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Abstract Hyperkalemia is a frequent clinical abnormality
in patients with chronic kidney disease, and it is associated
with higher risk of mortality and malignant arrhythmias.
Severe hyperkalemia is a medical emergency, which re-
quires immediate therapies, followed by interventions
aimed at preventing its recurrence. Current treatment para-
digms for chronic hyperkalemia management are focused
on eliminating predisposing factors, such as high potassium
intake in diets or supplements, and the use of medications
known to raise potassium level. Among the latter, inhibitors
of the renin-angiotensin aldosterone system are some of the
most commonly involved medications, and their discontin-
uation is often the first step taken by clinicians to prevent
the recurrence of hyperkalemia. While this strategy is usu-
ally successful, it also deprives patients of the recognized
benefits of this class, such as their renoprotective effects.
The development of novel potassium binders has ushered
in a new era of hyperkalemia management, with a focus on
chronic therapy while maintaining the use of beneficial, but
hyperkalemia-inducing medications such as renin-
angiotensin aldosterone system inhibitors. This review arti-
cle examines the incidence and clinical consequences of
hyperkalemia, and its various treatment options, with spe-
cial emphasis on novel therapeutic agents and the potential
benefits of their application.
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1 Introduction

Hyperkalemia is common in patients with chronic kidney dis-
ease (CKD) and end stage renal disease (ESRD), due to the
central role the kidneys play in maintaining normal potassium
homeostasis. Hyperkalemia can induce or worsen cardiac ar-
rhythmias, and it is associated with significantly increased
mortality [1–4]. Besides CKD, the most common risk factors
for hyperkalemia include clinical conditions such as acute
kidney injury (AKI), cardiovascular disease (CVD), or diabe-
tes mellitus (DM), and also various medications commonly
used in patients with CKD [5]. The medications most com-
monly associated with hyperkalemia are the inhibitors of the
renin-angiotensin-aldosterone system (RAASi), and
hyperkalemia is one of the main reasons why they have to
be discontinued in many patients with CKD, in spite of their
recognized benefits in this population. This review examines
the incidence of hyperkalemia, its clinical consequences and
its various treatments, with a focus on novel pharmacologic
agents which could be used for improved chronic manage-
ment of hyperkalemia, and which hold promise to result in
improved clinical outcomes.

1.1 Incidence and risk factors of hyperkalemia

Elevated serum potassium is rarely detected in the general
population. In a Canadian study only 2.6 % of emergency
room visits and 3.5 % of hospital admissions were associated
with hyperkalemia, in a population which included 10 % of
patients with CKD [6]; with similar incidences of 3.2 % [7]
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and 2.6 % [8] reported in two US studies. Since hyperkalemia
is a transient condition, and there are no prospective studies of
intra-individual frequent longitudinal monitoring of serum po-
tassium, the true incidence of hyperkalemia remains un-
known, and could be higher. The sensitivity of the ICD-10
diagnosis for hyperkalemia was found to be extremely low
(14.6 %) [6], underscoring the challenge of identifying this
condition from retrospective administrative databases without
laboratory measurements.

CKD is the single most important condition predisposing
to hyperkalemia, with both decreased GFR (lower clearance)
and the presence of tubulointerstitial dysfunction (lower tubu-
lar secretion) contributing to an abnormal potassium homeo-
stasis. Under steady state conditions the capacity of the kid-
neys to maintain eukalemia in the face of gradually worsening
kidney function is remarkable, but their ability to handle
acutely increased potassium loads diminishes [9]. There is
not a single GFR inflection point for increased risk of
hyperkalemia; instead, the risk of hyperkalemia increases lin-
early as GFR decreases with advancing CKD [8].

Besides a low GFR, patients with CKD often have charac-
teristics which conspire with low clearance to induce an ele-
vated serum potassium level (Fig. 1). The variable combina-
tion of predisposing factors, and the variable definitions used
for hyperkalemia explains why the incidence of hyperkalemia
in patients with CKD has variedwidely, ranging from as low as
7.7 % to as high as 73 % [3, 7, 10, 11]. In terms of mechanism
of action, the predisposing factors for hyperkalemia in CKD
involve increased potassium intake/load, abnormal cellular re-
distribution, worsening of the already decreased ability to ex-
crete potassium, or often a combination of these. Patients with
CKD are often instructed to consume a low sodium diet. Such
heart-healthy diets contain much more potassium, a generally
beneficial feature in patients with normal kidney function, but
a risk factor for hyperkalemia in thosewith CKD. Furthermore,
the prohibition of table salt is often compensated by some
patients by the addition of salt substitutes without the realiza-
tion of their high potassium content. Other conditions resulting
in an acute potassium load in CKD could include acute

