemodynamics, and patient 
outcomes. Am J Cardiol. 2004;93(10):1254–9.

 9. Strobeck JE, Feldschuh J, Miller WL. Heart failure outcomes with volume-guided manage-
ment. JACC Heart Fail. 2018;6(11):940–8.

 10. Lucas C, Johnson W, Hamilton MA, Fonarow GC, Woo MA, Flavell CM, et al. Freedom from 
congestion predicts good survival despite previous class IV symptoms of heart failure. Am 
Heart J. 2000;140(6):840–7.

 11. Wattad M, Darawsha W, Solomonica A, Hijazi M, Kaplan M, Makhoul BF, et al. Interaction 
between worsening renal function and persistent congestion in acute decompensated heart 
failure. Am J Cardiol. 2015;115(7):932–7.

 12. Aoki S, Okumura T, Sawamura A, Kitagawa K, Morimoto R, Sakakibara M, et al. Usefulness 
of the combination of in-hospital poor diuretic response and systemic congestion to pre-
dict future cardiac events in patients with acute decompensated heart failure. Am J Cardiol. 
2017;119(12):2010–6.

 13. Lala A, McNulty SE, Mentz RJ, Dunlay SM, Vader JM, AbouEzzeddine OF, et al. Relief and 
recurrence of congestion during and after hospitalization for acute heart failure: insights from 
Diuretic Optimization Strategy Evaluation in Acute Decompensated Heart Failure (DOSE- 
AHF) and Cardiorenal Rescue Study in Acute Decompensated Heart Failure (CARESS-HF). 
Circ Heart Fail. 2015;8(4):741–8.

 14. Kociol RD, McNulty SE, Hernandez AF, Lee KL, Redfield MM, Tracy RP, et al. Markers of 
decongestion, dyspnea relief, and clinical outcomes among patients hospitalized with acute 
heart failure. Circ Heart Fail. 2013;6(2):240–5.

 15. Abraham WT, Adamson PB, Bourge RC, Aaron MF, Costanzo MR, Stevenson LW, et  al. 
Wireless pulmonary artery haemodynamic monitoring in chronic heart failure: a randomised 
controlled trial. Lancet. 2011;377(9766):658–66.

 16. Darawsha W, Chirmicci S, Solomonica A, Wattad M, Kaplan M, Makhoul BF, et al. Discordance 
between hemoconcentration and clinical assessment of decongestion in acute heart failure. J 
Card Fail. 2016;22(9):680–8.

 17. Mentz RJ, Kjeldsen K, Rossi GP, Voors AA, Cleland JG, Anker SD, et al. Decongestion in 
acute heart failure. Eur J Heart Fail. 2014;16(5):471–82.

 18. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, Drazner MH, et al. 2013 ACCF/AHA 
guideline for the management of heart failure: a report of the American College of Cardiology 
Foundation/American Heart Association Task Force on practice guidelines. Circulation. 
2013;128(16):e240–327.

 19. Dikshit K, Vyden JK, Forrester JS, Chatterjee K, Prakash R, Swan HJ. Renal and extrarenal 
hemodynamic effects of furosemide in congestive heart failure after acute myocardial infarc-
tion. N Engl J Med. 1973;288(21):1087–90.

 20. Brater DC. Diuretic therapy. N Engl J Med. 1998;339(6):387–95.
 21. Gheorghiade M. Reassessing treatment of acute heart failure syndromes: the ADHERE regis-

try. Eur Heart J. 2005;7(Suppl):B13–9.
 22. Felker GM, Lee KL, Bull DA, Redfield MM, Stevenson LW, Goldsmith SR, et al. Diuretic strat-

egies in patients with acute decompensated heart failure. N Engl J Med. 2011;364(9):797–805.
 23. Chen HH, Anstrom KJ, Givertz MM, Stevenson LW, Semigran MJ, Goldsmith SR, et al. Low- 

dose dopamine or low-dose nesiritide in acute heart failure with renal dysfunction: the ROSE 
acute heart failure randomized trial. JAMA. 2013;310(23):2533–43.