conditions with tissue breakdown (e.g. rhabdomyolysis), gas-
trointestinal bleeding or blood transfusion using outdated
blood [12]. Metabolic acidosis is another condition that could
occur in the context of CKD, and facilitate the shift of potas-
sium from the intracellular to the extracellular space [13].
These conditions often occur in the context of acute kid-
ney injury superimposed on CKD, which further lowers
the kidneys’ ability to excrete potassium, and which often
results in the rapid development of severe and life-
threatening hyperkalemia. Kidney transplants can have
normal or decreased GFR, and can result in hyperkalemia
through specific mechanisms including the use of anti-
rejection medications [14].

Two other major comorbidities that directly or indirectly
cause hyperkalemia are diabetes mellitus and cardiovascular
disease (Fig. 1). These conditions often cluster with CKD, and
hence their concomitant presence contributes to the higher
incidence of hyperkalemia seen in this patient population.
Type II diabetes is characterized by insulin deficiency, and
uncontrolled diabetes results in hypertonicity; both of these
conditions can lead to a diminished ability to shift potassium
to the intracellular space [15]. Furthermore, diabetes mellitus
can be associated with hyporeninemic hypoaldosteronism,
resulting in decreased tubular potassium secretion [16, 17].

Cardiovascular disease includes disease states such as acute
myocardial infarction, left ventricular hypertrophy and con-
gestive heart failure. Besides a direct pathophysiologic effect
on potassium homeostasis (e.g. decreased tubular sodium
flow in CHF), these conditions require numerous therapeutic
interventions which are proven to improve outcomes in these
patients; yet they also induce or worsen hyperkalemia (Fig. 1).
The use of these medication classes has become one of the
major causes of hyperkalemia in clinical practice, and has
resulted in a therapeutic conundrum because of the uncertain
risk-benefit ratio once hyperkalemia ensues as a result of their
application. Among the relevant cardiovascular medications
beta-2 receptor blockers inhibit renin production and hampers
potassium redistribution to the intracellular space [18]; hepa-
rin inhibits aldosterone production [19]; and digitalis
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Fig. 1 Mechanisms of action of the development of hyperkalemia in
patients with chronic kidney disease and associated comorbid
conditions. AKI, acute kidney injury; CKD, chronic kidney disease;

CVD, cardiovascular disease; DM, diabetes mellitus; GFR, glomerular
filtration rate; RAAS, renin-angiotensin-aldosterone system. Reprinted
with permission fromKovesdy CP, Am J Med 128:1281–1287, 2015 [60]
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glycosides block Na-K-ATPase and hence impair collecting
duct potassium secretion [20]. Notwithstanding these patho-
physiologic links, the independent practical significance of
these drug classes for hyperkalemia is limited, as the magni-
tude of the increase in serum potassium attributable to them is
typically in ~0.2–0.5 mEq/l [21, 22]. A much more practically
relevant class of drugs involved in hyperkalemia are the
RAASi, e.g. angiotensin converting enzyme inhibitors, angio-
tensin receptor blockers, direct renin inhibitors and mineralo-
corticoid receptor antagonists [7]. Hyperkalemia attributable
to these medications is uncommon in patients without CKD
(typically <2 %), but the incidence increases to 5 % with dual
RAASi therapy, and rises to up to 10 % in patients with CKD.
[5, 23–26] Interestingly, RAASi therapy can lead to
hyperkalemia even in anuric dialysis patients [27], probably
because of inhibition of gastrointestinal potassium secretion.
Hyperkalemia has become a thorn in the side of Cardiologists,
Endocrinologists and Nephrologists, as it is one of the main
reasons why patients with strong medical indications for
RAASi cannot tolerate this therapy. The discontinuation rate
of RAASi for reasons such as hyperkalemia in early clinical
trials was low (1.2–1.6 %23), and contributed to the marked
increase in the prescription of these agents to patients with
CKD in the wake of trials showing benefits associated with
them. The deceptive nature of the low discontinuation rate of
RAASi in trials that enrolled select groups of patients who
were at low risk of hyperkalemia became evident once a
marked increase in hyperkalemia incidence was reported after
the publication of some landmark clinical trials, which also
showed an increase in hyperkalemia-related morbidity and
mortality [28]. Furthermore, the intolerance of RAASi appears
to be much higher among patients at high risk for
hyperkalemia such as unselect CKD populations. Among pa-
tients included in a recent large cohort study of >650,000
patients with prevalent CKD, only 8 % of patients newly
started on a RAASi remained on this treatment for the entire
duration of their follow-up, with 66 % receiving it during
>50 % of their follow-up [29]. Since RAASi are essentially
the only medication class with proven renoprotective proper-
ties independent of their blood pressure lowering effects, the
inability of their clinical use due to hyperkalemia has become
a serious therapeutic barrier in patients with CKD.