 24. Massie BM, O'connor CM, Metra M, Ponikowski P, Teerlink JR, Cotter G, et al. Rolofylline, 
an adenosine A1-receptor antagonist, in acute heart failure. N Engl J Med. 2010;363(15): 
1419–28.

 25. O’Connor CM, Starling RC, Hernandez AF, Armstrong PW, Dickstein K, Hasselblad V, 
et al. Effect of nesiritide in patients with acute decompensated heart failure. N Engl J Med. 
2011;365(1):32–43.

18 Refractory Congestion: When to Use Ultrafiltration?



278

 26. Packer M, O'Connor C, McMurray JJV, Wittes J, Abraham WT, Anker SD, et al. Effect of ular-
itide on cardiovascular mortality in acute heart failure. N Engl J Med. 2017;376(20):1956–64.

 27. Teerlink JR. RELAXin in acute heart failure-2-RELAX-AHF-2. 2017.
 28. Ellison DH.  Diuretic therapy and resistance in congestive heart failure. Cardiology. 

2001;96(3–4):132–43.
 29. Sackner-Bernstein JD, Obeleniene R.  How should diuretic-refractory, volume-overloaded 

heart failure patients be managed? J Invasive Cardiol. 2003;15(10):585–90.
 30. Simpson IA, Rae AP, Simpson K, Gribben J, Boulton Jones JM, Allison ME, et al. Ultrafiltration 

in the management of refractory congestive heart failure. Br Heart J. 1986;55(4):344–7.
 31. Dormans TP, Huige RM, Gerlag PG. Chronic intermittent haemofiltration and haemodialy-

sis in end stage chronic heart failure with oedema refractory to high dose frusemide. Heart. 
1996;75(4):349–51.

 32. Bart BA, Goldsmith SR, Lee KL, Givertz MM, O'connor CM, Bull DA, et  al. 
Ultrafiltration in decompensated heart failure with cardiorenal syndrome. N Engl J Med. 
2012;367(24):2296–304.

 33. ter Maaten JM, Valente MA, Damman K, Hillege HL, Navis G, Voors AA.  Diuretic 
response in acute heart failure-pathophysiology, evaluation, and therapy. Nat Rev Cardiol. 
2015;12(3):184–92.

 34. Aronson D, Burger AJ. Diuretic response: clinical and hemodynamic predictors and relation to 
clinical outcome. J Card Fail. 2016;22(3):193–200.

 35. Brinkley DM Jr, Burpee LJ, Chaudhry SP, Smallwood JA, Lindenfeld J, Lakdawala NK, et al. 
Spot urine sodium as triage for effective diuretic infusion in an ambulatory heart failure unit. J 
Card Fail. 2018;24(6):349–54.

 36. Ronco C, Ricci Z, Bellomo R, Bedogni F. Extracorporeal ultrafiltration for the treatment of 
overhydration and congestive heart failure. Cardiology. 2001;96(3–4):155–68.

 37. Schrier RW. Role of diminished renal function in cardiovascular mortality: marker or pathoge-
netic factor? J Am Coll Cardiol. 2006;47(1):1–8.

 38. Ali SS, Olinger CC, Sobotka PA, Dahle TG, Bunte MC, Blake D, et al. Loop diuretics can 
cause clinical natriuretic failure: a prescription for volume expansion. Congest Heart Fail. 
2009;15(1):1–4.

 39. Costanzo MR, Guglin ME, Saltzberg MT, Jessup ML, Bart BA, Teerlink JR, et al. Ultrafiltration 
versus intravenous diuretics for patients hospitalized for acute decompensated heart failure. J 
Am Coll Cardiol. 2007;49(6):675–83.

 40. Guazzi MD, Agostoni P, Perego B, Lauri G, Salvioni A, Giraldi F, et al. Apparent paradox of 
neurohumoral axis inhibition after body fluid volume depletion in patients with chronic con-
gestive heart failure and water retention. Br Heart J. 1994;72(6):534–9.

 41. Marenzi G, Guazzi M, Lauri G, Perego GB, Sganzerla P, Agostoni P.  Body fluid with-
drawal with isolated ultrafiltration effects persistent improvement of functional capacity in 
patients with chronic congestive heart failure. Furosemide does not produce the same result. 
Cardiologia. 1994;39(11):763–72.

 42. Bart BA, Boyle A, Bank AJ, Anand I, Olivari MT, Kraemer M, et al. Ultrafiltration versus 
usual care for hospitalized patients with heart failure: the Relief for Acutely Fluid-Overloaded 
Patients With Decompensated Congestive Heart Failure (RAPID-CHF) trial. J Am Coll 
Cardiol. 2005;46(11):2043–6.

 43. Giglioli C, Landi D, Cecchi E, Chiostri M, Gensini GF, Valente S, et  al. Effects of 
ULTRAfiltration vs. DIureticS on clinical, biohumoral and haemodynamic variables in 
patients with deCOmpensated heart failure: the ULTRADISCO study. Eur J Heart Fail. 
2011;13(3):337–46.

 44. Hanna MA, Tang WH, Teo BW, O'Neill JO, Weinstein DM, Lau SM, et al. Extracorporeal 
ultrafiltration vs. conventional diuretic therapy in advanced decompensated heart failure. 
Congest Heart Fail. 2012;18(1):54–63.

 45. Marenzi G, Muratori M, Cosentino ER, Rinaldi ER, Donghi V, Milazzo V, et al. Continuous 
ultrafiltration for congestive heart failure: the CUORE trial. J Card Fail. 2014;20(5):378–9.

B. A. Bart



279

 46. Grodin JL, Carter S, Bart BA, Goldsmith SR, Drazner MH, Tang WHW. Direct comparison 
of ultrafiltration to pharmacological decongestion in heart failure: a per-protocol analysis of 
CARRESS-HF. Eur J Heart Fail. 2018;20:1148–56.

 47. Costanzo MR, Negoianu D, Jaski BE, Bart BA, Heywood JT, Anand IS, et al. Aquapheresis 
versus intravenous diuretics and hospitalizations for heart failure. JACC Heart Fail. 
2016;4(2):95–105.

 48. Patarroyo M, Wehbe E, Hanna M, Taylor DO, Starling RC, Demirjian S, et al. Cardiorenal 
outcomes after slow continuous ultrafiltration therapy in refractory patients with advanced 
decompensated heart failure. J Am Coll Cardiol. 2012;60(19):1906–12.

 49. Liang KV, Hiniker AR, Williams AW, Karon BL, Greene EL, Redfield MM. Use of a novel 
ultrafiltration device as a treatment strategy for diuretic resistant, refractory heart failure: ini-
tial clinical experience in a single center. J Card Fail. 2006;12(9):707–14.

 50. Ramos R, Salem BI, DePawlikowski MP, Tariq M, Haikal M, Pohlman T, et al. Outcome pre-
dictors of ultrafiltration in patients with refractory congestive heart failure and renal failure. 
Angiology. 1996;47(5):447–54.

 51. Siddiqui WJ, Kohut AR, Hasni SF, Goldman JM, Silverman B, Kelepouris E, et al. Readmission 
rate after ultrafiltration in acute decompensated heart failure: a systematic review and meta- 
analysis. Heart Fail Rev. 2017;22(6):685–98.

 52. Costanzo MR, Ronco C, Abraham WT, Agostoni P, Barasch J, Fonarow GC, et  al. 
Extracorporeal ultrafiltration for fluid overload in heart failure: current status and prospects for 
further research. J Am Coll Cardiol. 2017;69(19):2428–45.