1.2 Outcomes associated with hyperkalemia

Serum potassium concentration, and the balance of between
intra- and extracellular potassium concentration plays an im-
portant role in normal cell membrane electrophysiology.
Hyperkalemia therefore results in electrophysiologic perturba-
tions, with the most important effect on cardiac electrophysi-
ology, including a decrease in myocardial resting membrane
potential, increased cardiac depolarization, myocardial excit-
ability, cardiac instability and conduction system

abnormalities, which ultimately lead to arrhythmias
progressing to ventricular fibrillation and asystole [30, 31]. It
is thus not surprising that elevated serum potassium concen-
trations have been associated with higher mortality rates in
numerous observational studies, irrespective of the clinical
characteristics of the studied population. The typical pattern
is that of a U-shaped association, with both high and low
serum potassium concentrations associated with higher mor-
tality (Fig. 2). Such a U-shaped association was present in
patients without CKD hospitalized with acute myocardial in-
farction (ideal serum potassium ~4 mEq/l) [32], and in pa-
tients with non-dialysis dependent CKD [3, 33], and those
receiving chronic hemodialysis (ideal serum potassium
~4.0–4.5 mEq/l) [1, 2, 4]. Importantly, many of these obser-
vational studies have examined long term all-cause mortality,
whereas the putative pathophysiology of hyperkalemia sug-
gests that adverse effects would be exerted immediately or
shortly after the development of the abnormality, and would
manifest itself primarily as malignant arrhythmias and sudden
cardiac death [34–36]. Supporting this hypothesis, a study
performed in patients receiving peritoneal dialysis reported
an association between hyperkalemia with increased 1-year
mortality, but not with longer-term mortality [37]. More direct
evidence was provided by the above mentioned study in hos-
pitalized patients withmyocardial infarction, who experienced
higher risk of ventricular fibrillation associated with serum
potassium levels >5.0 mEq/l [32], and by a study of 245,808
hospitalized US veterans describing significantly increased 1-
day mortality associated with serum potassium levels
>5.5 mEq/l [7]. The latter study also reported that the risk
associated with comparable levels of hyperkalemia was sub-
stantially higher in individuals with normal kidney function
compared to those with increasingly severe CKD (odds ratios
for serum potassium >6.0 vs. <5.5 mEq/l in those with normal
eGFR and CKD stages 3, 4 and 5: 31.64, 19.52, 11.56 and

Fig. 2 Association of serum potassium level with all-cause mortality.
Reprinted with permission from Hayes J et al., Nephron Clin Pract
120:c8–16, 2012 [3]
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8.02, respectively). The reason for the seemingly lesser risk in
patients with more advanced CKD is unclear, but may be due
to the higher activation of adaptive mechanisms in individuals
who are exposed to more frequent episodes of hyperkalemia.

1.3 Treatment of hyperkalemia

Severe hyperkalemia (variably defined, but typically
representing serum potassium >6.0–6.5 mEq/l) is regarded
as a clinical emergency, mandating cardiac monitoring in a
controlled setting and immediate medical interventions. A de-
tailed review of the various treatments applied in the context
of acute management of hyperkalemia [5] is beyond the scope
of this review. Once a patient is diagnosed with clinically
relevant hyperkalemia, and once this is acutely treated, the
goal becomes to prevent the future development of recurrent
hyperkalemia. To this effect, our current paradigm is centered
on identifying and eliminating the risk factors of
hyperkalemia. Most often the first action consist of eliminat-
ing modifiable causes, e.g. lowering dietary potassium intake,
correcting metabolic acidosis, and/or discontinuing or lower-
ing the dose of hyperkalemia-inducing medications [11]. As
discussed above, some of these measures involve therapeutic
compromises, in that the cessation of a heart-healthy diet or a
RAASi deprives patients of their beneficial cardiovascular
effects. Therefore, an ideal approach would favor alternative
interventions to allow the continuation of beneficial cardio-
vascular interventions while correcting hyperkalemia, e.g. the
use of diuretics and correction of metabolic acidosis.
However, the latter may not be feasible (e.g. in volume deplet-
ed patients, or those with no metabolic acidosis) or may not be
effective enough, in which case the next step would involve
treatment with a potassium binding agent.