18 Refractory Congestion: When to Use Ultrafiltration?


	Foreword
	Contents
	Introduction: Refining Physiologically Based Individualized Management of Cardio-Renal Syndrome
	References

	1: A Historical Perspective on Evolving Concepts of Cardiorenal Syndrome in Heart Failure
	Introduction
	Ancient History
	Egyptian Medicine
	Chinese Medicine
	Hebrew Culture

	Post-classical history
	Middle Ages

	Modern History
	Twentieth Century
	The Present
	Conclusion
	References

	2: Hemodynamic Insights to Cardio-Renal Syndrome: A View Looking Back to See Forward
	Recognizing the Role of Renal Function
	The Pre-renal Concept
	Renal Implications of Heart Failure with Preserved Ejection Fraction
	Reversal of the Impact of Increased Creatinine During Hospitalizations
	Forward and Backward Flow for the Kidney
	Forward Failure
	Backward to the Kidney

	Conclusions: From Backward Failure Into Forward Progress
	References

	Part I: Insights from Pathophysiologic Mechanisms
	3: Mechanisms of Cardiorenal Syndrome: From Molecular Pathways to Novel Therapeutics
	Introduction
	Urinary CNP: A Potential Novel Urinary Biomarker for CRS and ADHF Prognosis
	CRRL 269: A Novel Designer NP for CRS and AKI
	Conclusion
	References

	4: Pathophysiology of Cardio-Renal Syndrome: Autonomic Mechanisms
	Introduction
	Epidemiology
	Pathophysiological Mechanisms Implicated in Cardio-Renal Syndrome
	Hemodynamic Factors
	Non-hemodynamic Factors

	Autonomic Nervous System (ANS) in HF
	Innervation of the Kidney
	Renal Sympathetic Nerve Activity
	Afferent Renal Nerve Activity (ARNA)
	Renorenal Reflex in Heart Failure

	Clinical Implications
	Conclusions
	References

	5: Insights on Diuretic Therapy from Clinical and Pharmacologic Perspectives
	Introduction
	Classification and Mechanisms of Action
	Bioavailability of Diuretics Determining the Dose and Frequency of Administration
	Volumes of Distribution, Metabolism and Half-lives
	Impact of Drugs and Chronic Kidney Disease on the Effectiveness of Diuretics
	Using Diuretics Effectively to Treat Extracellular Fluid Volume Expansion
	Braking Phenomenon or Loop Diuretic Resistance
	Approaches to Overcome the Braking Phenomenon
	Evidence-based Diuretic Dosing for Extracellular Fluid Volume Expansion
	Comparison of Three Loop Diuretics
	Summary
	References


	Part II: Case-Based Discussions
	6: A Patient with Progressive Renal Insufficiency in Chronic Heart Failure with Reduced Ejection Fraction
	Brief Discussion of the Case
	Renal Function in HFREF
	Pathophysiology of Renal Insufficiency in Heart Failure
	Treatment of HFREF Patients with Renal Insufficiency
	Device Therapy in HFREF Patients with Renal Insufficiency
	Renoprotective Strategies in Chronic HFREF
	Conclusion
	References

	7: A Patient with Chronic Kidney Disease and Heart Failure with Preserved
	Brief Discussion of the Case
	Epidemiology of HFpEF and CKD
	Pathophysiology of Renal Impairment in HFpEF
	Comorbidities in HFpEF and CKD
	Diabetes
	Anemia

	Heart Failure Assessment in a Patient with CKD
	Treatment Options in HFpEF and CKD
	Preventative Measures

	Treatment Options in the Patients with Cardiorenal Syndrome
	Treatment of Volume Overload
	Treatment of Hypertension
	Treatment of Comorbidities
	Pulmonary Artery Pressure-Guided Management

	Targeting Natriuresis in HFpEF
	Neprilysin Inhibition
	Sodium-Glucose Transporter-2 Inhibitors

	Treatment Pearls for the Case Vignette
	References

	8: Heart Failure in a Patient with End-Stage Kidney Disease on Renal Replacement Therapy
	Brief Discussion of the Case
	Epidemiology and Risk Factors
	Cardiovascular Stressors of Hemodialysis
	Pathophysiologic Considerations

	Evaluation of Congestive HF in ESRD
	Renal Evaluation in ESRD with HF
	Cardiovascular Evaluation in ESRD with HF