1.4 Use of potassium binders for chronic management
of hyperkalemia: Something old, something new

For over 50 years the only potassium binder that was available
in the US was sodium-polystyrene sulfonate (with calcium-
polystyrene sulfonate available in some other countries), and
it was mainly used in the context of acute hyperkalemia [38].
The approval of sodium-polystyrene sulfonate in 1961 for
treatment of hyperkalemia was based on a clinical trial involv-
ing 32 azotemic patients, and showing a significant decrease
of 0.9 mEq/l in serum potassium over 24 h [39]. A clinical trial
of this size and duration would hardly be deemed fit to serve
as the basis of a clinical indication in today’s day and age; but
the lack of alternative methods to treat hyperkalemia (dialysis
was not yet available, and there were no other medications of
similar scope) meant that sodium-polystyrene sulfonate be-
came widely used in clinical practice. The efficacy of sodium
polystyrene sulfonate as an acute intervention for
hyperkalemia has also been shown in a small retrospective

analysis of 154 hyperkalemic patients with mean serum po-
tassium of 5.9 mEq/l, in whom serum potassium decreased by
0.7–1.1 mEq/l in response to the binder therapy [38]. N.B.,
while sodium polystyrene sulfonate is used as an acute inter-
vention, it should not be considered an emergency interven-
tion, as its onset of action is after several hours following oral
administration [40]; hence it should only be used in emergen-
cy situations in conjunction with other interventions with
shorter onset of action.

The use of sodium polystyrene sulfonate as a chronic inter-
vention for hyperkalemia has never been approved, although
off label application in everyday clinical practice is probably
common. In an observational study of 14 patients treated with
sodium polystyrene sulfonate daily, hyperkalemia was suc-
cessfully corrected and controlled [41]. Notwithstanding the
lack of larger clinical trials, the effectiveness of sodium poly-
styrene sulfonate towards hyperkalemia management is in
general accepted among clinicians, even though the propor-
tional effects of the resin itself vs. the sorbitol used to alleviate
its constipating effects [42] continue to be debated [43–46].
What is sorely missing is the systematic evaluation of its safe-
ty, due to the lack of clinical trial data providing long term
prospective monitoring and recording of adverse events while
using the drug. Concerns about the safety of sodium polysty-
rene sulfonate were raised by case reports describing severe
upper and lower gastrointestinal injuries following its admin-
istration [47, 48], with 62 % of the colonic injuries exhibiting
transmural necrosis and a mortality rate of 33 % [49]. In a
systematic evaluation examining patients receiving sodium
polystyrene sulfonate, the incidence of colonic necrosis was
0.3 % overall, but higher (1.8%) in post-surgical patients [50].
A similarly low incidence of colonic necrosis was described in
another retrospective cohort (0.14 %, vs. 0.07 % in those not
exposed to this drug) [51]. Notwithstanding the relative rarity
of these severe injuries, the absolute number of patients affect-
ed is not trivial, due to the frequency with which sodium
polystyrene sulfonate continues to be used [38]. Following a
black box warning by the US Food and Drug Administration
(FDA) the mixture of sodium-polystyrene sulfonate with 70%
sorbitol has been banned [52], but versions without sorbitol or
with sorbitol added at a 33 % concentration remain in use.