	Medical Management of Congestive HF in ESRD
	Heart Failure Disease Management
	Coronary Atherosclerotic Disease Management
	Anemia and Metabolic Management
	Device Therapy for HF and ESRD
	Renal Transplantation Candidacy and Considerations

	Treatment Pearls for the Case Vignette
	References

	9: Diuretic Resistance and Chronic Heart Failure
	Brief Discussion of the Case
	Volume Overload: Clinical and Subclinical Congestion
	Use of Cardiac Biomarkers to Detect Congestion
	Diuretic Resistance in Chronic Heart Failure. Definition and Prevalence
	Diuretic Resistance in Chronic Heart Failure. Mechanisms
	Compliance and Concomitant Medications
	Altered Diuretic Pharmacokinetics and Dynamics
	Hemodynamic Factors
	Neurohormonal Activation
	Nephron Adaptation to Diuretic Treatment

	Diuretic Resistance in Chronic Heart Failure. Management
	Multiple Administrations and Patient’s Position
	Changes in the Loop Diuretic Molecule
	Route of Administration
	Combining Different Diuretics: Sequential Nephron Blockade
	Sodium Restriction
	Other Therapies

	Treatment Pearls for the Case Vignette
	References

	10: Worsening Renal Function in a Patient with Acute Heart Failure and Volume Overload
	Brief Discussion of the Case
	Introduction
	Pharmacokinetics of Loop Diuretics in Acute Heart Failure
	Pharmacodynamics of Loop Diuretics in Acute Heart Failure
	Impact of Renal Function on Dosing Strategies of Loop Diuretics to Treat Volume Overload in Acute Heart Failure
	Incidence and Risk Factors for Acute Kidney Injury in Acute Heart Failure
	Prognostic Impact of Worsening Renal Function in Acute Heart Failure and Relationship Between Elevations in Serum Creatinine and Volume Overload
	Alternative Markers of Renal Function in Heart Failure
	Treatment Strategies When a Rise in Serum Creatinine Is Observed During Diuresis in Acute Heart Failure with a Focus on Renal Preservation
	Treatment Pearls for the Case Vignette
	References

	11: Loop Diuretic Resistance in a Patient with Acute Heart Failure
	Brief Discussion of the Case
	Defining Diuretic Resistance in Acute Heart Failure
	Prognostic Impact of Diuretic Resistance in Acute Heart Failure
	Mechanisms of Loop Diuretic Resistance and Mechanism-Based Therapies to Restore Diuretic Efficacy in Acute Heart Failure
	Pre-nephron Diuretic Resistance
	Pre-loop of Henle Diuretic Resistance
	Loop of Henle Diuretic Resistance
	Post-loop of Henle Diuretic Resistance

	Combination Blockage of the Nephron in Diuretic Resistance
	Thiazide(-like) Diuretics
	Mineralocorticoid Receptor Antagonists
	Vasopressin Antagonists
	Diuretics in the Proximal Tubules of the Nephron

	Treatment Pearls for the Case Vignette
	References

	12: Diuretic Therapy Complicated by Hyponatremia
	Brief Discussion of the Case
	Worsening Renal Function
	Incidence
	Prognostic Importance
	Worsening Renal Function and Decongestion Success
	Avoiding Harmful Worsening Renal Function

	Common Electrolyte Disturbances During Decongestive Treatment
	Hyponatremia and Hypochloremia
	Epidemiology
	Prognostic Impact
	General Approach
	Sodium Depletion Versus Plasma Dilution
	Treatment of Dilution Hyponatremia

	Hypernatremia
	Potassium Derangements

	Treatment Pearls for the Case Vignette
	References

	13: A Patient with Abdominal Congestion
	Brief Discussion of the Case
	Introduction
	Incidence and Prognosis of Elevated Intra-abdominal Pressure in Acute Heart Failure
	Assessment of Abdominal Congestion in Heart Failure
	Pathophysiology of Abdominal Congestion Leading to Kidney Dysfunction
	Abdominal Venous Congestion
	Extrinsic Kidney and Kidney Outflow Compression
	Bowel Wall Congestion – Altered Pharmacology and Inflammation