1.4.1 Novel potassium binders

Insufficient data about the efficacy and safety of sodium-
polystyrene sulfonate, the lack of an indication for its use in
chronic hyperkalemia management, and the poor tolerance of
this medication has led to the development of two new potas-
sium binders for chronic hyperkalemia therapy. Patiromer
(Veltassa®) is a non-absorbable polymer which exchanges
potassium with calcium, and which was recently approved
by the FDA for treatment of hyperkalemia. The randomized
controlled clinical trials which tested the efficacy and safety of
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patiromer have enrolled in excess of 500 patients total, and
have shown that elevated serum potassium levels were
lowered effectively and normokalemia was achieved over ex-
tended periods of time (up to 52 weeks) even while RAASi
therapy was maintained [53–56]. The mean decrease in serum
potassium with patiromer in the different studies was ~0.5–
1 mEq/l (with larger decreases seen in patients with higher
starting serum potassium levels). The most common adverse
events associated with patiromer administration were consti-
pation, hypomagnesemia, diarrhea, nausea, abdominal dis-
comfort, and flatulence. Serious adverse events were rare,
and the rare observed fatalities were reportedly unrelated to
patiromer use.

The second new potassium binder still under development
is sodium zirconium cyclosilicate (ZS-9), a selective cation
which exchanges potassium for sodium and hydrogen. The
efficacy and safety of zirconium cyclosilicate has been tested
in randomized controlled clinical trials which enrolled in ex-
cess of 1000 patients total [57, 58]. In these clinical trials
zirconium cyclosilicate lowered elevated serum potassium
acutely by 0.5–1 mEq/l in a dose dependent manner, with
more substantial decrease seen in patients with higher starting
potassium levels. Normokalemia was maintained on zirconi-
um cyclosilicate during chronic administration over up
28 days, even in patients treated with RAASi. Adverse events
reported in these trials included edema, and hypokalemia,
both seen mostly in patients taking higher doses of the drug.

In summary, both patiromer and zirconium cyclosilicate
appear to be effective and safe treatments of hyperkalemia,
and seem to control serum potassium levels over extended
periods of time even when patients are maintained on
RAASi therapy. Patiromer is already approved for clinical
use; remaining concerns include a boxed warning in the
FDA label that it cannot be administered concomitantly with
other drugs, and hypothetical questions about its long term
safety. Patiromer exchanges potassium for calcium, hence its
effects on soft tissue and vascular calcification in patients with
advanced CKD may be of concern when used over longer
periods of time. Zirconium cyclosilicate’s approval by the
FDAwas delayed by concerns regarding manufacturing pro-
cesses, and to date it remains unclear when an approval will be
granted. Based on analysis of available evidence from com-
pleted clinical trials (new ones were not requested by the
FDA) concerns for zirconium cyclosilicate’s long term use
relate to sodium absorption and edema, which could pose a
problem in patients with CHF or advanced CKD.

Assuming no major safety problems with ongoing long
term use of the novel potassium binders, an intriguing ques-
tion will be their clinical impact. Currently available data fo-
cuses on efficacy and safety in the context of correcting a
biochemical end point (hyperkalemia). Their effects on clini-
cal outcomes such as hospitalizations, cardiac arrhythmias, or
other cardiovascular events remains unknown. Preemption of

hyperkalemia could plausibly improve clinical outcomes es-
pecially in patient groups that are prone to arrhythmias (e.g.
patients with pre-existing cardiovascular disease, or patients
with advanced CKD and ESRD), but this would have to be
proven in properly powered clinical trials.

2 Conclusions

The evidence from observational studies regarding the higher
risk of mortality and arrhythmias associated with
hyperkalemia is convincing; yet it remains uncertain whether
or not the correction of hyperkalemia can result in better clin-
ical outcomes. Hypothetically, the prevention and/or correc-
tion of hyperkalemia could be beneficial by preventing malig-
nant arrhythmias, but this would have to be proven in prospec-
tive, randomized, controlled clinical trials. Furthermore, the
manner by which hyperkalemia is controlled may also be im-
portant. One of the most common interventions used to ad-
dress an elevated serum potassium is the discontinuation of
exacerbating factors such as hyperkalemia-inducing medica-
tions. Some of these are agents that have proven independent
benefits, such as RAASi. It remains unclear if being on a
RAASi, or normokalemia provides better comparative out-
comes in patients with CKD. Ideally one should prefer the
achievement of both, and hence therapeutic interventions that
control hyperkalemia without the discontinuation of
hyperkalemia-inducing but otherwise beneficial interventions
(which include not only medications such as RAASi, but also
heart-healthy diets [59]) may offer additional benefits. The
advent of new potassium-lowering medications may result in
a change in our therapeutic paradigm, by favoring the chronic
use of a binder medication over the discontinuation of RAASi
therapy or restriction of dietary potassium. Future studies
should continue to scrutinize the effects of such a novel strat-
egy on long term clinical outcomes.
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