	Treatment Strategies for Abdominal Congestion in Acute Heart Failure
	Relieving Congestion During ADHF
	Reducing IAP Specifically
	Optimal Guideline Recommended Therapies and Sodium Restriction

	References

	14: Hepato-renal Dysfunction in a Patient with Advanced Heart Failure
	Brief Discussion of the Case
	Overview of Cardiac, Hepatic, and Renal Interactions
	Liver Dysfunction in Heart Failure
	Low Cardiac Output and Ischemic Hepatitis
	Congestive Hepatopathy and Cardiac Cirrhosis
	Tricuspid Regurgitation and Liver Dysfunction

	Cirrhotic Cardiomyopathy
	Systolic Dysfunction in Cirrhosis
	Diastolic Dysfunction in Cirrhosis
	Electrophysiological Abnormalities in Cirrhosis

	Hepato-renal Disease and Heart Failure
	Pathogenesis of Hepato-renal Syndrome
	Altered Hemodynamics and Cardiac Dysfunction in Hepato-renal Syndrome
	Hepato-renal Interactions in Heart Failure

	Management of Hepato-renal Disease in Advanced Heart Failure
	Guideline-Directed Medical Therapy
	Diuretic Therapy
	Inotropes and Vasopressors
	Advanced Therapies

	Future Directions
	Treatment Pearls for the Case Vignette
	References

	15: Low Output Heart Failure: The Cold and Wet Patient
	Brief Discussion of the Case
	The Hemodynamic Model for Heart Failure
	Blood Pressure or Cardiac Output?
	Treatment Pearls for the Case Vignette
	Treatment Pearls from the Case Vignette
	References

	16: Cardiorenal Syndrome in a Patient with Mechanical Circulatory Support
	Brief Discussion of the Case
	Introduction
	Renal Function Pre-implantation of a Left Ventricular Assist Device
	Pathophysiology or Renal Function in Advanced Heart Failure
	The Role of Renal Function in the Decision-Making About Left Ventricular Assist Device Implantation

	Renal Function After Implantation of a Left Ventricular Assist Device
	Short and Long-Term Outcomes
	Acute Kidney Injury and Left Ventricular Assist Devices
	Different Types of Mechanical Circulatory Support and Renal Function
	Percutaneous Mechanical Circulatory Support and Renal Function

	Treatment Pearls for the Case Vignette
	References

	17: Patient with Severe Right Heart Failure and Preserved Left Ventricular Ejection Function
	Brief Discussion of the Case
	Incidence of Renal Dysfunction in Patients with Primary Right-Sided Heart Failure
	Pathophysiology of Kidney Dysfunction in Right-Sided Heart Failure
	Renal Dysfunction Secondary to HFpEF
	Acute Kidney Injury Principally Related to Vascular Congestion

	Management of Patients with Primary Right-Sided Heart Failure (with Severe Tricuspid Regurgitation) and Kidney Dysfunction
	Determining the Volume and Cardiac Function Status
	Active Decongestion
	Optimization of Arterial Pressure and Cardiac Output
	Manage Causes of Acute Decompensation of HF

	Prevention of Renal Dysfunction in Primary Right Sided Heart Failure
	Treatment Pearls for the Case Vignette
	References

	18: Refractory Congestion: When to Use Ultrafiltration?
	Brief Discussion of the Case
	Introduction
	Congestion
	Signs and Symptoms
	Weight Gain
	Clinical Profiles

	Fluid Compartments
	Blood Volume
	Persistent Congestion
	Diuretics for the Management of Congestion
	Refractory Congestion

	Ultrafiltration for the Management of Congestion
	Direct Comparisons of Diuretics and Ultrafiltration
	RAPID [42]
	UNLOAD [39]
	ULTRADISCO [43]
	Hanna, et al. [44]
	CUORE [45]
	CARRESS-HF [32]
	AVOID-HF [47]

	Treatment Pearls for the Case Vignette
	Importance of Case Selection
	Volume Status
	Response to Diuretics
	Severity of Illness

	References



